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FOREWORD

Nuclear electronics, because of its rapid development, is a subject for which 
suitable and up-to-date documentation was lacking. This was perhaps one of the 
reasons for the great interest shown in the “Colloque international sur l’electronique 
nucleaire” organized by the Societe Frangaise des Radio-electriciens in Paris in 
September 1958.

As a significant result of the “Colloque”, this publication is now presented to 
the scientific public of the world. Its circulation has been supported by the Inter­
national Atomic Energy Agency in order to fill the gap in a subject field of great 
concern to the Agency’s objectives.

As will be seen, eminent scientists from a number of national atomic energy com­
missions contributed important papers to this “Colloque” which was truly inter­
national in character.

It is felt therefore that, by making this information available to scientists, en­
gineers, industrial technicians, and societies concerned — particularly to those who 
were unable to attend the conference in person ■— research in the peaceful applica­
tions of nuclear science has been promoted.

I should like to thank the organizers of the “Colloque” for their kind co-operation, 
particularly in the selection of papers, and for their assistance in the distribution of* 
this publication.

20 June 1959



PREFACE

Le premier Colloque international consacre a l’electronique nucleaire et organise 
du 16 au 20 Septembre 1958, par la Societe fran?aise des Radioelectriciens, a connu 
un tres grand succes, puisqu’il a reuni pres d’un millier de participants appartenant 
a 30 nations differentes.

Ce succ£s met en evidence l’interet croissant suscite par cette science nouvelle 
qui, pour fournir aux specialistes les appareillages physiques et electroniques per- 
mettant la detection, la mesure et Interpretation des reactions nucleates, fait appel 
aux techniques les plus diverses et les plus modernes, depuis les machines arithme- 
tiques jusqu’a la physique des semi-conducteurs.

Les neuf sessions du Colloque ont permis de passer en revue tous les aspects 
essentiels de l’electronique nucleaire.

Je tiens a remercier les personnalites qui ont bien voulu presider ces sessions, 
ainsi que les savants qui ont accepte la tache delicate de faire, dans chaque session, 
un expose d’ensemble des connaissances acquises et des etudes poursuivies.

Les 89 communications retenues presentant un panorama complet de l’electronique 
nucleaire, il etait du plus haut interet de les publier rapidement avec des extraits des 
discussions cloturant les sessions.

L’Agence internationale de l’energie atomique a bien voulu accepter d’assurer 
la publication et l’edition de ces comptes-rendus. J’en remercie tre svivement, au 
nom du Comite d’Organisation, le Directeur general de l’Agence, M. STERLING 
COLE.

En favorisant, par des publications de ce genre, la diffusion des renseignements 
scientifiques et techniques, l’Agence Internationale contribue puissamment a ren- 
fprcer la collaboration des nations pour une meilleure utilisation pacifique de 
l’energie atomique.

16 fevrier 1959 Haut-Commissairs a l’energie atomique, Paris
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DETECTEURS  DE RADIATIONS  
A SCINTILLATION

SCINTILLATION RADIATION DETECTORS



THE SCINTILLATION COUNTER
■ '  G. A. M orton  - RCA L aboratories - P rinceton , N. J. (U.S.A.)

Ten years ago at Oak Ridge, which was then one of the major centers of nuclear 
research in the world, a symposium was held devoted exclusively to the scintillation 
counter. This was only about a year after Hartmut Kallmann’s publication of the 
pioneering work which he had been doing at the University of Berlin on this type 
of detector. It was quite evident even at that early date that the scintillation counter 
held promise of being a very powerful means of nuclear particle detection. Certainly, 
in the intervening years between then and now, the device has lived up to this promise. 
Today it is an essential measuring instrument in every laboratory doing nuclear 
research and is rapidly becoming an indispensable tool of industrial technology.

Conceptually, the scintillation counter is extremely simple for it consists of only 
two basic components, namely, the scintillator and the photomultiplier, plus the 
associated circuitry required for supplying power to the multiplier and for analyzing 
and recording the electrical output from the multiplier. Because of the importance 
of the device, a great deal of work has been done on the two above-mentioned 
essential components and before proceeding further with the discussion of the 
scintillation counter itself, I would like to list some of the scintillators and photo­
multipliers which are widely used in the United States.

TABLE I 
Scintillators

Scintillator Density
Index of 
Refrac­

tion
Spectral

Maximum
Time

Constant
(mp-secs)

Relative
Efficiency

Inorganic
Sodium Iodide (NaI:Tl) 3.67 1.7745 4100A 250 100
Cadmium Tungstate (CdWCkt) 7.90 2.3 5200 >  1000 100
Zinc Sulfide (ZnS:Ag) 4.102 2.368 4500 (alpha particle

screens)
Lithium Iodide (LiI:Eu) 4.06 1.955 ~4500 (neutrons)

Organic
Crystals
Anthracene 1.25 1.590 4400 36 48
Trans-stilbene 1.16 1.622 4100 6 28

Liquid
T oluene'+ terphenyl .86 1.500 4000 3 16
Xylene+ terphenyl+ diphenyl-
hexatrine .86 1.500 4500 5 23

Plastic
Poly vinyltoluene+ terphenyl+
diphenylstilbene 4400 5 23
Polystyrene+ terphenyl
butadiene 1.06 1.595 4000 3 17

Cerenkov 1
Water 1.00 1.33 Note: Intensity ~  (1 )
Toluene+ Benzaldehy de 1.86 1.50
Polystyrene 1.06 1.595

Figure 1

3



4 DETECTEURS DE RADIATIONS A SCINTILLATION

Table I (Fig. 1) shows a group of scintillators and gives some of their principal 
properties. These may be grouped into two large classes, namely, fluorescent scintil­
lators and Cerenkov scintillators. The fluorescent scintillators may again be sub­
divided into 1) single crystal inorganic materials, 2) organic scintillators including 
single crystals, liquids and plastics, and, finally, 3) gaseous scintillators. According 
to their efficiency in converting nuclear energy to light, the scintillators would be 
arranged as follows: inorganic phosphors, organic phosphors, gaseous scintillators, 
and Cerenkov scintillators. In terms of speed, the order is just inverted.

Photomultipliers may be classified in many ways. These classifications include the 
sensitization of the photocathode, the geometry of the photocathode, and the electron 
optics of the multiplier structure. Fig. 2 shows schematically the structures of several

FOCUS ELECTRODE

ACCELERATOR
ELECTRODE

1ST
DYNODE-

SHIELD

ANODE 

TYPE C

-IO™OYNODE

M U LTIPLIER  S TR U C TU R E  TY P E S

Figure 2

photomultipliers widely used in the United States. These are from two major sources, 
Allen B. DuMont, Inc. and the Radio Corporation of America. Fig. 3 gives a table 
of some of the principal photomultipliers available from these sources. For time 
measurements, the 6810A is probably the fastest tube available except for the C7251, 
a developmental tube which, it is hoped, will shortly become a commercial item. For 
speed measurements with large scintillators, the 7042 is an excellent tube and is a 
close rival of the 6810A for its time resolution capabilities. For energy spectrometry, 
probably the 6292 is the best tube with the 6810A running a close second. For larger 
crystals, both the DuMont 6363 and the RCA 7042 have given good results. Where 
extremely large scintillators are required, there are available the K1 384, K1 328 and 
K1 386. The wide variety of available tubes gives considerable flexibility in the design 
of scintillation counters.

If one were asked to name the functional attributes required of a good nuclear 
particle detector, they might be listed as follows:

1. Sensitivity
2. Ability to discriminate energy
3. Good time resolution
4. Ability to discriminate between types of nuclear particles.
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TABLE II

Type
Window
diameter
(inches)

N
o.
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M
ax

im
um

 a
ve

ra
ge

 
cu

rr
en

t r
at

in
g 

in
 m

a

M
ax

im
um

 v
ol

ts

Se
ns

iti
vi

ty
pa

/l

R
es

po
ns

e
ty

pe

circular Radio Corporation of America
1P21 5/16x15/16 9 Cs3Sb A' 40 S4 2x106 100 0.1 1250
7029 .65 x .5 10 Cs3Sb A/ 125 S17 3.2x105 90 .02 1250
6199 1—1/4 10 Cs3Sb A 45 S ll 6x105 85 .75 1250
6342 1—11/16 10 AgMg Ai 60 Sll 6x105 125 2.0 1500
6655A 1—11/16 10 Cs3Sb Ak. 55 S ll 9x105 85 .75 1250
6810A 1—11/16 14 AgMg B 60 S ll 1.25 x 107 110 2.0* 2800
7046 4—7/16 14 AgMg B 60 S ll 2x107 130 2.0* 3400
C7204 1/2 9 Cs3Sb + 40 Sll 2x105 100 0.5 1200
C7251 1—11/16 14 AgMg B 70 S ll 1.25x107 110 2.0* 2800
C7237 1—11/16 14 AgMg B 150 S20 x 1.5x106 120 1.0 3000
C7164G 1—11/16 10 AgMg Ak 80 Sll 7.5x105 125 2.0 1500

Allen B. Du Mont Laboratories, Inc.
6365 1/2 6 AgMg k. 50 k. 3x103 150 5 1300
6291 1—1/4 10 AgMg 60 2x106 145 25 1800
7065 1—1/4 10 Cs3Sb 60 7.5x105 105 7.5 1300
6292 1—1/2 10 AgMg 60 2xl0« 145 25 1800
7064 1—1/2 10 Cs3Sb O 60 7.5 x 105 105 7.5 1300
6363 2—1/2 10 AgMg QCL 60 2x106 145 25 1800
6364 4—3/16 10 AgMg >*•H 60 2xl0« 145 25 1800
K1391 4—3/16 10 Cs3Sb 60 7.5x105 105 7.5 1300
K1384 11—1/4 12 AgMg 40 8x105 105 25 1500
K1328 14 12 AgMg 40 8x105 105 25 1500
K1386 19—1/4 12 AgMg 40 ' 8x105 105 25 1500

* Satiirated peak ot tput current 1 amp.
+  Small linear.
x Trialkali cathode.

Radio Corporation of America
Electron Tube Division
Lancaster, Pennsylvania
Allen B. Du Mont Laboratories, Inc.
750 Bloomfield Ave.
Clifton, New Jersey

Figure 3

In general, the scintillation counter excels all other detectors in the first three attributes 
named. The last attribute presents an extremely difficult problem and one which as 
yet is only partially solved; for example, scintillation counters cannot distinguish 
neutrons in a strong gamma ray background. Similarly, it is very difficult to distinguish 
alpha particles against a strong beta particle background. Many other examples of 
this inability to separate different types of particles could be named. This, then, is 
a very important problem to be solved by future research on the scintillation counter.

I would like next to take up the first three attributes and examine them in some 
detail.
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Sensitivity
The question of the high sensitivity of the instrument is perhaps the most difficult 

to discuss since sensitivity carries with it such a wide range of meanings. Two ex­
amples where sensitivity is the cardinal requirement are for carbon and tritium count­
ing and for the detection of radioactivity in large biological samples (in particular, 
radioactivity in human beings). In all such applications, the background count 
must be reduced to an absolute minimum and yet the counter must be so adjusted 
as to accept the low amplitude pulses produced by the low energy photons involved.

The background from the scintillator itself (leaving out of account ffie effect of 
cosmic rays and the background of external radioactivity) usually does not pose a 
serious problem. The constituents must be selected to be non-radioactive. How­
ever, in general, at least at present, this is not a serious constraint. With carbon 
and tritium counting, where the specimen to be counted is dissolved in an organic 
liquid scintillator, care must be taken that the solvent does not contain sufficient 
carbon 14 to give trouble.

The external background is, of course, a formidable problem. The softer com­
ponents can be removed by shielding with very “clean” materials. Some success has 
been had in removing the harder components with an “umbrella” of anticoincident 
detectors.

The photomultiplier is a serious source of spurious counts. Thermionic emission 
from the photocathode is rather fundamental. By properly activating the cathode, 
it can be reduced to a certain minimum, but it cannot be eliminated. Further reduction 
of counts from this source can only be accomplished by cooling the tube. In addition, 
there are other nonfundamental sources of noise such as residual gas, alkali metal 
vapor, and cold discharge in the tube. So far, attempts to eliminate these non- 
fundamental noise sources have been only partially successful. Finally, the glass 
envelope and the materials used in the tube must be free from radioactive elements.

The problem in the case of biological samples is, in general, the result of the large 
volumes which have to be handled. Some of the techniques used for this have been 
described in detail at the recent Geneva meetings and it will suffice for me to say that 
excellent results have been obtained by the Los Alamos group under E. C. Anderson 
and by Dr. Rose and his colleagues at Argonne.

At present it is possible, with a well designed counter using selected commercial 
tubes, to make scintillation counters which will detect every photon of the energy 
range around 1 Mev with a background counting rate of less than 1 per minute 
without cooling. With lower energy photons, for example around 10 Kev, the 
situation is considerably worse and it is not possible to count more than about 50 % 
of the photons with a similar background counting rate. However, there is room for 
a great deal of improvement.

If one were asked to name some of the most urgent problems to be solved in con­
nection with the sensitivity of scintillation counters, one might list the following:

1. The development of a photomultiplier which is free from spurious counts.
2. The development of photomultipliers with large uniform photocathodes, ef­

ficiently coupled to the multiplier structure.
3. The discovery or development of scintillators which more efficiently convert 

nuclear energy into light.
Energy Discrimination

The ability of a scintillation counter to indicate the energy of the incident nuclear 
particle rests on the fact that for a given type of nuclear particle the number of
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optical photons which are produced by a scintillator is proportional, or nearly 
proportional, to the energy of the particle and that the size of the output 
pulse from the multiplier is proportional to the number of photons which strikes 
the photocathode. Energy spectrometry can, therefore, be carried out simply by 
measuring the height of the output pulses from the scintillation counter. This has 
proved to be a very sensitive and efficient way of measuring the energy of nuclear 
particles. Indeed, the method has proved so powerful that gamma ray energy spec­
trometry has almost become a separate field of technology and commercial spectro­
meters are available for measuring gamma ray spectra in order to identify radioactive 
elements in radiochemistry, activation analysis, and other branches of radiotechnology.

f  • EFFICIENCY OF SCINTILLATOR 
(PHOTON/ELECTRON VOLT) 

p » OPTICAL COUPLING EFFICIENCY 
r .  OUANTUM EFFICIENCY OF CATHODE 

(ELECTRON/PHOTON)
PHOTOELECTRON COLLECTION EFFICIENCY 

G • PHOTOMULTIPLIER GAIN 
C « CAPACITY OF MULTIPLIER OUTPUT CIRCUIT 
A « AMPLIFIER GAIN 
e • ELECTRONIC CHARGE

wi ' 236[ e #0pX’i» ( i * 1 ” ]*

WHERE E ■ ENERGY OF PARTICLE
g :  EFFICIENCY OF SCINTILLATOR 
0 .  STATISTICAL LOSS IN SCINTILLATOR 
p  • OPTICAL COUPLING EFFICIENCY 
X * PHOTO CATHODE OUANTUM EFFICIENCY

PHOTOELECTRON COLLECTION EFFICIENCY 

a  ■ GAIN PER STAGE

PULSE HEIGHT EQUATION ENERGY RESOLUTION

Figure 4 Figure 5

The relationship between the energy of an incident particle and the pulse from a 
multiplier is given by the equation on the chart in Fig. 4. While this relationship is 
useful for determining the best multiplier, crystal, and circuitry to be used for a given 
spectrometer, it does not give an indication of the precision of the results to be 
expected. However, an analysis of the statistics of the various processes involved 
has made it possible to derive the relationship given on the chart in Fig. 5 which 
gives the fractional root-mean-square deviation in energy expected under a given 
set of conditions.

The factors relating to the statistics of the photomultiplier, namely, the quantum 
efficiency of the photocathode, the collection efficiency for photoelectrons and the 
statistics of the multiplication process, are fairly well understood. With respect to 
the scintillator, the situation is not as clear and the factor which represents the loss 
of statistics which occurs in a real crystal has yet to be explained.

The two relationships given on the charts permit an easy evaluation of the energy 
of a simple gamma ray line spectrum since they give the energy corresponding to 
the measured pulse amplitude, the precision of the measurement, and the minimum 
.resolvable separation between pairs of spectral lines. Where one is measuring a 
continuous distribution of energy, the problem is somewhat more complicated. In 
a purely formal sense, it is possible to set up an integral equation which transforms
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the measured amplitude distribution into the wanted energy distribution. However, 
since such a formulation involves functions which so far can only be evaluated ex­
perimentally, it is of little assistance in the-solution of practical problems.

A great deal of work is being done at a number of centers to develop a practical 
technique for the analysis of gamma ray distribution. In particular, one must mention 
the work of N. H. Lazar and the Oak Ridge group and of W. H. Koch and his 
colleagues at the Bureau of Standards who are developing seemingly excellent 
techniques for solving the problem of continuous spectra. The technique used is to 
set up a matrix, with the aid of measured and calculated values of the response char­
acteristic of the spectrometer at a series of energies in the energy range involved, to 
effect the required transformation.

Supplementing the progress which has been made in the design of the scintillation 
counter heads for energy spectrometry, the associated circuitry has also been developed 
to a high degree of perfection. Multichannel analyzers with as many as 256 channels 
employing magnetic core memories for storing the counts on the various channels 
and with provisions for visibly displaying the results as they are accumulated and 
for making a permanent record of the final distribution are commercial items and 
are now quite common.

Again, I would like to ask what are some of the principal problems to be solved 
in this area of scintillation counting. Let me suggest the following three:

1. Determination of the cause of the loss of statistics in fluorescent scintillators, 
with the objective of producing a scintillator which does not produce this de­
gradation of energy resolution.

2. The development of photomultipliers which have a higher degree of stability. 
This includes overcoming the short time instability which gives rise to an in­
crease or decrease in multiplier gain with counting rate and also reducing the 
longer term fatigue effect.

3. Improving and simplifying the method of handling the output pulses from the 
multiplier in scintillation counter energy spectrometers.

Time Resolution
Ranking equal in importance to its sensitivity and energy measuring properties 

is the excellent time resolving capability of the scintillation counter. This property 
has been almost invaluable in certain types of high energy particle research, in the 
measurement of neutron times-of-flight, and in the study of the decay schemes of 
various radioactive processes.

Perhaps the simplest example of the use of scintillation counters for the measure­
ment of very small time intervals is illustrated by the variable delay coincidence 
detector shown in Fig. 6. Here the outputs from the two scintillation counter heads A 
and B are supplied to a coincidence circuit through delay networks. The delay net­
work from A is variable, that from B fixed. The time difference between events oc­
curring at A and B can be measured in terms of the setting of the delay network 
which leads to the simultaneous arrival of pulses from the two multipliers at the 
coincidence circuit. If the two scintillation counter heads were ideal, no counts 
would be observed from the coincidence circuit as network A is varied until the time 
difference in the two branches of the circuit exactly equaled the time interval separat­
ing the two nuclear events. However, in a real scintillation counter there is a fluc­
tuation in the length of time separating the arrival of the nuclear particle at the 
scintillator and the appearance of the pulse at the photomultiplier. This means that 
there will be a statistical time error in measurements of this type. This time error can
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be quantitatively evaluated by means of the variable delay coincidence circuit. If, 
for example, simultaneous scintillations are caused to occur in A and B (as might 
be produced by having a positron annihilation source exactly midway between the 
two scintillators), one would observe that the counting rate from the coincidence 
circuit rises gradually to a maximum and then decreases as the variable delay line A 
is adjusted over a narrow range of time. The maximum of the distribution curve thus 
obtained occurs at zero time difference between the two branches and the width 
of this distribution curve (i.e., its variance) is a measure of the time resolution 
capabilities of the system.

DETECTOR A DETECTOR B

VARIABLE DELAY COINCIDENCE CIRCUIT DME TO PULSE HEIGHT ANALYZER

Figure 6 Figure 7

While the circuit discussed above is a convenient way of determining the time 
separation between events having a fixed time difference, it is quite inefficient for 
determining time difference spectra for a large number of events (e.g., velocity 
measurements by observing the time required for a nuclear particle to traverse a 
known distance). A spectrum can only be obtained by point-to-point time measure­
ments where a simple variable delay coincidence circuit is used. However, more 
sophisticated circuitry can be designed which will give time distribution spectra. 
One frequently used circuit converts the time intervals between events into pulse 
heights and then analyzes these pulse heights by means of a multichannel analyzer. 
This is illustrated schematically in Fig. 7.

Another interesting method used for time analysis is the vernier chronotron illus­
trated in Fig. 8. This has been developed by H. W. Lefevre of Hanford. It consists 
of two scintillation counter heads supplying transmission line loops of 300 milli­
microseconds and 299 millimicroseconds in length, respectively, with a coincidence 
circuit connected between the two loops. A pulse from A first enters the longer loop 
while, at some later time, the pulse from B enters the second loop. These pulses 
circulate around their respective loops. After each turn, the second pulse comes 
closer to coincidence with the first by one millimicrosecond. The number of turns 
traversed by the pulses before they come into coincidence measures the time separation 
between them.
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It has been mentioned that statistical processes in the scintillator and photomulti­
plier limit the time resolution that can be achieved by a scintillation counter. It is 
important to determine quantitatively and in detail the causes of this loss in resolution

SCINTILLATION 
COUNTER A

SCINTILLATION 
COUNTER B

PULSE INSERTER 
8 RESTORER

8 RESTORER

V E R N IE R  C H R O N O TR O N

Figure 8

in order to be able to improve the time resolution of the system. A fluorescent 
scintillator has an inherent time dispersion because the emission of photons is a 
process which is random in time. It can be shown that if a fluorescent scintillator 
has an exponential decay with a time constant a, the minimum time dispersion 
which can be achieved, even with an ideal photomultiplier of quantum efficiency y  
and zero time dispersion, will be given by equation 1) shown in Fig. 9.

dw
dt

No e‘ Mi
WHERE: a«SClNTILLATOR OECAY CONSTANT. 

No -TOTAL EMISSION

Figure 9
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AVERAGE TIME OF EMISSION: t n • NO

MEAN SOUARE DEVIATION: A t' ■ A®!"F

1 «  PHOTOELECTRON

J n"1 PHOTOELECTRON

SCINTILLATOR STATISTICS

The time dispersion for a Cerenkov scintillator may be made very small indeed 
but since this time dispersion depends principally upon the size and geometry of the 
scintillator, it is not possible to formulate a time dispersion in any single general
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equation. An example of a nearly isochronous Cerenkov scintillator is shown in 
Fig. 10.

CERENKOV
SCINTILLATOR SHIELD

IS O C H R O N O U S  C E R E N K O V  S C IN T IL L A T O R  

Figure 10

The photomultiplier contributes fully as much to the loss in time resolution as 
does the scintillator. For convenience of description, the time error in a multiplier 
is divided into that due to the performance of the photocathode-to-first-dynode 
region and that due to the multiplier structure itself. The time error of the photo­
cathode-to-first-dynode electron optical system is primarily geometric and can be 
corrected in a large measure. Systems have been worked out where this time error is, 
over most of the cathode area, reduced to the order of 10—10sec. or less. A diagram 
of such a corrected system is shown in Fig. 11 together with a curve giving its time 
performance. The time error in the multiplier structure is due, first, to differences in 
path lengths of electrons between one dynode and the next, and, second, to differences 
in initial velocities of secondary electrons. In general, the former is many times greater 
than the latter.

D ISTAN CE FROM CATHODE CEN TER (m m )

TIME-CORRECTED PHOTOCATHODE LENS SYSTEM
Figure 11
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In a conventional photomultiplier, such as the 6810A, it can be estimated that the 
variance of the time spread in any one stage is the order of 5 X 10—10 sec. Assuming 
a well corrected photocathode-to-first-dynode lens system and a multiplier structure 
which has a variance (3 for the Gaussian representing the time spread for each stage, 
it can be shown that the root-mean-square time deviation of a scintillation counter 
having a fluorescent scintillator with a decay constant a will be given by the relation 
shown in the chart in Fig. 12. When this is evaluated for fast organic scintillators, the 
time accuracy which should be obtainable is the order of 0.3 to 0.5 millimicroseconds. 
This estimate is in quite good agreement with experimental measurements.

TIME ERROR A trms

TIMING CIRCUIT &se
TRIGGERING AMPLlTUOE we

= y /  * CONSTANT

B* « CONSTANT

WHERE Ne • NUMBER OF PHOTOELECTRONS

« « DECAY CONSTANT OF SCINTILLATOR

0* INTERSTAGE TIME SPREAD 
OF MULTIPLIER

Figure 12
TIME RESOLUTION ERROR

A great deal of work has been done in the past few years to improve the time 
resolution of the photomultiplier. Fig. 13 shows an experimental photomultiplier, 
being developed at RCA Laboratories under the sponsorship of the AEC, which 
has a time resolution nearly an order of magnitude better than that of conventional

CENTRAL FIELD ELECTRODES

Figure 13
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commercial multipliers (e.g., the 6810A and C7251). This multiplier achieves its 
excellent time resolution characteristics by employing a system of high potential 
electrodes in the space between the dynodes. Such a multiplier, in combination with 
an isochronous Cerenkov scintillator and used with suitable circuitry, is expected 
to give time resolutions in the micromicrosecond region.

Again, I would like to present three important problems which remain to be solved:
1. To develop an improved scintillator, either in the form of a fluorescent scintil­

lator with a much smaller decay constant or a more nearly isochronous Cerenkov 
scintillator.

2. The development of better ways of using the space current from the last dynode 
of a multiplier, instead of collecting it on an anode as is done with the present 
multipliers.

3. The development of coincidence circuits or their equivalent which use the full 
information of the output pulse of a multiplier instead of only from a single 
point on that pulse.

In the course of this brief discussion of scintillation counters, in addition to de­
scribing in very general terms their present status, I have formulated a number of 
problems which remain to be solved. Some of these will obviously require years of 
research, but perhaps during this Symposium the answers may be given to some of 
the problems which I have posed.

Some Important Problems in the Scintillation Counter Field
1. Development of a scintillation counter which can discriminate between types of 

nuclear particles.
2. Development of photomultipliers which are free from spurious counts.
3. Development of photomultipliers with large, uniform, efficiently utilized photo­

cathodes.
4. Discovery or development of scintillators which more efficiently convert nuclear 

energy into light.
5. Elimination of non-fundamental statistical fluctuation in the energy-to-photon 

conversion in scintillators.
6. Development of multipliers with better gain stability.
7. Improved methods of pulse height analysis.
8. Development of faster fluorescent and Cerenkov scintillators.
9. Better utilization of the space current from the last dynode of photomultipliers.

10. Development of coincidence circuits which make use of the full information of
the multiplier pulse output.
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Introduction
Investigation of the properties of liquid organic scintillators has yielded much 

information about the mechanism of excitation energy transfer(l). It has also re­
sulted in the practical improvement of scintillators by enhancing fluorescence ef­
ficiency and in extending their applications by making possible the incorporation 
of various desirable materials into the scintillator without destroying its usefulness (2). 
This presentation results from the application to plastic scintillators of methods 
which proved fruitful in the case of liquids.

The well known practical advantages of plastic scintillators are that they are 
mechanically stable and that they can be prepared in almost any desired size and 
shape. From the scientific point of view they present the unique opportunity to 
investigate transfer of excitation energy at room temperature in systems in which 
material diffusion processes, in particular that of transfer of energy by the diffusion 
of excited solvent molecules, do not occur.

Two polymers were used as the bulk solvent: polystyrene (PS) and polymethylmetha­
crylate (PMMA). The former was chosen because it resembles aromatic solvents 
which transfer energy efficiently in liquid scintillators. Polymethylmethacrylate, on 
the other hand, was chosen because it is structurally similar to liquid solvents found 
inefficient with respect to energy transfer. The aim, if the plastic were inefficient, 
was to determine whether methods previously successful for enhancement in liquids 
could be applied. Efficient PMMA scintillators would be desirable because of their 
optical and mechanical properties.

Scintillator Preparation
Styrene (Eastman Kodak) or methylmethacrylate (Monomer-Polymer Corp.) was 

freed of inhibitors. Solutions were prepared and sealed into pyrex tubes (8 mm I.D.) 
and thermally polymerized.

The solutions were not deoxygenated(3).
PS: 72 hr. at 60° C plus 120 hr. at 100° C.
PMMA: 120 hr. at 50° C plus 72 hr. at 100° C.

The tubes were allowed to cool slowly to room temperature during the course 
of 5 hours. They were then rapidly re-heated to 100° C and allowed to cool in the 
same way; the last procedure was repeated.

The tubes were cracked and the rods of polymer removed. Samples were sliced 
from each rod and machined to a length of 25 mm and the ends polished. The 
homogeneity of the cylinders was checked by measuring the fluorescence of samples 
cut from different portions of the rod. All cylinders examined were found homogeneous 
in this respect.

Measurement
An RCA 1P28 photomultiplier was used for all measurements. High energy in­

duced fluorescence was measured in the arrangement previously described (4) using
*) This investigation was supported by the U.S. Army Signal Supply Agency, Fort Monmouth, New Jersey.
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a 1 me Ra y  source with the sample lying over the source in a non-reflecting brass 
beaker.

Ultraviolet induced fluorescence (direct solute excitation) was measured using a 
Hanovia low-pressure mercury lamp through a Bausch & Lomb monochromator 
as light source. The specimen was placed in a non-reflecting holder with its long axis 
perpendicular to the incident light and one of its ends facing the photomultiplier. 
Appropriate filters were placed between sample and photomultiplier to keep out 
any exciting radiation.

Experimental Results and Discussion
Energy transfer in polystyrene:

Figure 1 presents the y-ray induced fluorescence of PS/2,5-diphenyloxazole as a 
function of solute concentration. The shape of the curve is typical of most PS 
scintillators prepared. The level portion at large concentrations indicates that con­
centration quenching does not occur. This is in keeping with the expectation that 
concentration quenching requires diffusion. It is nevertheless noteworthy that no 
concentration quenching is evident even at the rather large concentrations employed. 
This observation leads to the conclusion that concentration quenching requires a 
close interaction of the two respective molecules which, in practice, can probably 
only be achieved in non-rigid environments.

Concentration quenching is thought of as occurring by the formation of an excited 
solute dimer which loses its excitation energy nonradiatively and dissociates into single 
solute molecules. In the case of pyrene in liquid solvents the dimer is fluorescent
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and a change of emission spectrum is observed with increasing pyrene concentra­
tion (5), rather than concentration quenching. PS/pyrene scintillators do not show 
this change even at pyrene concentrations higher by a factor of ten than those re­
quired in liquids. This is another indication that, in practice, diffusion is required 
for the formation of an excited solute dimer and therefore for concentration quenching.

TABLE I
Fluorescence Intensities in Polystyrene and Xylene Scintillators

• Solute
Maximum Intensities — y-Ray Excitation

poly­
styrene

concen-
tration(M) xylene concen­

tra tio n ^ ) P/R

2-phenyl-5(4-biphenylyl)-oxadiazole
(PBD) 1.0 0.03 1.05 0.017 1.1

2-(l-naphthyl)-5-phenyl-oxazole
(a-NPO) 0.75 0.07 0.75 0.015 0.75

9,10-diphenylanthracene (PPA) 0.71 0.06 0.6 0.015 0.65
2,5-diphenyloxazole (PPO) 0.65 0.065 0.9 0.018 1
p-terphenyl 0.65 0.09 1.00 0.022 1
pyrene 0.6 0.12 0.15 0.1 0.15
m-terphenyl 0.45 0.43 0.65 0.43 0.65
fluoranthene 0.35* 0.13 0.15 0.025 0.15
o-aminobenzoic acid 0.3* 0.075 0.35 0.018 0.4
chrysene 0.25* 0.067 0.07 0.018 0.1
fluorescent chartreuse 0.25 10g/l 0.25 1-5 g/1 0.9
naphthalene 0.15 0.2 0.07 0.04 0.1
anthracene 0.13* 0.025 0.1 0.0085 0.2

* Intensity still increasing at maximum concentration employed.

The maximum fluorescence intensity of several PS scintillators, together with the 
lowest solute concentration at which it occurs, is given in Table I; the fluorescence 
intensity of p-terphenyl (0.022 M) in xylene is taken as 1. The maximum intensity in 
xylene and the concentration at which it occurs is given for comparison. It is seen 
that in most cases solutes which are efficient in liquid are also efficient in PS but the 
PS scintillators mostly have a somewhat lower maximum intensity. The last column 
of the table is more suited to this comparison because it gives the extrapolated 
maximum fluorescence in liquid scintillators at zero concentration quenching, 
which condition appears to obtain in the PS scintillators measured (6). It was, how­
ever, observed that the efficiency of certain solutes which have only a 'medium 
fluorescence efficiency in liquid solvents is higher in PS than in liquids. This is dis­
cussed below.

The relatively slow rise of y-ray induced fluorescence intensity with concentration 
indicates that polystyrene may be classed as a moderate solvent for energy transfer(7). 
As in the case of liquid solvents, the use of an intermediate “solvent”, such as 
naphthalene, increases the efficiency of energy transfer, causing a more rapid rise 
with concentration (7).

The relatively weak fluorescence of PS/naphthalene, as well as fluorescence measure­
ments using filters to cut out possible naphthalene radiation, show that the upper 
curve of Figure 1 results from PS — naphthalene — PPO energy transfer. Similar 
results were found using naphthalene in PS scintillators with PBD, PPA, or a-NPO 
as the fluorescent solute. The magnitude of maximum fluorescence intensity is not

2
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changed; it occurs, however, at lower concentration. This phenomenon is of particular 
significance when long rods of scintillator are used in which fluorescence excited at 
one point is recorded at the end of the rod (8). The lower concentration of fluorescent 
solute required in the presence of naphthalene reduces self-absorption and thereby 
increases the amount of light arriving at the end.

The y-ray induced fluorescence of PS/naphthalene has a maximum value at 0.2M 
naphthalene (concentration in monomer). This indicates that at that concentration 
all the energy available for transfer to naphthalene is transferred. It was further 
found that when naphthalene is used as intermediate “solvent” in PS scintillators 
which do not contain added quenchers, the enhancement does not increase with 
increasing naphthalene concentration after a concentration of 0.2M naphthalene is 
reached (see, for example, Table II). We conclude that this amount of naphthalene 
is sufficient to extract all energy from polystyrene.

TABLE II
Effect of Increasing Naphthalene Concentrations 

Upon the y-Ray Induced Fluorescence of a PPO/PS Scintillator 
(PPO Concentration 0,023M in Monomer)

Naphthalene cone. (M) Intensity

0 32
0.004 43
0.024 48
0.08 52
0.2 59
0.4 59
0.8 59

In a rigid PS scintillator, energy can either be transferred by solvent-solvent 
energy migration until a .solvent molecule within interaction distance of a solute 
molecule becomes excited, or by one-step transfer in which the energy of an originally 
excited solvent molecule is transferred directly to a solute molecule. It seems likely 
that in the case of PS/naphthalene/fluorescent solute scintillators, naphthalene- 
naphthalene migration is not so important as one-step naphthalene-solute transfer. 
This follows from the observation that increasing the concentration of naphthalene 
as intermediate “solvent” beyond that at which all available energy is in the naphthalene 
does not enhance energy transfer further. If the predominant process were naphthalene- 
naphthalene migration, increasing naphthalene concentration should continue to 
improve energy transfer. Thus, with increasing naphthalene concentration the 
fluorescence should reach its maximum at smaller and smaller solute concentrations. 
Since this is not so, it seems that the energy does not migrate from naphthalene to 
naphthalene before reaching the solute, but rather is transferred in a one-step process 
to the solute. In PS, however, PS-PS migration seems to occur followed by a transfer 
to naphthalene or to the solute. This is concluded from quenching experiments and 
from the shape of the fluorescence versus solute concentration, curves.

Table III presents the solute concentrations at which half the maximum intensity 
is reached, a good indication of the efficiency of energy transfer. It can be seen that 
energy transfer in many PS/0.2M naphthalene/fluorescent solute scintillators is 
almost as good as in xylene (last column).
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TABLE III
Molar Half Value Concentrations in Rigid and Liquid Scintillators

Solute

Solvent

Poly­
styrene

Poly­
styrene
0.2M

Naphtha­
lene

PMMA
PMMA

0.8M
Naphtha­

lene
Xylene

anthracene 0.0013* 0.004
9,10-diphenylanthracene (PPA) 0.01 0.003 0.02 0.02 0.002
o-aminobenzoic acid 0.01 0.005
chrysene 0.01* 0.01* 0.003
fluoranthene 0.02* 0.015* 0.06 0.03 0.0025
fluorescent chartreuse 0.25 g/1 0.2 g/1 0.25
naphthalene 0.08 0.15 0.01
2-phenyl-5(4-biphenylyl)-

oxadi azole (PBD) 0.005 0.002 0.015 0.002 0.002
2-(l-naphthyl)5-phenyl-oxazole

(a-NPO) 0.004 0.003
2,5-diphenyloxazole (PPO) 0.02 0.004 0.045 0.005 0.002
pyrene 0.015 0.015
m-terphenyl 0.6 0.06
p-terphenyl 0.007 0.018 0.002

* Maximum not reached; Cj/2 estimated

In this connection it may be pointed out that the fluorescene versus solute con­
centration curve in Figure 1 without additional naphthalene does not display the 
rapid rise observed in liquids. The rise is almost linear and then the fluorescence 
rapidly approaches a final value. Such a curve cannot be explained by energy transfer 
to the solute molecule either via migration alone or via one-step transfer alone. It 
appears as though one process takes over at higher concentrations. This type of 
behavior is observed with most solutes and is not yet fully understood. It may be 
that a combination of both transfer processes, by migration and by single-step 
transfer, is responsible for this type of curve, or a third process may occur as well.

It can be seen from Table I that PS/chrysene or fluoranthene scintillators give a 
greater fluorescence intensity under y-rays than xylene scintillators, greater even 
than the xylene P/R values. PS scintillators containing these solutes do not show 
any levelling off to a maximum at the highest concentration which can be employed. 
Nor do they show any levelling when naphthalene is used as intermediate “solvent” 
(see, for example, Figure 2). That the fluorescence intensity continues to rise to 
such high values with solute concentration, that the rise with concentration at low 
solute concentrations is of the same order as with other solutes, and that the addition 
of naphthalene does not cause the curve to level off mark the behavior of these solutes 
in PS scintillators as quite different from the others. This difference is not due to 
some special quenching of solute by PS, because of the high fluorescence intensities 
obtained, and because direct solute excitation by 3660 A light shows the expected 
rapid rise of fluorescence with concentration depending only upon the completeness 
of absorption at extremely low solute concentrations. Light excitation measurements 
also show that the fluorescence efficiency of fluoranthene is greater in PS than in 
xylene. It may be that some mode of internal quenching is eliminated by the rigidity
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of the medium. One is therefore led to the view that the continuous rise of y-ray 
induced fluorescence intensity with solute concentration of PS/fluoranthene and 
PS/chrysene, both in the presence and absence of naphthalene, is due to poor energy 
transfer from PS and from naphthalene, and that the relatively high fluorescence 
intensity is due to the higher fluorescence efficiency (lower internal quenching) of 
these solute molecules. The reason for this behavior is not yet understood.

FLUORANTHENE ■ CONCENTRATION 
(M/L MONOMER)

Quenching in Polystyrene:
It is often of practical interest to incorporate materials into scintillators which, 

however, unfortunately quench the fluorescence. In liquid scintillators this quenching 
can be overcome in many cases by the use of an intermediate “solvent” such as 
naphthalene (2), (9). PS/0.045M PPO scintillators containing various concentrations of 
naphthalene and diphenyl-mercury were prepared to test this effect in plastic(lO). 
0.045M PPO was chosen because the addition of naphthalene to a PS/PPO scintillator 
of this concentration no longer causes an increase of y-ray induced fluorescence 
(Figure 1). Figure 3 presents the results. 0.014M diphenylmercury quenches PS/0.045M 
PPO by 15%. The intensity is brought back to the original value by the addition of 
naphthalene. When the diphenylmercury concentration is doubled the quenching is 
increased, but the light emission is brought back to almost the original value by 
making the solution 0.4M in naphthalene. At ten times this concentration of diphenyl­
mercury (0.14M) the emission is quenched to 30% and while naphthalene increases 
the light output, it increases it only to slightly more than 50 % that of the unquenched 
scintillator. It is seen that in this case of a quenched PS scintillator, the addition of
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more naphthalene than 0.2M continues to increase the emission, but does so only 
slightly.

It has been shown that in liquid scintillating solutions containing a quencher like 
diphenylmercury, the solvent is quenched to a much greater degree than the solute 
up to the limits of quencher solubility (9). The presence of a large concentration of 
intermediate “solvent” enables transfer to the intermediate “solvent” before the

energy is quenched in the solvent, and when the intermediate “solvent” is little 
affected by the quencher, transfer to the fluorescing solute follows. The same processes 
seem to occur in PS scintillators. To demonstrate this, some of the polystyrene 
solutions were measured under 3340 A excitation. At this wavelength the solute is 
directly excited and the solvent does not absorb. Thus energy transfer is bypassed.
0.07M diphenylmercury quenches 0.045M PPO by 17% and 0.14M diphenylmercury 
quenches 0.045M PPO by 24 %. This shows that the quenching by 70 % under y-ray 
excitation is mostly due to a quenching of transfer and not of PPO emission. This is 
consistent with the results obtained from liquid solutions.

A further example of intermediate “solvent” enhancement of a quenched PS scin­
tillator is given in Figure 4. The quenching solute is a, a, a, a', a ', a'-hexachloro-p- 
xylene(l 1). The quenching is less than in the case of diphenylmercury. 0.2M quencher 
reduces the emission to 40%. 0.2M naphthalene raises it to 75 %, and 0.8M naphtha­
lene to almost 100%.
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The lowest curve of Figured presents quenching by a, a, a, a ,  a ,  a'-hexachloro- 
p-xylene of liquid xylene/PPO (0.023M) scintillators. The quenching is much greater 
than in PS, and enhancement by naphthalene is almost non-existent from the practical 
point of view. Measurements under light excitation were performed to examine the 
action of this quencher in more detail. PS/PPO/quencher samples were excited by 
light of 3130 A which is not absorbed by PS. 0.12M quencher reduces the fluorescence

GAMMA RAY INDUCED FLUORESCENCE OF PPO SCINTILLATORS 
QUENCHED BY 0,0,0 ,0 ', 0 0̂ - HEXACHLORO - P’XYLENE

to 85 %, showing that most of the quenching under y-ray excitation is due to solvent 
(energy transfer) quenching. In xylene solutions, on the other hand, it was found 
that even 0.03M quencher reduces the solute emission excited by 3130 A by 65%, 
showing that only slightly more than half the quenching of the liquid scintillator is 
due to solvent quenching. The absence of strong solute quenching in PS is again 
thought to be due to the absence of material diffusion. Quenching of the solute can 
only occur when the quenching .molecule is very close to an excited solute molecule.

In order to see the effect of this quenching on naphthalene, 3025 A was used to 
excite naphthalene in xylene/naphthalene a, a, a, a', a ,  a'-hexachloro-p-xylene solu­
tions, thus bypassing energy transfer from xylene to naphthalene. It was found that 
0.03M quencher reduces naphthalene emission by 86%. This accounts for the absence 
of naphthalene enhancement under y-rays in xylene/naphthalene/PPO solutions con­
taining this quencher.

Since most of the quenching by a, a, a, a ', a ', a'-hexachloro-p-xylene in PS scin­
tillators is due to solvent quenching, it may occur either by solvent-solvent energy 
migration eventually reaching a quencher molecule or by direct quenching of a primary 
excited solvent molecule by a nearby quencher. Because of the relatively low quencher 
concentration at which significant quenching occurs, it seems likely that the former 
alternative is predominant. On the other hand, PS/naphthalene/PPO scintillators
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require much greater concentrations of quencher, indicating that naphthalene — 
naphthalene migration to a quencher molecule is less important than one-step, 
direct naphthalene — quencher interaction.

It appears from the above that, at least in some cases, it may be better to incorporate 
a desired quencher plus intermediate “solvent” in plastic rather than liquid scin­
tillators in order to obtain high light yields.

Another aspect of these investigations concerns the time constants of the light 
emission. It is well known that the addition of quenching molecules reduces the time 
constant; in a liquid solution containing a quencher, the light decay is still given by

exp- —, but the t  is much smaller than that of the solution containing no quenching
T

molecules. If quenching of the solute, however, occurs by a one-step process under 
conditions of no material diffusion, the influence of the quencher upon the time 
constant is quite different. Only a certain fraction of the excited solute molecules is 
affected; the remainder decays with the time constant of the unquenched solution. 
Experiments are under way to investigate these effects.

Energy Transfer in Polymethylmethacrylate:
In liquid scintillators it was found that completely non-aromatic solvents are 

poor for energy transfer in most cases. This means that relatively large solute con-

GAMMA RAY INDUCED FLUORESCENCE OF

PMMA/PPO AND PMMA/NAPHTHALENE/PPO

(M /L MONOMER)

FIG. 5



24 DETECTEURS DE RADIATIONS A SCINTILLATION

centrations are required to extract the energy from the bulk material. In many cases 
it proved possible to increase the efficiency of scintillator solutions in these “poor” 
solvents by the use of an intermediate “solvent” such as naphthalene (7). PMMA 
scintillators were prepared in order to see whether similar effects occur in rigid 
plastics.

Figure 5 presents the y-ray induced fluorescence of PMMA/PPO and PMMA/0.8M 
naphthalene/PPO as a function of PPO concentration. The shape of the two curves 
is typical of all the PMMA scintillators measured. Table IV presents the maximum 
y-ray induced fluorescence, and the lowest solute concentration at which it occurs, 
for several PMMA/solute and PMMA/0.8M naphthalene/solute scintillators. P/R 
values, as well as maximum intensities and the corresponding concentrations in 
xylene are given for comparison. The half-value concentrations are given in Table III.

TABLE IV
Fluorescence Intensities in Polymethylmethacrylate and Xylene Scintillators

Solute

Maximum Intensities — y-Ray Excitation

PMMA concen-
tration(M) xylene concen-

tration(M) P/R

9,10-diphenylanthracene (PPA) 0.21 0.065 0.6 0.015 0.65
+0.8M naphthalene 0.36 0.03

biphenyl 0.11 0.26 0.15 0.035 0.1
fluoranthene 0.065 0.16 0.15 0.025 0.15

+0.8M naphthalene 0.18 0.12
naphthalene 0.12 0.6 0.07 0.04 0.1
2,5-diphenyloxazole (PPO) 0.23 0.23 0.9 0.018 1

+0.8M naphthalene' 0.45 0.13
2-phenyl-5(4-biphenylyl)-

oxadiazole (PBD) 0.16 0.04 1.05 0.017 1.1
+0.8M naphthalene 0.63 0.06

p-terphenyl 0.12 0.042 1.00 0.022 1

A comparison of PS and PMMA scintillators (Table I and Table IV) shows that 
in all cases investigated the maximum intensities of PMMA/solute scintillators are 
significantly smaller and the half value-solute concentrations larger (Table III) than 
in PS/solute scintillators. The latter indicates that energy transfer in PMMA/solute 
scintillators is comparatively poor. 0.8M naphthalene as intermediate “solvent” 
increases both emission and energy transfer, making the concentration where 
maximum fluorescence is obtained smaller, thus improving both to the order found 
in PS/naphthalene/solute scintillators. These results are consistent with those ob­
tained from liquids (7).

The form of the y-ray induced fluorescence vs. solute concentration curves in the 
absence of naphthalene (for example, Figure 5) is, however, different from those 
obtained in both liquid and PS.

It is noteworthy that in contrast to theresults in PS, PMM A/fluoranthene and PMMA/ 
naphthalene/fluoranthene scintillators behave as do the other PMMA scintillators 
tested: the y-ray induced fluorescence of PMMA/fluoranthene levels off at 0.16M 
fluoranthene; that of PMMA/naphthalene (0.8M)/fluoranthene at a concentration 
of 0.12M fluoranthene. Thus, counter to the case of PS/fluoranthene, the y-ray in­
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duced fluorescence of PMMA/fluoranthene reaches a constant intensity, and 
naphthalene acts as an intermediate “solvent”, enhancing the efficiency of energy 
transfer to fluoranthene.

It might be expected, by analogy with liquid scintillators, that the fluorescence 
intensity in a “poor” solvent continue to rise with solute concentration until the same 
maximum (neglecting concentration quenching) is reached as in an “effective” 
solvent. From PS results herein reported, it would be expected that the y-ray induced 
fluorescence of PMMA/solute continue to rise to the same maximum intensity as 
PMMA/naphthalene/solute. Neither is, however, found. In all cases investigated, 
the y-ray induced fluorescence levels off at relatively low concentrations, giving 
fluorescence intensities significantly lower than the respective PMMA/naphthalene/ 
solute scintillator.

It appears that naphthalene in PMMA scintillators not only enhances energy 
transfer but overcomes some kind of solute quenching. This does not seem to be 
the case in PMMA/naphthalene scintillators since the same maximum intensity is 
reached as in PS/naphthalene, although PMMA — naphthalene energy transfer is 
poorer than that from PS; a higher naphthalene concentration is required. The solute 
quenching should result in a decreased emission at large solute concentration. The 
absence of a decrease may be explained by the following: If the same equation for 
dependence of emission on solute concentration were to hold as in liquids, and if 
Q and R in that equation were large, a decrease of only 10 % from the maximum would

GAMMA RAY AND 3660 A 
INDUCED FLUORESCENCE OF 

p m m a /pp a  

PS/PPA 
X Y L E N E /P P A

FIG-6



occur at concentrations about twice that of the maximum(6 ). Concentrations of the 
required size are difficult to Obtain in PMMA scintillators.

In order to test the supposition of solute quenching, experiments using light excitation 
were performed where the light was absorbed only by the solute of PMMA scin­
tillators. Figure 6  presents the result obtained using PMMA/PPA, a typical case. 
Results of similar measurements performed on PS/PPA and xylene/PPA are given 
for comparison. In the latter two systems, the rise of emission with concentration 
at low concentrations is due to incomplete absorption. Once complete absorption 
occurs, no more change is observed until concentration quenching becomes significant 
in xylene. The relatively rapid decrease of emission with solute concentration ob­
served under u.v. excitation of the solute in PMMA/PPA has also been found in 
PMMA/PPO and PMMA/PBD. It is difficult to understand this quenching since 
Y'-ray induced (energy transfer) fluorescence continues to increase up to concentrations 
tenfold that at which the quenching is observed. This quenching is also found in 
PMMA/naphthalene/solute but not in MMA monomer.

Although it is not yet possible to account theoretically for this very interesting 
behavior observed in PMMA, these investigations have already shown that it is 
possible to prepare efficient PMMA scintillators. A good PMMA scintillator has 
a light efficiency about one-third that of an anthracene crystal. Highest light output 
is achieved by the use of at least 0.8M naphthalene as intermediate “solvent” . This 
also has the advantage of avoiding high fluorescent solute concentrations, thereby 
enabling a more efficient piping of fluorescent light through the plastic scintillator 
because of a lower absorption of fluorescence.
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THE VARIATION OF PHOSPHOR DECAY TIME 
WITH SPECIFIC IONISATION AND  

ITS APPLICATIONS
R . B. O w en , A tom ic E nergy  R esearch E stablishment , H arw ell

(En g l a n d ) f '

Introduction
The possibility of distinguishing between scintillations produced in organic 

phosphors by particles of differing specific ionisation was "indicated by Brooks (1) 
following a paper by Wright (2) which indicated that there were differences in the 
shape of the scintillation pulse from anthracene or stilbene under alpha particle and 
electron excitation. The effect of these differences may be displayed by the arrange­
ment shown in Figure 1 (after Brooks) (3).

Figure 1
Circuit for displaying the effect differences in the shapes of neutron and gamma-ray pulses in organic

phosphors.

Two output pulses are derived on the photomultiplier. One, proportional to the 
total light output, is obtained from the anode and fed into an amplifier, whilst a 
second pulse is developed across a 1 0 0  ohm dynode load resistor and passed to a 
second amplifier via a crystal diode. Since the forward resistance of this diode at 
signal levels of the order of a tenth of a volt falls rapidly with increasing voltage, the 
charge passed to the amplifier depends largely on the peak height of the pulse. 
After suitable amplification the total-charge pulse from the anode and the peak-height 
pulse from the crystal diode are stretched and fed to the X and Y plates of an oscil­
loscope respectively, whilst a brightening pulse is applied to its grid. Each pulse 
thus appears as a spot on the cathode-ray tube face and the position of this spot 
indicates the relationship between pulse height and total charge for the pulse. When 
some organic phosphors are exposed to a polonium-beryllium source, the spots lie
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along two distinct loci corresponding to pulses produced by fast neutrons and gamma 
rays, indicating the possibility of discriminating between these two types of particles. 
A typical display of this type obtained from a stilbene crystal using an E.M.I. 6097 
photomultiplier is shown in Figure 2.

Figure 2
Fast neutron and gamma-ray pulses from a 

PoBe source in stilbene.

Figure 3
Measurement of phosphor decay times. 

Block diagram.

Many organic phosphors show this type of discrimination including naphthalene, 
anthracene, stilbene, quaterphenyl and properly de-oxygenated liquid phosphor such 
as terphenyl-POPOP-toluene and P.B.D.-POPOP-naphthalene-methyl borate-xylene 
mixtures. Phosphors which do not appear to discriminate between neutrons and gamma 
rays include tolan and liquid phosphors containing diphenyl hexatriene. Very poor 
discrimination has been obtained with the polystyrene and polyvinyltoluene-based 
plastic phosphors so far tested.

Since it appears possible to utilise this property of organic phosphors to provide 
detectors capable of distinguishing between heavy particle and gamma ray excitation, 
it was decided to attempt to observe directly the shape of the scintillation pulses under 
proton and electron excitation in order to provide information for circuit design 
and to check Wright’s (2) conclusions as to the pulse shapes.

The Fluorescent Decay of Organic Phosphors
Photographs of individual scintillation pulses produced by fast neutron and 

gamma ray excitation were obtained with the arrangement shown in Figure 3. In
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organic phosphors a polonium-beryllium source produce's secondary electrons of 
up to about 4.2 MeV energy from the C12 gamma rays, and recoil protons of up to 
nearly 12 MeV. Since the luminescent efficiency of the organic phosphors for protons 
is about a third of that for electrons the largest of the gamma ray and proton pulses 
have approximately equal pulse heights, and the use of this relatively high energy 
excitation helps to reduce statistical variation in pulse shape. The signal generated 
at the collector of the multiplier triggers a fast oscilloscope via a press-button switch, 
whilst the current pulse developed on the last dynode is delayed by passage down 
a 100 ohm cable before being displayed on the time base. Signals developed on 
earlier dyncdes operate a particle discrimination system such as that shown in 
Figure 1. As each pulse was allowed to operate the oscilloscope via the press button, 
it was photographed, and the nature of the initiating particle, indicated by the position 
of the spot on the monitoring oscilloscope, was noted. The photographs of the 
individual pulses after development were then projected on to squared paper and 
an average obtained for approximately ten or more pulses for each type of exciting 
radiation. These averages were then normalised to the same peak height and plotted 
on semi-log paper. It was found that when proper precautions are taken to preserve 
pulse-height linearity, no differences in the fast components of the fluorescence decay 
were apparent. This is in agreement with the findings of Kallmann and Briicker(4). 
The longer-lived components were found to be about twice as intense under proton 
excitation as under gamma or electron excitation(5). Figures 4, 5, and 6  show the 
shapes of the pulses obtained for several phosphors.

NEUTRON AND GAMMA PULSES IN LIQUID PHOSPHOR 

( p - T E R P H E N V L  ft POPOP IN TOLUENE) IN ANTHRACENE

Figure 4
Neutron and gamma pulses in liquid phosphor 

(p-terphenyl and POPOP in toluene).

Figure 5
Neutron and gamma excited pulses 

in anthracene.
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Table I indicates the fastest of the components which were of different intensity 
with respect to the main part of the pulse under neutron and gamma-ray excitation. 
Other long-lived components exist (6 ) with decay times of up to several microseconds, 
and these components were found to be always about twice as intense under proton as 
under electron excitation. About 10 % of the total light output under gamma excitation 
is emitted in these components, and it seems likely that they are due to ionic recom­
bination.

TABLE I

Phosphor
Fast component Fastest component showing 

proton/electron differences

Decay time 
mp.s

Decay time 
mjis Intensity ratio1)

Stilbene 6.2 370 1.8
Anthracene 33 370 2.1
Quaterphenyl 4.5 350 2.1
2) Liquid Phosphor 2.8 200 1.8
3) Borated Liquid 4.2 200 1.9

0  Ratio of the amplitude of these components under proton and electron excitation for pulses of
equal peak height.

2) p-terphenyl (4g/l)POPOP(0.04g/l) in Toluene.
3) P.B.D. (8g/l)POPOP(0.05g/l) in Naphthalene (22%) Xylene (31%) Trimethyl Borate (47%). 

Applications
Since the components of the fluorescence decay which are used to discriminate 

between neutron and gamma-ray excitation are at least 0 . 2 0  microseconds in duration, 
discrimination is possible with the relatively slow multiplier photocells such as 
E.M.I. 6097, Dumont 6292 (2 inch cathodes) and the E.M.I. 6099, 9530 and 
Dumont 6294 (5 inch cathodes). To count neutrons only, the outputs from the stretch­
ing circuits in Figure 1 can be fed into a difference amplifier (long-tailed pair), so 
that a positive signal is only generated when the amplitude of the total-charge pulse 
is greater than that of the peak height pulse. A trigger circuit operating on positive 
pulses will thus indicate neutrons only. An alternative method is simply to combine 
the positive peak-height pulses obtained from the dynode in Figure 1 with the 
negative total-charge pulses obtained at the anode by means of a suitable resistance- 
capacitance network. One difficulty experienced with this scheme was that of balanc­
ing precisely the time constants involved, because of the non-linear resistance 
characteristics of the diode.

A very effective method of obtaining the neutron pulses only is illustrated in 
Figure 7. A signal is derived from the last dynode whilst the anode is maintained at 
a positive potential generally of between 4 and 6  volts above that of the last dynode. 
Under these conditions during the early high-current portion of the pulse, space 
charge limits the current which can pass to the collector, and much of the multiplied 
charge is unable to leave the last dynode, with a result that this electrode is driven 
negative to an amount dependent on the anode to last dynode voltage. During the 
lower intensity portion of the slow decay of the pulse, space charge limiting does not 
occur and a multiplied charge can now pass between the last dynode and the collector, 
driving the dynode in a positive direction. Whether the net charge on the dynode 
is positive or negative after each pulse depends on the relative amplitude of the fast
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Neutron and gamma pulses Method of separating pulses of different
in quaterphenyl. decay times.

and slow components. As a result, for scintillations in organic phosphors exceeding 
some minimum size above which space charge limitation can operate, the pulses 
from the last dynode are positive in the case of neutron excitation and negative in the 
case of gamma-ray or electron excitation. An amplitude discriminator operating 
on positive pulses on the last dynode is therefore all that is required to register the 
particle exciting the longer decay time.

For display purposes the output from this dynode may be stretched and passed to 
the Y deflector plates of an oscilloscope whilst a stretched total-charge pulse developed 
from an earlier dynode is passed to the X deflector plates. Figures 8 , 9 were obtained 
in this way (unfortunately neither the amplifier nor the stretching circuit used could 
operate on negative pulses so that they appear as points on the X axis). Figure 8  

shows the type of display obtained from an E.M.l. 6097 photomultiplier with 4.5 volts 
between anode and D11 using a stilbene phosphor and a polonium-beryllium fast 
neutron and gamma-ray source. Figure 9 shows a similar display obtained with a 
RCA 6810 photo-multiplier with 9 volts between anode and D14, using a terphenyl- 
POPOP-toluene liquid phosphor. Figure 10 shows the fast neutron and gamma-ray 
pulse-amplitude distributions produced in a liquid phosphor by the Po-Be source. 
The gamma-ray spectrum was obtained by selecting those pulses from the earlier 
dynode which were in anti-coincidence with a positive pulse from the last dynode 
whilst the neutron spectrum was obtained by selecting those in coincidence with the 
positive pulse.
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Figure 8
Separation of neutron and gamma-ray pulses in 

stilbene using space charge saturation 
in EMI 6097.

Figure 9
Separation of neutron and gamma ray pulses 
in p-terphenyl-POPOP-toluene phosphor using 

space charge saturation in RCA 6810.

Gamma-ray and fast neutron pulse-amplitude distributions in liquid phosphor.
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Neutron capture in borated liquid phosphors results in pulses from the 1 0B(na)7Li 
reaction which are about equal in amplitude to those from a 40 KeV electron (7). 
Each event produces an average of 30 to 40 photo-electrons. For these pulses and for 
all low intensity scintillations, the gain of the multiplier has to be increased if space- 
charge saturation effects are to be utilised. The signal arriving at the dynode then 
consists of a series of sharp spikes due to the emission of single photo-electrons 
from the cathode. Each spike itself produces space-charge saturation, so that this 
method of separation does not operate satisfactorily. Small pulses, provided they 
do not show excessive statistical variations, are probably best sorted out with the 
diode-type decay time discriminator.

Inorganic Phosphors
When pulses from inorganic phosphors such as Nal-Tl or Csl-Tl are displayed, on 

the arrangement described in Figure 1, the peak-height pulses for a given total charge 
are lower under electron excitation than under alpha-particle excitation, i.e., the 
opposite effect to that, observed in organic phosphors. Photographs of current pulses 
developed across a 1 0 0  ohm load resistor have been obtained for the scintillations 
from Nal-Tl and Csl-Tl under alpha-particle and electron excitation. The result of 
averaging 10 pulses, excited by the 0.662 MeV Cesium 137 gamma ray and alpha 
particles from Pu 239 in Nal-Tl, is shown in Figure 11. The decay of the alpha pulses 
appears to be fairly complex and follows the general lines indicated by Ebv and

Figure 11
Shape of electron and alpha particle pulses 

in Nal-TI.

Figure 12
Action of space charge discrimination system 

on Gamma-rays +  alpha particles, and 
gamma-rays +  protons on Nal-Tl.

3
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Jentschke(8 ). For practical purposes it may be said that the pulse produced by alpha- 
particle excitation in Nal-Tl rises sharply to a maximum and decays exponentionally 
with a decay rate of about 0.25 microseconds, whilst the pulse excited by electrons 
rises relatively slowly to a maximum about 0.15 microseconds after the initiation of 
the pulse and is followed by about the same decay rate as that of the alpha pulse. 
Though proton pulses have not yet been observed directly, the behaviour of the 
types of particle discriminating circuits described earlier on the Nal-Tl and Csl-Tl 
phosphors under alpha and gamma and under recoil-proton and gamma excitation 
suggests that the proton pulses must be very similar to the alpha particle pulses as 
demonstrated in Figure 12. Photographs of pulses from Csl-Tl, which shows good 
amplitude resolution, show that the shape of the light pulse is generally similar in 
character to that of Nal-Tl, i.e., for electron excitation shows a steady rise up to a 
maximum 0 . 2  microseconds after the initiation of the pulse, followed by an ex­
ponential fall of 0.5 microseconds decay time. For alpha particles a sharp spike is 
produced followed by slow rise, and again the same exponential decay. Again the 
decay time discriminating systems behave almost identically for recoil protons as for 
alpha particles. These pulse shapes are not in accordance with the shapes deter­
mined by Storey(9) et al. who found decays of different time constants for differing 
excitation.

Since, with inorganic phosphors the major difference in pulse shape occurs in 
the vicinity of peak pulse height, it would seem that circuits operating on this 
characteristic offer the best prospects for particle selection, although the space charge 
saturating method can be made to operate. Unfortunately, when crystals of Lil-Eu 
and LilSn were tested on the pulse-shape discriminating system, it was not possible 
to see a difference between gamma rays and the heavily ionising particles produced 
in the 6 Li(na)3H reaction.

Phosphor Combinations
For the simultaneous detection of alpha and beta contamination on surfaces for 

health monitoring, the use of a zinc-sulphide coated plastic phosphor has been 
suggested (1 0 ) together with an amplitude discriminator to distinguish between the 
alpha particles, which produce their scintillations in a thin layer of zinc sulphide, and 
the more penetrating beta particles which produce their scintillations in the plastic 
phosphor backing. The use of the space charge saturating system for distinguishing 
between these two types of particles has been proved extremely successful. There is a 
considerable improvement in the degree of discrimination obtainable, and setting 
of the photo-tube voltage and trigger levels is very much less critical than when 
using the amplitude discriminating system.

Conclusions
The use of decay-time discriminating systems provides a useful extension to the 

facilities already offered by the scintillation counter.
Space charge saturation provides a simple method of detecting fast neutrons of 

energies between at least 0.5—10 MEV. In this range, detection efficiencies are of 
the order of 1 0 — 2 0  % per cm of phosphor whilst gamma rays, which have absorption 
coefficients about half that of neutrons, can be very largely rejected provided they 
are not so intense as to produce multiple pulses during the time required to assess 
the decay rate of the phosphor. This limit probably occurs between 10—100 mil- 
lirad/hr.



SCINTILLATION RADIATION DETECTORS 35

Decay time discrimination methods can be used to separate gamma rays from 
neutron induced reactions in Boron-loaded liquid phosphors. Such detectors might 
be useful for time-of-flight spectrometers in the intermediate energy neutron range.

The use of decay-time discrimination with Nal-Tl or Csl-Tl enables a very simple 
fast neutron spectrometer to be constructed consisting of a polythene radiator, 
collimator and scintillator. The proportional counters which have been used on some 
previous types of proton recoil(ll) telescope become redundant, simplifying the 
apparatus to be used, and it is thought that reduction of gamma background is more 
usefully accomplished by decay time discriminators than by limitation of the phosphor 
thickness (1 2 ).
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MECHANISM OF THE SCINTILLATION 
PHENOMENON IN ALKALI HALIDE PHOSPHORS*)
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P alo-A lto , C a l . (U.S.A.)

At the outset I should like to point out that although the speaker and others have 
concerned themselves with the problem of understanding the mechanism of the 
scintillations in alkali halide phosphors for nearly a decade, our understanding is 
still far from complete and perfect. I shall attempt topresent a description of a plausible 
model which is consistent with observed facts, but I am under no illusion that it is the 
last word. In fact we are, in our laboratory, still very much concerned with this 
problem.

Since sodium iodide is by far the most commonly used of the alkali halide scintil­
lators, most of our work has concerned this material. It has the practical experimental 
difficulty of being deliquescent. However with suitable techniques and equipment it 
is easily handled. Sodium iodide is, because of its density and the relatively high 
atomic number of iodine (53), especially useful in the detection of X rays and gamma 
rays. The crystal has the property of converting the energy of an X ray or gamma ray 
into a pulse of light with the remarkably high efficiency of 13%(1).

Since the X ray and gamma ray are identical, except for their origin, let us restrict 
ourselves to the single term, gamma ray. The gamma ray interacts with the crystal’s 
nuclei or electrons to produce high energy electrons by photoelectric effect, Compton 
event, or by pair production. The high energy electrons so produced dissipate their 
energy and are slowed down and stopped in the crystal. The energy dissipated by- 
high energy electrons to the crystal matrix is somehow conveyed to what we call 
luminescent centers, which further convert it to light.

The processes of conversion of gamma ray to high energy electron are dealt with 
elsewhere, and we shall concern ourselves with this no further here. Rather we shall 
restrict ourselves to the questions of, (a) the nature of the luminescent centers and, 
(b) the mechanism of energy transfer from the crystal matrix to these luminescent 
centers.

Luminescent centers
In the case of thallium activated sodium iodide, it seems rather clear that the 

principal luminescent center is the T1+ ion as perturbed by its neighboring N a+ 
and 1~ ions. This has not been shown directly, but the conclusion is arrived at by 
the following: in the case of KCl(Tl) F. E. Williams(2) has calculated the principal 
ultraviolet absorption and emission band on the assumption that specific transitions 
between calculated energy levels of the T1+ center are involved. The calculated ab­
sorption and emission bands agree so closely with the experimentally Observed bands 
as to leave little doubt that, in the case of ultraviolet excited fluorescence in KCl(Tl), 
the luminescent center is formed by the substitutions of a T1+ ion for a K + ion. 
However, it is not at all obvious that the luminescent center is the same for scintil­
lation purposes as for fluorescence purposes. It would seem that an obvious test 
would be to observe the similarity or dissimilarity between the fluorescence and scin­
tillation spectra. If they are identical, then the emitting centers must be identical. It 
is somewhat curious that this comparison has not been made with KCl(Tl). Such an

*) Supported in part by the United States Atomic Energy Commission, Division of Biology and Medicine.
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obvious phosphor should have been tried a long time ago. However, the author has 
found no evidence in the literature that KCl(Tl) will scintillate.

NaI(Tl) on the other hand, scintillates and fluoresces with high efficiency, so that 
a comparison of the emission spectra can be made.

WAVELENGTH IN MICRONS

Figure 1
Fluorescence response of sodium iodide activated with approximately 10—3 mol percent thallium. 
Caption in upper left corner of each figure gives wavelength of exciting light. Solid curve gives 

emission response at room temperature.

Fig. 1 shows various u. v. excited spectra for Nal(Tl) at 20° C (dashed) and 
—190° C (solid). It is apparent that there are two emission bands, one at .42 p. and 
another less prominent one at .34 p.. At 20° C, these bands are only partially resolved, 
whereas at liquid nitrogen temperature they show complete separation. (Note 
especially the curves for exitation by .31 p. ultraviolet light.) Cooling crystals to 
liquid nitrogen temperature and lower is a powerful means of improving resolution 
in absorption and emission bands, and thereby separating them for purposes of 
analysis, however there are sometimes other effects, such as large changes in decay 
time and changes in the prominence of some bands. Bands have been observed to 
appear or completely disappear in the course of a change of temperature from 20° C 
to —190° C.

At 20° C the emission spectra for gamma ray excited luminescence is indistinguish­
able from that of the ultraviolet excited spectra for the excitation wavelengths of 
.29 p., .30 p., or for excitation wavelengths shorter than .25 p~ We are therefore lead 
to the conclusion that by analogy with KCl(Tl) the principal luminescent center is 
due to the T1+ ion in substitution for an Na+ ion.
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Thallium is trivalent and therefore T1+ ion has two electrons in its outermost shell. 
The ground state for T1+ is JS0. The first excited states are: 1 PJ, 3Pjj, 3PJ, and 
3 P!j. Transitions between the ground state and the two triplet states of j= 0  and 
j = 2  are forbidden by selection rules, and the transition between the ’P? state and the 
ground state should be weak. Again, by analogy with the work of Williams, we assume 
that the .42 p. emission results from the 3PJ— 'S 0  transition. Fig. 1 shows that the 
reverse transition results in an absorption band at .29 p. (actually this is more precisely 
found at .293 ji). Fig. 2 shows the energy levels for the free T1+ ion and Fig. 3 shows

ENERGY LEVELS : Tl +

I3ev

Figure 2 . Figure 3
Energy levels of the free thallous ion from Energy levels of the thallium luminescence
Bacher and Goudsmit, Atomic Energy States center in KC1 from an article by Johnson and

(McGraw Hill, New York, 1932), 481. Williams, J. Chem. Phys. 21, 125 (1953).

Williams’ concept of how these levels are perturbed in KCI(T1)(3). It would seem 
natural to assume that the .34 p. emission should be related to the 1 Pj* — 1 Sq transition. 
However, when a crystal containing on the order of 10— 6  Tl, instead of the more 
common 10— 3 Tl, is illuminated in the .31 p. absorption band, which corresponds 
to the .34 p emission band, the fluorescence becomes essentially zero. We are there­
fore forced to the conclusion that the .34 p emission is related to a center that is 
made of multiple (probably pairs of) T1+ ions.

Tl+ luminescent centers in Nal(Tl) in the excited states rP y  3 P;J, or 3P.3 would 
be expected to be metastable. Thermoluminescence experiments give evidence that 
the strong perturbation of the Tl+ ion by the neighboring I— ions of Nal causes 
transitions between the excited states by thermal energy above the temperature of 
approximately 150° K. When Nal(Tl) is irradiated at liquid nitrogen temperature 
with a gamma ray source, the source then removed, and the crystal slowly warmed, 
a very strong thermoluminescence will occur at about 150° K. This thermolumines­
cence is in the .42 p emission band.
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Unactivated Nal, cooled to the vicinity of liquid nitrogen temperature, has been 
found to scintillate with about twice the efficiency of Nal(Tl) at room temperature. 
The emission spectrum is centered at .30 p~ The spectrum efficiency and decay times 
of unactivated Nal are given in Fig. 4, 5, and 6 . By comparisons of scintillation

(Vi

o
X

*
3 . 
'— 
o  
A

5 4 3 2 ev

250 300 350 4 0 0  450 50 0  60 0
WAVELENGTH mp

Figure 4
Emission spectrum of scintillations in unactivated Nal, Nal(Tl) and the spectral response of an 
RCA 6903 photomultiplier tube. The emission spectrum curves of the two phosphors are intended 

to show shape only, and not magnitude.

emission spectra with fluorescence emission spectra, we have been attempting to 
determine the nature of the luminescent center which operates in “pure” Nal. 
A large number of crystal samples have been grown, using various techniques and 
material from various sources. Provided that the material is pure enough, we always 
get the same characteristic scintillations. This, of course, leads to the conclusion 
that the scintillations in unactivated Nal are characteristic of the pure perfect crystal. 
We are not, however, convinced. Recent experiments in which we examined the 
excitation spectra for the .30 p. fluorescence emission show that this emission band 
may be excited by ultraviolet light in a band centered at approximately .234 p., in 
addition to its excitation by light in the fundamental absorption band (below .225 pi). 

'.234 p. is just where one would expect to find the j3 band in Nal. (The f> band is as-
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Conversion efficiency, q, for scintillations in 
pure sodium iodide as a function of tempe­
rature. Conversion efficiency of thallium acti­
vated sodium iodide at room temperature is 

given for comparison.

Figure 6
Decay time, t, of pure sodium iodide as a 
function of temperature, where % is defined by: 

I =  I0 exp (—t/r).

sociated with F-centers in the crystal.) Although at room temperature and below, 
it is difficult to maintain any substantial number of F-centers in Nal (even if heated 
in sodium vapor), there should be expected to be a finite number in all crystals.

We are currently attempting to produce crystals with substantially enhanced 
F-center populations, in order to test the possibility that this defect is responsible 
for the “fundamental” luminescence and scintillations.

Energy Transfer
Regardless of the nature of the “fundamental” centers, the scintillations and 

luminescence in unactivated Nal serve as useful phenomena in studying the energy 
transfer mechanisms. The possible candidates for energy transfer are electrons in 
the conduction band (and holes in the “filled band”), excitons and ultraviolet photons.

Let us consider each in some detail, but first we must recall that an alkali halide 
crystal is a typical nonconductor. Since it is ionic, the ions form a periodic potential, 
and applying the treatment due to Bloch, we arrive at the concept of the band 
structure with filled bands, forbidden bands and normally empty conduction bands. 
One possibility then, is that the primary high energy electron, in passing through 
the crystal, simply gives its energy to electrons in the filled bands, raising them to 
the conduction band. In so doing, two mobile charge carriers are created: the electron 
in the conduction and the hole on the “filled band” . An electron in the conduction 
band of a pure and perfect Nal crystal should remain there and continue to move, 
since there is no part of the crystal that is different from any other part. However, 
should it encounter a thallium ion, it should be attracted to it and remain in its 
vicinity. We expect this to be so, because thallium has a greater ionization potential 
than sodium, which it replaces. A greater ionization potential implies a greater 
attractive force for the electron. Having captured an electron, the thallium ion 
becomes a thallium “atom” in the ground state. If, however, the thallium “atom” 
now captures a hole from the “filled” band, it becomes once more an “ion” , but in 
an excited state, from which it may decay to the ground state with the emission of
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a photon. The successive capture of electron and hole to place the thallium center in 
an excited state can probably occur in the reverse order with an identical result.

The exciton as an energy carrier
The exciton is a name given to a state of excitation in a polar crystal. It has no 

net charge, and is presumed to be mobile. It may be thought of as an electron and hole, 
bound together by their dissimilar charges with quantized energy states in a hydrogen­
like structure. It would seem apparent that an exciton could also be readily created 
by the passage of a primary high energy electron through the crystal. If insufficient 
energy is given to an electron in the filled band for it to reach the freedom of the 
conduction band, it may still receive enough energy to reach an excited state (ana­
logous to a state of excitation as opposed to ionization for a free atom in a gas). 
This excited state is the exciton in a polar crystal. It is also conceivable that the 
exciton may be formed by the joining of an electron and hole, which had been 
previously unrelated. The question of the possibility of the direct decay of excitons 
with the emission of photons has received attention for some time. It is, in general, 
thought that this cannot occur from the free exciton, but that it can only give its 
energy to an impurity or defect with the subsequent emission of light. We can, for 
the moment, assume that the exciton’s arrival at a thallium center simply corresponds 
to the simultaneous arrival of an electron and hole.

One might hope to distinguish between the electron (and hole) as energy carrier, 
and the exciton as energy carrier by looking for photoconduction in the crystal. 
However, to date, such experiments have been inconclusive. We can only conclude 
that either, and probably both, contribute.

The photon as the energy carrier
The photon is, at a first glance, a very tempting candidate. This is primarily so 

because of our discovery that the “pure” crystal scintillates in the .30 p band, and 
as shown above, T1 in Nal produces an absorption band centered at .293 p, and 
excitation of this band produces emission at .42 p. There is adequate width to both 
the .303 p emission band and the .293 p absorption band for a fairly complete over­
lap. The emission band has a full width at half maximum of 300 A.U. and the .293 p 
absorption band has a width of 200 A.U. Thus we might say that the mechanism in 
Nal(Tl) is simply that the pure crystal scintillates with an emission band at approx­
imately .3 p. This scintillation light is absorbed and re-emitted at a longer wavelength 
by the thallium centers. Or, to put it slightly differently, the thallium centers simply 
act as energy shifters. The difficulty with the above is that the conversion efficiency 
of pure Nal drops by a factor of twenty in warming the crystal from 77° K to 20° C. 
At room temperature, the conversion efficiency of “pure” Nal is only slightly greater 
than 1 %, whereas that of Nal(Tl) is approximately 13%. These are true values cor-, 
rected for photomultiplier absolute sensitivities as a function of wavelength and other 
detectable losses. The values are for “small” crystals where optical self-absorption 
is either negligible, or corrected for. Thus, we conclude that although it may be a 
minor contributor, the photon emission and reabsorption is not the primary energy 
carrier.

In conclusion, we can feel fairly confident that the principal luminescent center in 
Nal(Tl), giving rise to the .42 p emission, is the T l+ ion, as perturbed by the neigh­
boring ions in the crystal. The .34 p emission is of a more uncertain origin, but 
because its strength is not proportional to T1 concentration in the crystal, we are 
inclined to believe that it results from T1 ions that are close to each other.
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The luminescent center in unactivated Nal seems to be related to halide ion 
vacancies, although more work is needed here to be sure.

As to energy transfer mechanisms, we find that excitons, electrons, and holes are 
very likely candidates and the emission and absorption of ultraviolet photons is a 
very minor contributor.
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SCINTILLATEURS AU BORE ENRICHI 
POUR NEUTRONS LENTS

H. D u r a n d  et P. H abert - Q uartz  et S ilice  - P aris (F rance)

Depuis sept ou huit ans, des essais (1), (2), (3), (4), (5), ont montre la possibility 
de remplacer les compteurs pour neutrons lents a BF3 (enrichi ou non) gazeux par 
un dispositif utilisant la detection par scintillation de la particule a  produite dans la 
reaction

!0B +  n -------- -v 7Li +  a  (2,8 MeV)

Ces essais ont porte sur l’utilisation de poudre de sulfure de zinc active a l’argent 
ZnS(Ag) comme scintillateur, le milieu reactif etant un compose plus ou moins 
plastique enrobant les grains de ZnS(Ag).

Ce compose peut etre divise en trois grandes classes, selon les auteurs:
(1) Un compose organique (1), (2), (3), generalement decrit comme l’ester tri- 

borique de la glycerine plus ou moins melange d’un excds d’acide borique;
(2) Un verre obtenu par la deshydratation partielle de l’acide borique B 0 3 H3 (3);
(3) De l’anhydride borique B2 0 3 fondu(4), (5).
Ce dernier procede necessite une temperature assez elevee, de l’ordre de 550 

a 600°, et est plus malaise a mettre en oeuvre que les precedents. De plus, ce fort 
echauffement semble modifier les proprietes scintillantes de ZnS(Ag) entrainant une 
baisse de rendement de 30 % des photocathodes usuelles(5). B2 0 3 fondu est cependant 
le corps qui contient la plus grande quantite relative de bore.

Le procede utilisant Pester triborique est assez commode, les temperatures restant 
inferieures a 150°.' La teneur en bore peut atteindre 20%.

II nous a semble cependant que le deuxieme procede, utilisant une deshydratation 
partielle de B 0 3H 3 etait preferable car, sans que les temperatures depassent 200°, 
on obtient un verre suffisamment peu visqueux pour permettre un melange homogene 
avec ZnS(Ag). Ce verre contient 27,5 % de bore, et ne semble etre ni plus ni moins 
transparent optiquement que le compose a la glycerine.

Si deja quelqiies etudes detaillees ont paru sur ce sujet, la plupart des auteurs se 
contentent d’etudier les melanges au bore naturel et d’evoquer ou d’evaluer grossiere- 
ment les resultats que l’on peut obtenir en substituant du bore enrichi en 10B au bore 
naturel. C’est precisement l’etude de quelques proprietes liees a l’enrichissement que 
nous presentons ici. II s’est agi de bore enrichi a 92% de 1 0B(6 ) au lieu des 18,8% 
du produit naturel.

Nature des scintillateurs etudies
Le verre au bore a donne tr£s sensiblement une composition correspondant 4 

l’acide pyroborique B4 O7IU (2B2 0 3, HoO), contrairement a l’opinion deSUN(3) qui 
indique qu’il s’agit du compose B 0 2 H. Ce resultat etabli par l’analyse chimique est 
confirme par la pesee de Peau perdue par l’acide.

Le verre, prealablement fabrique, etait melange avec de la poudre de ZnS(Ag), 
de granulometrie inferieure'a 40 p. (7) en proportions variables, et presse a chaud, 
une feuille d’aluminium mince servant de reflecteur du cote soumis au flux de 
neutrons. Des pressages sur support Plexiglas strie, selon la technique de SUN(3) 
ont egalement ete essayes. L’ensemble etait monte dans un boitier etanche d’alu­
minium, avec une fenetre en verre du cote de la photocathode.
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Des experiences preliminaires ont montre qu’il etait difficile d’incorporer un poids 
de ZnS(Ag) superieur a celui de l’acide borique utilise. Quelques mesures nous ont 
montre que le gain de rendement etait peu important si Ton cherchait a augmenter 
cette quantite, le melange devenant de plus tres difficile a mouler, et tres inhomo­
gene. Les resultats decrits ci-dessous ont done trait a des scintillateurs dont le rapport 
en poids ZnS/BOjHj est egal a 1 , ce qui donne un rapport ZnS/B4 0 7 H2  de l’ordre 
de 1,5, ou encore un rapport ZnS/B= 6 .

Dispositif experimental
Une source de neutrons Ra-Be de 10 mC etait utilisee. Les neutrons etaient 

ralentis par 7 cm de paraffine. Un collimateur au cadmium definissait le faisceau. 
Dans ces conditions, le flux incident etait assez faible: une activation au manganese 
a permis d’evaluer approximativement le nombre de neutrons thermalises a 
1 2 n/cm2 /sec.

Le photomultiplicateur, de diametre 44 mm, etait un 53 AVP(8 ). Un amplificateur 
lineaire et une echelle pourvue d’un discriminateur completaient l’appareillage. Le 
reglage du seuil se faisait commodement par variation de la haute tension du photo­
multiplicateur.

Nous avons verifie, comme il sera explique plus loin, que l’influence des rayons 
y etait, dans les conditions experimentales, negligeable pour le taux de comptage des 
neutrons.

Figure 1
Scintillateur plan.

Etude theorique du rendement absolu en fonction de l’enrichissement et de l’epaisseur
Soit un scintillateur plan, d’epaisseur 4, muni ou non d’un reflecteur du cote des 

neutrons incidents (Fig. 1). La probability pour qu’un neutron soit compte dans 
une tranche x, x+dx est le produit de plusieurs facteurs:
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(1) La probability dPj =  a e~ 0  (h—x) dx pour que le 10B arrete le neutron, ou a est 
la section de capture macroscopique moyenne du milieu, en cm-1 . On suppose 
que les sections de diffusion ou de capture par d’autres elements que 10B sont 
negligeables.

(2) La pr.obabilite P2 , supposee en moyenne constante, quelle que soit l’epaisseur x 
(milieu macroscopiquement homogene) pour que la particule a provoque une 
scintillation. P2  est fonction de la quantite de ZnS(Ag), de sa granulometric, 
du libre parcours moyen des a dans le verre (evaluy a 25 p, contre 15 p. dans 
le sulfure de zinc).

(3) La probability P3 pour que sur les m photons emis dans une scintillation, 
il en arrive une fraction m0  suffisante pour declencher le comptage. On peut 
supposer, dans une premiere approximation theorique, que m est constant. 
On verra plus loin que, en fait, il faut tenir compte du fait qu’une particule a 
monoenergetique peut perdre une fraction seulement de son energie dans le 
sulfure, le reste etant inutilement dissipe dans le verre. De plus, meme si 
toute l’energie .est transformee en photons, leur nombre et leur longueur 
d’onde obeissent a des lois de repartition statistiques.
Quoiqu’il en soit, en supposant m constant, on aura

P 3 _ 1  si 
et

P , _ 0  Si 0 < F ( x) < 5 »

ou F(x) est l’attenuation optique du nombre m de photons emis a la profondeur x.
Dans ces conditions, le rendement absolu (nombre N de coups comptes divise 

par nombre N 0  de neutrons incidents) sera

P =  V7 - =  (1 — e - oh)P 2  si h< ( x 0  

et
Np =  —  =  e~'°h (e cx° — 1)P2  si h)>xo
No ^

ou xo est la valeur (qu’il est facile de montrer etre unique) donnee par la solution de 
l’equation

F (xo) =  —  m

Il est commode d’introduire l’efficacite relative q du scintillateur, rapport entre 
le nombre N de coups comptes et de celui Ni des neutrons effectivement arretes:

i] =  P2  si h <  x0

e Oxo — 1

■ n =  P2 - e oh_ J si h > x 0

La figure 2 donne failure des courbes q =  f(h) pour deux valeurs de o correspon- 
dant a un melange au bore naturel et a du bore enrichi a 92%. La valeur x0  est 
evidemment la meme dans les deux cas, puisqu’elle ne depend que des proprietes
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Figure 2
Efficacite relative.

optiques. On remarquera que, pour de fortes epaisseurs, l’efficacite relative est plus 
faible pour le scintillateur au bore enrichi, les neutrons etant alors principalement 
arretes dans les couches anterieures du scintillateur, done dans une zone optiquement 
inaccessible.

La figure 2 donne, pour ces deux cas, le rendement theorique d’arret p0 =  l — e—oe 
et le rendement theorique de comptage p =  p0q. Cette theorie indique done que le 
maximum de rendement se trouve a h =  x0, quel que soit l’enrichissement.

Resultats experimentaux
Les resultats experimentaux confirment dans leur ensemble les hypotheses faites, 

a l’exception d’une correction importante: du fait qu’une partie seulement de 
l’energiedela particule a peut parfois servir a l’excitation de la scintillation, le nombre 
reel de photons emis est souvent inferieur a la quantite supposee m. II en resulte que 
l’efficacite q commence a decroitre avant la valeur theorique x0  de l’epaisseur, 
comme on le voit sur les courbes experimentales de la figure 2 .

Pour cette meme raison, le point anguleux des courbes de rendement (Fig. 3) 
disparait. Le maximum est inferieur a la valeur theorique. Son abscisse se deplace
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d ’ailleurs vers les faibles epaisseurs quand l’enrichissement croit, la correction sur 
la chute de l’efficacite relative etant alors plus notable. Les courbes de rendement p 
s’ecartent davantage des courbes calculees pour les forts enrichissements.

Les resultats obtenus sont toutefois encourageants: l’efficacite q, dans les regions 
interessantes, varie entre 50 et 40%. Le maximum de rendement reel atteint environ 
17% (avec une epaisseur de 0,42 mm) pour le bore naturel. L’utilisation de bore 
a 92 % permet d’atteindre 37,5 % sous une epaisseur de 0,32 mm. Un enrichissement 
plus gr^nd n’aurait plus qu’une influence negligeable.

Palier de comptage et discrimination des y
Nous avons essaye de determiner, pour les diverses epaisseurs, si l’on pouvait 

obtenir un palier assez peu incline du taux de comptage en fonction de la variation 
de la haute tension du photomultiplicateur, et si ce palier correspondait a une region 
peu sensible aux y. Une source de 1,5 mC de 60Co fut utilisee pour les comptag^s

4
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de y. Dans tous les cas, le seuil du discriminateur etait regie pour eviter le comptage 
de ces y. Ce seuil est sensiblement constant quand l’epaisseur varie.

DETECTEURS DE RADIATIONS A SCINTILLATION
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Figure 4
Taux de comptage en fonction de la H.T.

Les resultats, obtenus avec le melange au bore naturel, sont donnes sur la figure 4. 
On voit que la discrimination des y du 60Co est toujours possible dans de bonnes 
conditions. Toutefois, si un certain palier apparait pour une tres faible epaisseur, 
sa pente croit rapidement quand cette derniere augmente. Ceci est explicable par 
une superposition de l’etalement du a l’absorption optique et de celui du a la variation 
d u n  ombre m de photons emis.

Afin de diminuer cette absorption, nuisible au double point de vue de diminution 
de l’efficacite et de l’absence de palier, nous avons fait quelques essais sur les scin- 
tillateurs a support strie.

Scintillateurs a support strie
On se rend compte (Fig. 5) que, pratiquement, pour que les photons emis attei- 

gnent la photocathode, il faut, en premiere approximation, que la scintillation soit



SCINTILLATION RADIATION DETECTORS .51

emise en un point situe a une distance de l’ordre de grandeur de x0  de la surface de 
contact optique. Pour augmenter la masse de scintillateur optiquement utile, on 
est amene a donner a cette derniere une allure de creneaux ou de dents de scie: la 
masse active sera alors, dans la grossiere approximation faite, comprise entre cette 
surface et la surface parallele a la distance Xq.

Support transparent

Cote photocathode

Figure 5
Scintillateur strie ou crenele.

Le support en Plexiglas portait, dans nos experiences, des creneaux de 0,3 mm 
d’epaisseur, l’intervalle etant de 0,5 mm, done un peu inferieur a 2 Xo- Dans ces 
conditions, avec du bore naturel, non seulement le rendement absolu fut porte 
a 26% au lieu de 17,5% mais, de plus, un palier beaucoup plus net fut obtenu 
(Fig. 4).

Dans les memes conditions, des scintillateurs au bore enrichi auraient donne un 
rendement de l’ordre de 45%, bien que l’avantage de supports creneles semble 
moins important si l’enrichissement augmente, les masses de scintillateur com­
prises entre les creneaux intervenant pour une plus faible part dans la detection.

Conclusions
L’etude des scintillateurs au bore enrichi montre l’avantage certain de cette 

utilisation, les rendements etant, dans les conditions optimales, environ 2 a 2,5 fois 
superieurs a ceux des scintillateurs au bore naturel. L’avantage des supports stries, 
tant au point de vue du rendement que du palier de comptage, est confirme.

La possibility d’obtenir des scintillateurs ayant un rendement de l’ordre de 40 %, 
soit un ordre de grandeur 5 a 10 fois plus grand que les compteurs a BF3 enrichi 
usuels, est etablie.
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NOUVELLES ETUDES SUR LES PROPRIETES 
PHYSIQUES DES SCINTILLATEURS 

ORGANIQUES ET MINERAUX
L. K o c h , Y. K o echlin , B. M o u g in , L. T reguer  - Cen tr e  d ’E tud es  N ucleaires

de Saclay (F rance)

L’etude experimentale que nous avons entreprise se poursuit et nos resultats sont 
encore fragmentaires. Nous les presentons ici suivant le plan donne ci-dessous et 
nous les comparons avec ceux obtenus par ailleurs.

Influence de la temperature
(a) Influence de la temperature sur le photomultiplicateur.
(b) Influence de la temperature sur la quantite de lumiere emise par le scintillateur.

Influence du mode d’excitation (a temperature ambiante) sur:
(a) La quantite de lumiere.
(b) Le temps de decroissance.

Nous indiquons egalement les resultats que donne la fluorine naturelle (CaF2 ) 
comme scintillateur.

(a) Influence de la temperature sur le photomultiplicateur
Des mesures preliminaires ont mis en evidence que le coefficient de temperature 

est lie a la couleur de la lumiere incidente. Nous avons entrepris de mesurer le 
coefficient de temperature en fonction de la longueur d’onde. Pour ce faire, nous 
avons utilise des filtres de verres couleur Jobin et Yvon divisant la zone de sensibilite 
de la photocathode en 6  bandes de 300 A chacune couvrant ainsi un domaine s’eten- 
dant de 4.100 A a 6.300 A.

Nous avons constate que pour un filtre donne le coefficient de temperature est 
constant dans la zone examinee +20° C a —40° C, il est negatif (—0,5 % par degre C) 
de l’ultra-violet a 5.500 A et positif au dela de 5.500 A (Fig. 1 et 2 ).

Ainsi en refroidissant un photomultiplicateur, la sensibilite de la photocathode aug- 
mente dans le bleu et le vert, diminue dans le jaune et le rouge: il se produit un de­
placement de la reponse spectrale vers l’ultra-violet. Meessen(l) a rassemble les 
resultats de divers auteurs et arrive a la meme conclusion. Signalons que la plupart 
des auteurs cites par Meessen ont utilise des scintillateurs comme source de lumiere 
pour la mesure du coefficient de temperature.

En faisant fonctionner le Photomultiplicateur en cellule photoelectrique nous avons 
pu etablir que le coefficient de temperature mesure etait imputable a la photocathode. 
Le gain du photomultiplicateur serait peu sensible a la temperature. Nous sommes 
en disaccord avec F. E. Kinard(2) qui signale une influence notable de la tempera­
ture sur les dynodes.

(b) Influence de la temperature sur la quantite de lumiere emise par le scintillateur
Nos resultats correspondent a un domaine de temperature s’etendant de +4° C 

a +20° C.
Les coefficients de temperature que nous avons trouves sont les suivants (excitation 

par particule alpha):

3
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—1,2% par degre C pour le ZnS(Ag)(an, UCLAF),
—0,5 % par degre C pour un plastique fluorescent fabrique au C.E.A. (styrene, 
2,5% de terphenyl, 0,03% de Popop, 0,01 % de stearate de zinc).

Influence du mode d’excitation
(a) Influence du mode d’excitation sur la quantite de lumiere emise

Le rapport des quantites de lumiere emise par des particules alpha et beta de 
meme energie est 0,13 pour l’anthracene comme pour le plastique.

(b) Influence du mode d’excitation sur le temps de decroissance
On appelle temps de decroissance d’une scintillation le temps au bout duquel 

63% de la lumiere totale de la scintillation est emise. Nous le designerons par 0 .
a) Sulfure de zinc active a l’argent (a n, UCLAF)

Le temps de decroissance n’a ete mesure qu’en excitation alpha.
La loi d’emission est complexe; elle peut etre mise sous la forme

1 =  I j e - t / 0 i  +  I2 e - t/0 2  +  I 3 e - t /0 3

avec 0 j =  7.10- 8 sec. ^  =  85% de I
0 2  =  9.10-7 Sec. I 2  =  13% de I
0 3 =  1, 3.10—5 sec. I 3 =  2% de I

Les composantes rapide, moyenne et lente contribuent respectivement pour 14,3 %; 
32,2%, 53,5% de la lumiere totale emise. On peut definir un temps de decroissance 
moyen, il est de 3.1 0 — 6  sec.
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Fig. 2 -  Coefficient de te m p e ra tu re  en fonction de la lo n g u e u r  d ’onde 
P.M. D A R IO  53 A .V .P .  n; 733

On a pu etablir que les composantes ne correspondent pas aux memes ban des 
d’emission, ainsi la composante lente (1, 3.10— 5 sec.) existe encore quand on inter­
pose entre le scintillateur et le photomultiplicateur un filtre ne transmettant que les 
longueurs superieures a 5.000 A — mais les 2  autres composantes ont disparu.

b) Nal (Tl) et Csl (Tl)
La decroissance suit une loi exponentielle mais le temps de decroissance depend 

de la nature de la particule d’excitation:
Excitation alpha 0  =  1,8.10— 7 sec.
Excitation beta 0  =  2,5.10— 7  sec.
Nous n’avons pas trouve de publications signalant l’existence des temps de de­

croissance differents selon la nature de la particule. Par contre, Storey, Jack, Ward(3) 
ont trouve que le Csl (Tl) a des temps de decroissance dependant de la densite 
d’ionisation de la particule incidente.

Les mesures effectuees dans notre laboratoire conduisent aux memes conclusions. 
Nous avons trouve que le Csl (Tl) excite par les particules alpha du plutonium 
(5.15 Mev) a un temps de decroissance de 5.10— 7  sec., tandis qu’en excitation beta 
(Sr90) ce temps est de 8,7.10— 7 sec.

Une methode simple permet de mettre en evidence les deux temps de decroissance.
Si on admet une decroissance exponentielle de Fimpulsion lumineuse, l’impulsion 

de tension a l’anode du photomultiplicateur presente un maximum atteint au bout 
d’un temps t fonction de 0  et RC et egal a 0  si RC =  ©ARC constante de temps 
de la charge d’anode). Si des particules de nature differente donnent des temps de 
decroissance 0 i  et 0 2  et si RC est voisin de 0 i  et 0 2, les temps de maximum seront
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tj et t2  — les impulsions d’anode derivees s’annuleront au bout des temps t] et t2  

selon la nature de la particule qui leur aura donne naissance. Ainsi pour le Nal (Tl) 
si on realise RC =  1,8.10— 7 sec. nous aurons:

— Particules alpha ti =  1,8.10— 7 sec.,
— Particules beta t2  =  2,1.10— 7 sec.
II est done possible d’identifier des particules de nature differente excitant un 

meme scintillateur de Nal (Tl), et ceci meme si les particules produisent des impulsions 
de meme amplitude,

c) Ca F2

Nous avons etudie les caracteristiques de la fluorine1) en tant que scintillateur 
car il presente l’avantage d’emettre directement dans l’U.V., il permettrait ainsi 
l’utilisation de photomultiplicateur a photocathodes metalliques insensibles a la 
lumiere visible et pouvant fonctionner a haute temperature, d’ou une tres grande 
simplification de la detection de particules a faible parcours.

Nous avons trouve avec un photomultiplicateur DARIO type 51 U.V.P. a fenetre 
de quartz, que l’amplitude lumineuse de la scintillation est 30% de celle obtenue 
avec du ZnS (Ag) pour des alpha de 5,3 Mev et qu’elle est de 10% de celle obtenue 
avec Nal (Tl) pour le pic compton des gamma de 1 Mev.

La resolution en energie pour les particules alpha est de 14% (pour Pu239) avec 
un cristal de 2  mm d’epaisseur.

La duree de luminescence est 2.10 6  sec. a 20° C.

B I BL I O G R A P H I E
(1) MEESSEN, Le Journal de physique et le Radium 19, A ll (1958).
(2) KINARD FRANK E., Nucleonics 15, No. 4, 92 (1957).
(3) STOREY R. S., JACK W. and WARD A., Proceedings o f the Physical Society 72, P a r ti, 

No. 463, 1 (1958).

i)  F ab rica tion  de la  Socifcte SO R E M , P ala is des Pyrenees, PA U .



ETUDE ET REALISATION 
D ’UN PHOTOMULTIPLICATEUR CON£U DANS 

LE DOMAINE DE LA NANOSECONDE
G. PlETRI - LABORATOIRE D’E lECTRONIQUE ET DE PHYSIQUE A p PLIQUEES, PARIS

(F ra n c e)

L’emploi de detecteurs a scintillations, en physique nucleaire, conduit a exiger 
des photomultiplicateurs (P.M.), entre autres proprietes, une double contribution 
a la rapidite de l’ensemble.

— Front de montee de l’impulsion anodique de l’ordre de la nanoseconde;
— Aptitude a delivrer cette impulsion a un niveau eleve, de fafon a ce que l’on 

puisse s’affranchir d’une amplification electronique conventionnelle, entre le 
P.M. et les circuits qui lui font suite.

Le photomultiplicateur LEP, type 204, a ete specialement con?u pour satisfaire 
a ces divers points de vue.

1 . II est capable, dans des conditions d’alimentation convenables, de delivrer'des 
courants instantanes avoisinnant l’ampere et de conserver une relation lineaire 
entre eclairement incident et courant de sortie, au-dela de 300 mA, comme 
l’illustre la Fig. 1.

Relation courant flux , en impulsions
Figure I
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2. Pour disposer effectivement de pointes de courant aussi elevees, a partir des 
scintillations, toujours tres pauvres en photons, le rendement de cathode, 
l’efficacite de collection et le pouvoir multiplicateur sont particulierement 
soignes.
(1) Le tube a ete con?u pour assurer un gain utilisable de 108 au moins. En 
fait, on arrive couramment a des valeurs comprises entre 108 et 109. Par gain 
utilisable, il faut entendre qu’a ce regime le tube ne presente encore aucune 
tendance a l’instabilite. Pour cela, la protection contre les ions ou la lumiere 
parasite en retour de l’anode vers' la cathode, a ete specialement soignee. De 
ce fait, ces tubes sont, en general, exempts de «postimpulsions».
Un compromis entre haut gain et raideur de front de montee des impulsions 
(point qui sera traite ulterieurement), nous a fait adopter 14 dynodes pouvant 
fonctionner avec une d.d.p. entre etages allant jusqu’a 400 volts (comme on 
l’a vu a propos de la haute linearite).
(2) La sensibilite de la photocathode est, en moyenne, de 60 pA/lu en blanc 
2.870° K, soit 15 a 20% de rendement quantique vers 4.000 A. Elle est du type 
SbCs3, non oxydee. Son precede de fabrication a ete specialement mis au 
point pour reduire la dispersion statistique en production et assurer l’homo- 
geneite de la couche, comme le montre la Fig. 2a.
(3) Enfin, l’efficacite de collection (c’est-a-dire [’utilisation a 100% des photo­
electrons par le multiplicateur, quelle que soit la region de la cathode qui les 
a emis), resulte du choix d’une optique electronique d’entree convenable. 
Sa qualite ressort de la confrontation des Figs. 2a et b.

a) Cathode
Figure 2

b) Anode

3. La determination de cette optique d’entree n’est pas gouvernee uniquement 
par des considerations de bonne collection, c’est-a-dire en definitive de bonne 
focalisation dans l’espace. Elle doit aussi satisfaire a ce que Ton pourrait appeler 
«focalisation dans le temps». Autrement dit, on demande aux diverses trajec- 
toires entre cathode et premiere dynode d’etre «isochrones». S’il en etait stricte- 
ment ainsi, une impulsion lumineuse a front raide appliquee simultanement 
sur toute l’aire de la photocathode, provoquerait sur Di une impulsion electrique 
a front raide egalement. En fait, deux causes viennent imposer une valeur finie 
au temps d’etablissement de l’impulsion electrique a l’entree du multiplicateur:
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— Les trajectories principales (celles correspondant a des electrons supposes 
sans vitesse initiale) ne sont pas strictement de longueurs egales, ni parcourues 
en des temps egaux;

— En realite, l’existence d’une vitesse initiale d’ejection, variant de fagon aleatoire, 
d’un electron au suivant, en module et direction, accroit le defaut d’isochronisme.

La geometrie et les potentiels des electrodes de l’optique d’entree du 204 (Fig. 3) 
ont ete choisis pour satisfaire simultanement au mieux:
— A une excellente focalisation dans l’espace,
— A l’isochronisme des rayons principaux,
— A une minimisation des effets perturbateurs des vitesses initiates.
(1) L’effet des vitesses initiales est inversement proportionnel au champ elec- 
trique a la surface de la cathode. On s’est done efforce de rendre ce champ 
intense d’une part, uniforme d’autre part, si bien que l’elargissement aleatoire 
du a cette cause reste petit et constant, quelle que soit la zone d’emission. 1 1  

en resulte une cathode courbe et une optique prevue pour fonctionner normale- 
ment avec 300 volts deceleration au moins.
(2 ) II se trouve que la courbure de cathode favorise egalement la focalisation 
et l’isochronisme des trajectoires principales, comme il ressort de la com- 
paraison des Figs. 3 et 4.
La Fig. 5 indique les retards calcules entre temps de parcours de la trajectoire 
centrale et de diverses trajectoires hors de l’axe de revolution. On voit que 
l’ecart maximum n’excede pas 0,5 nsec.. Ce chiffre est egalement l’ordre de
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Retard des trajecfoires marginales par ra pporf  a la trajectoire 
axiale pour une accelerat ion de 300 volts

grandeur de l’elargissement maximum apporte par l’effet des vitesses initiales, 
quel que soit le point d’emission considere.
(3) La geometrie adoptee pour les electrodes de l’optique d’entree, confere 
de plus au tube, la propriete que nous avons qualifiee «l’iris electronique».
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Les Figs. 6  a 10 en illustrent le mecanisme. Au fur et a mesufe que le potentiel 
de l’electrode de focalisation s’eloigne, en negatif, de sa valeur optimum, la 
surface utile de photocathode se reduit a un cercle, toujours centre sur l’axe 
optique, mais de surface decroissante, jusqu’au blocage complet.
La Fig. 11 montre comment varie le signal utile et le courant d’obscurite ano- 
dique en fonction de cette polarisation de I’electrode de focalisation.

4. Les causes de non-isochronisme rencontrees entre la photocathode et la premiere 
dynode se retrouvent sur les divers intervalles du multiplicateur, avec la meme 
consequence finale: le front de montee de 1’impulsion anodique s’etablit en 
un temps fini. Les memes rem^des ont ete appliques.: etude d’une geometrie 
qui conduise a des trajets isochrones et qui produise pour une d.d.p. donnee 
un champ electrique maximum a la surface des dynodes. La geometrie des 
dynodes apparait Fig. 12 ainsi que la nappe des trajectoires electroniques.
On remarque l’usage d’une electrode filiforme destinee, entre autres, a accroitre 
le champ extracteur.

La propriete focalisante de cette structure est illustree Fig. 13. De cette focali­
sation resulte une double limitation des ecarts d’isochronisme des trajectoires 
principales:
— Par compensation statistique d’une etape a la suivante;
— Par groupement au voisinage d’une trajectoire moyenne, avec de tres faibles 
fluctuations autour de celle-ci.
Finalement, la valeur quadratique moyenne des ecarts de durees de transit 
sur les 13 intervalles du multiplicateur est chiffree a 2 nsec, (a 120 V par etage). 
Un dernier terme d’elargissement du temps d’etablissement de l’impulsion 
anodique est le courant de deplacement qui precede l’impact d’un electron sur 
l’anode, des l’instant ou celui-ci a quitte la derniere dynode. La geometrie de 
l’etage final est telle que ce temps, calcule, est inferieur a 2 . 1 0 — 10 sec., ce qui 
est, pour ce tube, negligeable devant les causes precedemment analysees.

5. D’apres l’analyse qui vient d’etre presentee, le P.M. 204 doit pouvoir delivrer, 
pour un photoelectron emis de la cathode, une impulsion anodique de l’ordre 
de 2 0  mA, s’etablissant en 2  nsec, environ, et, pour un eclair interessant simul- 
tanement toute la photocathode, des impulsions de fraction d’ampere montant 
en 3 nsec. Ce qui doit permettre, en mesure de coincidences, des precisions de 
l’ordre de 1 0 ~ 10 sec.

5



MESURE DE LA RAPIDITE DE REPONSE 
DU PHOTOMULTIPLICATEUR L. E. P. TYPE 204

Y. K oechlin  - Service d ’E lectronique P hysique , C entre d ’E tud es  N ucleaires
de Saclay  (F rance)

Nous nous sommes attaches a mesurer les ecarts d’isochronisme du photomulti- 
plicateur L.E.P. type 204 et a definir la contribution apportee dans ces ecarts par 
l’optique d’entree d’une part, et le multiplicateur d’autre part.

Dispositif d’analyse
On voit ainsi que dans tous les cas la mesure revient a analyser les impulsions 

anodiques du photomultiplicateur, eclaire dans des conditions particulieres a chaque 
groupe de mesures.

Le moyen d’analyse consiste en une observation photographique. de l’ecran d’un 
oscilloscope cathodique ultra-rapide a plaques helicoidales.

Les caracteristiques de cet oscilloscope, avancees par son constructeur1) sont les 
suivants:

— Bande passante: 2.000 MHz
— Sensibilite: 7,9 volts par cm
— Balayage: 2,5.10—9 s. par cm
— Largeur de la trace: 4.10- 2 mm.

F ig .  1 - B loc d i a g r a m m e  du d i s p o s i t i f  de m e su re

1. Generateur de lumiere
2. Optique
3. Photomultiplicateur

La figure 1 montre le bloc diagramme du mode operatoire. Le generateur d’im- 
pulsions lumineuses declenche l’oscilloscope. L’impulsion anodique correspondante 
du photomultiplicateur est envoyee sur les plaques helicoidales de l’oscilloscope, 
a l’aide d’un cable coaxial adapte sur son impedance caracteristique et dont la lon­
gueur est ajustee pour compenser le retard du au systeme de declenchement de 
l’oscilloscope.

J) Edgerton, Germeshausen et Grier, Inc., Las Vegas, Nevada.

4. Ligne cooxiale de mesure
5. Ligne coaxtale de deelenchement
6. Oscilloscope E.G.G.
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La forme de l’impulsion qui se trace sur l’ecran est alors enregistree photographique- 
ment a l’aide d’une optique appropriee2) sur du film a trds grande sensibilite et a 
developpement instantane3).

L’utilisation d’un generateur d’impulsions de tension a montee ultra-courte4) 
nous a permis d’etalonner l’allongement du front de montee de ces impulsions par 
les cables coaxiaux utilises pour toutes les liaisons entre les photomultiplicateurs 
et les plaques de l’oscilloscope. Le front de montee est allonge de 1,5 mjis (de 10 a 
90% de 1’amplitude totale). L’affaiblissement du aux cables coaxiaux est de 10%,

Mesures sur l’optique d’entree
2 5 0  Megahertz

Fig 2 : Ecart  d ’i sochron isme dans I 'opt ique  du PM  2 0 4  
g e n e ra te u r  a b i l le  osci l lante  
( D i s p o s i t i f  de la f ig u re  3)
1 : Impulsion electrique du generateur a bille.
2a: Impulsion lumineuse au centre de lo photocathode.
2b: Impulsion lumineuse au bord de la photocathode.

La figure 2 montre a titre d’exemple un enregistrement photographique sur lequel 
on peut faire une mesure de l’ecart d’isochronisme du photomultiplicateur 204 n° 450. 
Cet enregistrement est obtenu a l’aide du generateur de lumiere a bille oscillante 
(figure 3).

L’oscilloscope est declenche par l’impulsion de decharge du generateur. Cette 
impulsion est envoyee, de meme que celle du photomultiplicateur sur les plaques 
de l’oscilloscope. La figure 3 donne le schema des circuits electroniques employes 
dans cette mesure.

Sur la figure 2, la trace positive de gauche represente l’impulsion de decharge du 
generateur et les 2  traces negatives de droite represented les impulsions anodiques 
du P.M. lorsque l’image de l’etincelle est focalisee au centre de la photocathode (trace

2) Edgerton Camera.
3) Polaroid film 46 L, 1000 A.S.A.
4) G6nerateur du type EPIC montd avec un relais a Hg CLARE type HGP 1006.
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2a) et au bord extreme de cette derniere (trace 2b). On distingue au dessus l’en- 
registrement du 250 MHz. Une periode represente done 4 millimicrosecondes. Le 
decalage entre les traces 2a et 2b represente 0,7 mp.s.

F ig.  3 : D i s p o s i t i f  de mesure de I ’ecart d ’i sochron ism e
dans I ’opt ique du P .M 2 0 4  au moyen du ge nera te u r  
a b i l le  osci l lan te

1. Generateur a bille oscillante
2. Alimentation H.T. du generoteur
3. Optique
4. Photomultiplicateur
5. Oscilloscope E.G.G.

La figure 4 montre un enregistrement photographique obtenu a l’aide d’un genera­
teur flying spot5). Ici on distingue 5 traces decalees les unes par rapport aux autres 
et representant les fronts de montee des impulsions anodiques du 204 L 94, lorsque 
sa photocathode est eclairee par le spot du generateur au centre (point C de la 
figure 5) et a 2 cm du centre sur 4 points cardinaux (points G, D, B, H de la figure 5).

L’oscilloscope est declenche par l’impulsion de deblocage du wehnelt du flying 
spot. Le declenchement est stable au dizieme de mjis.

L’instant d’arrivee des photoelectrons sur la premiere dynode est repere par la 
naissance de l’impulsion anodique correspondante.

Les differences de pente des fronts de montee des impulsions ainsi que la largeur 
des traces d’enregistrement apportent une imprecision de l’ordre de 0 , 2  mp.s dans 
la mesure.

La figure 5 montre la representation graphique de nos mesures. On voit que les 
retards montrent une symetrie axiale et qu’ils n’excedent pas 0,5 mp.s.

110 <1

5) C o n tra t C .E .A . no . 1687.
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Fig. 4 Ecart d ’isochronisme dans I’optique d ’entree 
du 2 0 4  " G e n e r a t e u r  Flying Spot"

La trace C correspond a I ' im p u ls io n  lumineuse au centre optique 
de la photocathode. Le s  autres traces a quatre points situes a 2cm . 
du centre de la photocathode.

0,5m^< s

Multiplicateur
Nous avons enregistre les impulsions anodiques du P.M. lorsqu’il est eclaire 

tres faiblement par les impulsions du generateur flying spot. Ainsi on peut declencher 
I’oscilloscope par le generateur, et regler aisement la quantite de lumiere pour 
obtenir moins d’un photoelectron par balayage. On est sur ainsi de n’avoir a faire 
qu’a des photoelectrons uniques.

La figure 6  montre un tel enregistrement. On a enregistre sur la meme photo­
graphic les impulsions anodiques pour un eclairement un peu plus intense. Ce sont 
les grandes impulsions dont on ne voit que le debut du front de montee. Elies ne 
partent pas toutes du meme point, car le signal de declenchement de l’oscilloscope 
n’etait pas assez puissant dans ce cas. Nous avons enregistre par ailleurs les impulsions
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F ig 5.  R e p r e s e n t a t io n  g r a p h i q u e  des ecar ts  d ’ i s o c h ro n i sm e  
de I ’o p t iq u e  d ’en t re e  du 2 0 4
Le graphique de droite represente une exploration, 
suivant un di a metre perpendiculaire a I'axe des 
generatrices des dynodes, le graphique de gauche 
une exploration suivant I'axe des generatrices des 
dynodes.

anodiques correspondant au bruit de fond thermoionique du photomulti- 
plicateur.

C’est de ces divers enregistrements que nous avons tire la mesure des ecarts d’iso­
chronisme du multiplicateur du 204. Nous avons pris comme definition de ces 
ecarts la largeur a mi-hauteur des impulsions anodiques provenant d’un photo­
electron unique. Alors que dans les mesures precedentes, l’allongement des fronts 
de montee du aux cables n’intervient pas, il faut ici en tenir compte. Cet allongement 
de 1,5 millimicroseconde s’ajoute quadratiquement au front de montee propre des 
impulsions du photomultiplicateur pour donner le front de montee photographic 
dans nos mesures. Ce front est sur la figure 10 de 2,5 mps. La moyenne des mesures 
corrigees du front de montee des cables, sur trois photomultiplicateurs 204, donne 
2 millimicrosecondes pour des tensions d’alimentation de 3.000 volts globales.
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Ensemble du photomultiplicateur
Dans cette mesure nous avons enregistre les impulsions anodiques du P.M. 

lorsqu’il voit le rayonnement Cerenkov provoque dans un bloc de plexiglas par un 
meson p. du rayonnement cosmique.

Le bloc de plexiglas avait 5 cm de longueur. La duree du parcours du meson 
etait done de l’ordre de 0,15 mjis et le rayonnement Cerenkov n’etant emis que 
pendant le passage de la particule, on peut admettre que l’impulsion lumineuse 
eclairant l’ensemble de la photocathode durait 0,15 mps.

L’oscilloscope etait declenche par l’impulsion anodique d’un autre photomulti­
plicateur associe a un scintillateur plastique et place verticalement au dessus du 
bloc de plexiglas.

Fig. 6: Impulsions anodiques correspondent 
& des photoelectrons uniques
Stiii  du beloyog* do gauche a  droit*
Lot tinutoM ot provionnent du 250 MHx.
Lot impulsion* do grand* amplitude dont 
on no voit que 1*  debut correspondent 
e un flux tumlneux doclonchont plat 
d'on photooloctron par 0,1 mpn

Fig. 7 Ecarts d ’ i sochronisme
dans I’ensemble du 2 0 4

Impulsions fumineuses 
creees par effet Cerenkov

La figure 7 montre les impulsions anodiques du P.M. 204 correspondant au passage 
de mesons ji dans le bloc de plexiglass.

La largeur a mi-hauteur de ces impulsions est aussi de 2 millimicrosecondes une 
fois corrigee du temps de montee des cables. L’ecart d’isochronisme du a l’optique 
d’entree n’intervient pas d’une fa?on mesurable car il s’ajoute quadratiquement aux 
autres ecarts.



CONTRIBUTION
A L’ETUDE DES CARACTERISTIQUES DES 

PHOTOMULTIPLICATEURS
R. C hery et A. P er rin  - In stitu t  de P hysique  N ucleaire , L yon (F rance)

II est bien connu que le fonctionnement d’un photomultiplicateur implique l’inter- 
vention d’un certain nombre de processus d’essence statistique parmi lesquels nous 
rappellerons ceux qui nous interessent ici, a savoir:

— L’effet photoelectrique de la cathode dont le rendement varie souvent en fonc- 
tion de la region consideree;

— L’emission secondaire des dynodes et le facteur de collection des electrons 
secondaires de dynode a dynode;

— Le temps de transit des electrons de la photocathode a l’anode en fonction de la 
trajectoire suivie.

La composition de tous ces facteurs conduit a une dispersion importante des 
caracteristiques des differents photomultiplicateurs d’un meme type.

II nous a semble interessant d’etudier sur un photomultiplicateur relativement 
recent d’origine frangaise, le 53 AVP fabrique par la Radiotechnique, certains des 
aspects par lesquels se traduit precisement la nature statistique de la formation de 
l’impulsion de courant d’un photomultiplicateur.

Spectre de photoelectron unique
Tout d’abord si l’on considdre la hauteur variable des impulsions que l’on obtient 

quand on fait penetrer les electrons un a un dans le multiplicateur, l’essence statistique 
du gain d’un photomultiplicateur apparait evidente. De telles experiences ont ete 
realisees par Morton, Allen et d’autres sur des photomultiplicateurs R.C.A. et EMI, 
.etc.

On eclaire la photocathode avec une source de lumiere suffisamment faible pour 
que les photons emis soient resolus dans le temps. Le photomultiplicateur est re- 
froidi pour diminuer l’importance du bruit de fond. L’electronique qui le suit est 
classique. On considere, soit le spectre de reponse du photomultiplicateur, c’est-a- 
dire le nombre d’impulsions n(v) par unite de temps de hauteur comprise entre v 
et v+dv en fonction de v, soit la distribution integrale N(v), nombre des impulsions 
de hauteur superieure a v en fonction de v.

Nous n’insisterons pas ici sur la methode utilisee par Morton, qui permet d’obtenir 
facilement, a partir de la distribution integrale, la valeur moyenne du gain du photo­
multiplicateur et sa variance.

Nous resumerons sur un exemple typique les resultats obtenus. Nous avons 
enregistre avec un photomultiplicateur alimente, avec la repartition de tension 
preconisee par le constructeur, les trois spectres d’electron unique de la Figure 1, 
pour les trois tensions globales d’alimentation 1.700 v., 1.725 v., 1.750 v. II nous a 
paru interessant de rapprocher ces spectres, car on apergoit une evolution de la 
courbure de la partie droite qui indique une augmentation du nombre relatif des 
grandes impulsions avec la tension interdynode.

Remarquons tout de suite que la forme du spectre d’un electron n’est done pas 
unique. II ne parait pas possible de la representer par une formule simple comme celle 
d’Engstrom

Ah2 e —h,a, A et a etant des constantes. .

73



74 DETECTEURS DE RADIATIONS A SCINTILLATION

Cette modification de courbure se produit pour tous les photomultiplicateurs 
testes a une tension qui se situe aux environs de 1725—1750 v. Deux explications 
nous paraissent possibles: ou bien ce changement de courbure peut etre du a un. 
accroissement de la focalisation interdynode avec la tension, ou bien c’est le resultat 
d’une diminution de la variance de gain d’etage avec la tension.

Par la methode de Morton, nous avons calcule la variance de gain du tube. Nous 
trouvons:

VG =  0,34 pour 1700 v.
0,28 pour 1725 v.
0,25 pour 1750 v.

En calculant, par ailleurs, le coefficient d’emission secondaire d par dynode, nous 
pouvons obtenir la variance de gain d’etage Vd par la formule

Nous trouvons dans ce cas typique:

Vd =  1,29 pour 1700 v.
1,08 pour 1725 v.
1 pour 1750 v.

Ce resultat tendrait done a justifier la seconde hypothfese.
Notons encore que ces formes de courbes se conservent quand on fait varier la 

constante de temps de collection de 10— 7  s. a 5 mps.
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Par ailleurs, quand cette constante de temps varie de 0,8 ps a 5 jis, nous avons 
obtenu avec quelques photomultiplicateurs des augmentations de gain allant jusqu’a 
10%. Cela indique la presence, pour ces photomultiplicateurs, d’impulsions satellites.

Les valeurs des variances de gain d’etage, donnees ci-dessus, pourraient faire 
penser que dans le cas des dynodes Ag.Mg, la variance V<j du coefficient d’emission 
secondaire est proche de la variance normale. En fait il s’agit la d’un cas particulier 
et les variances sont differentes suivant les photomultiplicateurs, tout en tombant 
toujours dans l’intervalle 1 a 1 ,6 , correspondant a des variances de gain total in- 
ferieures a 0,5.

Rappelons que Morton trouve pour un 5819 la valeur 1,54. Cette variance de gain 
d’etage est une caracteristique importante car, au point de vue statistique, elle peut 
caracteriser la qualite du multiplicateur.

Controle d’homogeneite de cathode
Parmi les autres processus qui interviennent dans l’estimation de la qualite d’un 

photomultiplicateur, nous distinguerons le rendement de la photocathode et ses 
variations en fonction de la position du point d’impact du photon.

II convient, a ce propos, de remarquer que les estimations d’homogeneite de cathode 
font intervenir la manidre dont on la mesure. Les variations risquent d’etre d’autant 
plus importantes que la surface de la photocathode testee est plus petite. C’est la 
raison pour laquelle le dispositif que nous avons realise permet d’eclairer la photo­
cathode d’une surface de l’ordre du mm2  seulement.

C o n fro f f tu r  d ’hom ogcncibo  

da phofocobHoc/a

Un disque D  (Fig. 2) est entraine a 3.000 tours/minute par un petit moteur electrique. 
II e.st perce de trous de 1 mm. de diametre, regulierement espaces et disposes en 
spirale. Ce disque se deplace devant une fente f  disposee suivant un rayon de la 
photocathode. Celle-ci est placee derridre la fente. L’ensemble est eclaire par un 
faisceau de lumiere parallele obtenu a partir d’une lampe L et reflechi par un miroir 
a 45°. On obtient ainsi des impulsions lumineuses d’une duree de 10— 4  secondes 
environ d’intensite constante. L’impulsion recueillie a l’anode est envoyee sur un
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oscillographe fonctionnant en declenche et synchronise par une photodiode Ph. com- 
mandee par une ouverture adequate placee sur le disque. On obtient ainsi sur l’oscillo- 
graphe des impulsions de hauteur proportionnelle a la sensibilite de cathode sur le 
rayon analyse. Tous les points de la photocathode sont testes.

Un dispositif electronique simple permet de pulser le spot de l’oscillographe au 
sommet des impulsions seulement. On peut ainsi, en faisant tourner le photomulti- 
plicateur autour de son axe, enregistrer sur une meme photo tous les sommets des 
impulsions. La dispersion des points permet de caracteriser facilement l’homo- 
geneite de cathode.
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Les resultats obtenus (Fig. 3) concordent avec ceux obtenus avec des dispositifs 
utilisant un spot lumineux plus etendu. On mesure des inhomogeneites de 10 a 25 % 
suivant les regions. Ces valeurs sont legerement plus elevees que celles couramment 
admises, mais cela parait normal si l’on tient compte de la finesse d’analyse.

Nous devons remarquer que nous mesurons ainsi l’homogeneite de cathode vue 
de 1’anode, c’est-a-dire que la variation de l’efficacite de l’optique d’entree avec la 
position de naissance du photoelectron intervient.

En particulier, nous rappellerons la sensibilite considerable de l’optique d’entree 
a des champs magnetiques, comparable au champ terrestre. Cela se traduit par une 
inhomogeneite apparente de photocathode vue de l’anode, pouvant aller jusqu’a des 
rapports de 1 a 8  d’une zone a l’autre. II apparait done absolument necessaire de 
blinder toute installation spectrometrique, sinon la variance de l’efficacite de trans­
fe r  photon-electron risque d’augmenter de plus d’un ordre de grandeur.



SCINTILLATION RADIATION DETECTORS 77

Mesure de variation de temps de transit
II est egalement interessant de connaitre les variations de temps de transit des 

electrons de la cathode a l’anode, en vue d’apprecier la rapidite du photomultipli- 
cateur, en particulier pour des experiences de coincidences.

Nous avons utilise pour cette mesure l’oscillographe Tektronix 517 A, dont le 
cable de retard de 65 mjis, incorpore a l’amplificateur vertical, avait ete precedem- 
ment deconnecte.

Pour eliminer la necessite de definir un instant origine par un signal auxiliaire, le 
photomultiplicateur est excite par la lumiere meme de l’ecran fluorescent du tube 
cathodique. L’oscillographe fonctionne en relaxe. La trace lumineuse est vue par le 
photomultiplicateur au travers d’une fente tres fine de 2 / 1 0  de mm perpendiculaire 
au balayage et sur laquelle on forme l’imag'e de l’ecran par un objectif photographique

M csur* dc variahons da. temps da transit"

COU PE VUE DE PROPIL
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(Fig. 4). On obtient ainsi derriere la fente des impulsions lumineuses d’une duree de 
3 mps environ, correspondant au passage du spot electronique du tube en debut de 
trace.

Cette impulsion lumineuse est amplifiee par le photomultiplicateur etudie et le 
signal anodique envoye a l’amplificateur vertical de roscillographe.

On photographie l’ecran sur lequel apparait done l’impulsion du photomultipli­
cateur, a une distance du debut de trace dependant du temps de transit dans le photo­
multiplicateur et dans l’amplificateur vertical de l’oscillographe. La photographie 
simultanee d’un quadrillage permet de comparer des cliches differents.

On opere ainsi pour differentes positions de l’impulsion de lumiere sur la photo­
cathode.

La mesure s’opere par amplification optique. Avec une vitesse de balayage de 
2 0  mps il est possible de mesurer les variations de temps de transit en fonction du 
point de naissance des photoelectrons, avec une precision de la mps.

M*sur« da voriahon da famps da hransib

La Figure 5 montre les resultats obtenus suivant une direction perpendiculaire 
a l’axe des dynodes et suivant une direction parallele.

On retrouve ainsi les variations de temps de transit de l’ordre de 3—4 mps en 
moyenne.

En resume, les proprietes statistiques de ce photomultiplicateur paraissent com­
parables a celles des tubes equivalents d’origine etrangere. Si une amelioration de 
l’homogeneite de cathode parait toujours souhaitable, la dispersion des variances 
relatives de gain du photomultiplicateur, allant de 0,28 a 0,50, indique une dispersion 
dans la qualite des dynodes qu’il serait sans doute interessant d’essayer de relier a 
l’histoire de la fabrication du multiplicateur.



D I S C U S S I O N
Dr. Morton (U .S.A .)
Q uestion  p a r  D r. T ove {Suede):

A quelle resolution peut-on pretendre avec les nouvelles photocathodes? 
R eponse:

Cette nouvelle sorte de photocathode est un compose tri-alcalin. Nous la designons 
par le terme S-20. Elle equipe le photomultiplicateur C7237. Sa sensibilite moyenne 
est de 150 micro-amp. par Lumen, sa reponse spectrale s’etend jusqu’a 7000 A. Sa 
sensibilite dans le bleu est de 2 0 % meilleure que les couches conventionnelles. 
Q uestion  p a r  M r. H oogenboom  (H ollande):

Quelle est l’homogeneite de photocathode du 5 pouces?
R eponse:

En tenant compte de l’efficacite de collection de la premiere dynode, l’homo- 
geneite de reponse du 5 pouces est de l’ordre de 10%. L’utilisation d’un guide de 
lumiere doit rendre cette inhomogeneite negligeable en regard de la resolution en 
amplitude que Ton attend d’un compteur a scintillation. Pour les tubes de diametre 
inferieur a 4 1/2 pouces, l’homogeneite est meilleure qUe 10%.
Q uestion  p a r  D r. M a sse tti (Ita lie);

Ou peut-on trouver des precisions sur l’emploi du Benzaldehyde dans le Toluene 
comme extincteur de fluorescence pour les radiateurs Cerenkov ? II semble d’apres 
nos experiences qu’il n’agisse que comme absorbant optique.
R eponse:

Le Dr. Wiegand peut peut-etre repondre a cette question.
Q uestion  p a r  D r. Q uercia {Ita lie) e t D r. L ab eyrie  {France):

Pouvez-vous nous dire l’avancement de la technique aux U.S.A. en ce qui con- 
cerne les chambres a scintillation et les amplificateurs de lumiere?
R eponse:

Je donnerai, apres la session, les renseignements que je possede a ceux que cela 
interesse.
R eponse du D r. W iegand a D r. M a sse tti:

Je pense que pour un radiateur Cerenkov il faut eviter le toluene et tout compose 
benzenique. Le Dr. Kallmann pourrait peut-etre nous donner des indications sur 
un extincteur de fluorescence. Incidemment, nous avons utilise un radiateur Cerenkov 
contenant des composes benzeniques et nous lui avons incorpore un extincteur de 
fluorescence: le bromure d’ethyle.
Dr. Kallmann (U.S.A).
Q uestion  p a r  D r. L a b eyrie  {France):

Quelle sorte de chartreuse fluorescente, la jaune ou la verte?
R eponse:

Helas, la chartreuse fluorescente ne se boit pas.
Q uestion  p a r  D r. D uran d {France):

Le naphthalene deplace-t-il la bande de fluorescence du scintillateur ?
R eponse:

Non, ou tres peu.
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Dr. Owen (G. B .)
Q uestion  p a r  D r. van S civer (U .S .A .):

1) Y a-t-il une phosphorescence des plastiques a la temperature de l’azote liquide?
2) Quel est le rapport des amplitudes de scintillations rapides et lentes dans les 

scintill'ateurs organiques que vous avez utilises?
R eponse:

1) NouS prevoyons une experience en vue de la controler.
2 ) 2 0 % dans le cas d’une excitation par neutron, et 1 0 % dans le cas de l’excitation 

par gamma.

Dr. van Sciver (U .S .A .)
Q uestion  p a r  D r. Sharpe (G .B .):

Pouvez-vous nous renseigner sur les differences de temps de decroissance relatifs 
aux differentes bandes d’emission spectrales du scintillateur ?
R eponse:

Le Nal pur presente dans la bande des 3000 A un temps de decroissance de 10 milli- 
micro-secondes a temperature ambiante, 50 a celle de l’azote liquide, et 100 a celle 
de l’helium liquide. II existe aussi un temps de decroissance lent de l’ordre de la 
microseconde, mais qui represente une partie tres faible de la scintillation. Le Nal(Tl) 
excite par des particules lourdes presente deux temps de decroissance de 2,5.10— 7  s. 
a 4000 A et de 1 0 ~ 8  s. a 3000 A.
Dr. Durand (France)
Q uestion  p a r  D r. Julien {France):

1) Quel domaine d’energie designez-vous par neutron rapide?
2) Quelle precision aviez-vous sur le flux de neutrons incidents?

Reponse:
1) Nous avons utilise des neutrons d’une source de Ra-Be et ayant traverse 7 cm 

de paraffine.
2) La precision sur la mesure du flux incident etait de 5 a 6  %.

D . Chery (France)
Q uestion  p a r  D r. Sharley (Su isse):

Temps de montee des impulsions de lumiere du flying spot?
R eponse:

Le passage du spot de l’oscilloscope passe devant une fente de 2/10eme de mm avec 
une vitesse de balayage de 2 0 .1 0 - 9  s. par cm, ce qui correspond a un temps de montee 
de Fimpulsion lumineuse correspondante de 3.10- 9  s. environ.
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THE IONIZATION DETECTORS
U . F a c c h in i - C entro  I nform azion i St u d i E sperien ze , M ila no  (Italia)

1. In the decade 1938—1948 most of the ionization devices reached their present 
stage of development: I refer to self-quenching and halogen Geiger-Muller counters, 
gridded electron chambers, proportional counters for heavy particles, neutrons and 
electrons.

In recent years we have seen their enormous diffusion in all branches of science 
and industry dealing with radiations, as well as their technological improvement 
and their commercial expansion.

However the development of new techniques in ionization detectors has not 
been so wide as then: this fact is at least, in part, due to the rise of scintillation 
methods after 1948, which in so many respects substitute for the gas detectors.

New interests are now developing in ionization tools, especially for problems 
where they can compete with scintillation techniques or where the scintillation 
techniques are of no practical use.

In fact, in many cases ionization devices furnish simpler methods for particle 
detection, and in a number of cases they are the only devices.

It seems to me particularly interesting to devote some time to some methods 
which have been developed recently.

2 . I refer, firstly, to the electron ionization chambers. I remember that the electron 
collection was first studied by Ortner and Stetter(l) around 1932, but only after 
the gridded chamber was introduced by O. R. Frisch (2); these instruments became 
a powerful method for studying the energy spectra of heavy particles.

The effect of the grid is to screen the collecting electrode from the ion motion, 
and from the electron motion before the electrons reach the grid. In such a way 
the collected pulses are proportional to the total ionization, i.e., to the energy of 
the particles, and are independent of the initial ionization.

In fact, such chambers offer a good energy resolution (~2% ) in the case, for 
instance, of usual a particles, and resolution times of the order of 1 0 — 6  seconds; 
the emitting area (or volume) is as large as 2 0 — 1 0 0  square cm or more, and the 
solid angle useful for counting may be made 2  %.

All these conditions have not been obtained so far with other methods, and 
consequently such chambers are more and more used in the measurements of heavy 
particles spectra, and when the ranges of the particles are not so long as to require 
very large pressures.

The improvement of the energy resolution has been particularly studied in these 
years.

The best results obtained, using a parallel plate gridded chamber and the emitting 
source deposited in a form of a thin layer on the emitting electrode, are reported 
by Engelkemeir and Magnusson(3).

These authors used a strongly collimating mesh on the emitting layer in order 
to accept only particles emitted parallel to the electric field and to avoid particles 
emitted at large angles which produce pulses of slightly different sizes due to the 
incomplete screening effect of the grid. The resolution is ~0.5%.

Moreover, the nickel mesh absorbs the radiations emitted by excited states in 
coincidence with a emission. Particularly good resolution has been obtained recently 
by Havlicek(4) without using such a collimator: the width of the Polonium a  line 
was about 1 %.
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Havlicek uses particular care in the purification of the gas and in the preparation 
of the emitting layer.

It is interesting to note how Havlicek uses this chamber for isotopic analysis of 
slightly enriched uranium for measuring very accurately the shape of the U2 3 8  and 
U2 3 4  lines.

3. A very important step in improving the resolution was obtained by H. W. Fulbright 
and N. O. Lassen(5) and by D. A. Bromley(6 ) in the case of protons or other heavy 
particles injected in the chamber parallel to the electrodes. This kind of measurement 
is very useful when the various particles produced in nuclear reactions are to be 
studied.

The chamber of Lassen and Fulbright is shown in Fig. 1.

Figure 1
Ionization chamber of Lassen and Fulbright (5);

The earthed chamber wall is a 3 brass tube, the grid is flat, the collector plate 
is a flat rod; collector and grid are kept at +3000 and +1500 volts respectively.

The particles enter the chamber from the side mylar window. The gas filling is 
argon, plus 1 0 % methane, continuously purified by calcium in a side tube with 
1/4" copper tube connections.

The energy resolution is of the order of 0.8% for 15—30 Mev a particles.
The chamber developed by Bromley is quite similar (Fig. 2). It is operated with 

99.9% pure Argon and 3% of CH4  or C 0 2  spectroscopically pure.
The resolution is found to depend critically on the purity of the mixture. If no 

further purification is used the width for Pu a particles line is found of the order 
of 2 %.

After purification of argon by means of a liquid air trap, the resolution is reduced 
to about 1 % (Fig. 3—4).
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Figure 3
Pu a line with purified and non-purified gas, from Bromley (6).
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Figure 4
a lines from Li (He3, a) reaction, from Bromley (6).

In this respect we have to remember that Calcium, if used for purification by 
continuous circulation, has to be heated up to 800° C(7), but an alloy of Ca 90% 
and Mg 10% is particularly useful at 350—400° C(8 ).

It is interesting to note in these last results, that the energy resolution of the 
electron collection chambers is quite near to the best obtained with the ion collection 
chambers by G. Valladas(9), being of the order of 0.6% for the usual a particles.

Finally, to close the discussion on the energy resolution, we should like to report 
that a chamber particularly studied for high pressures (5 atm), in order to obtain 
proton spectra up to 10 Mev, is being realized by R. Chaminade and coworkers(lO), 
the main idea to reduce the line widths (in spite of the fact that proton tracks due 
to multiple scattering cannot be well collimated) is the introduction of a new grid 
at an intermediate potential.

4. No progress has recently been made in the collection time of electrons, the faster 
mixture still being Argon-Co2  and Argon-CFL} employed by Rossi and Staub(ll).

The possibilities of fast and simple measurements of spectra, by emitting samples 
by means of electron chambers, have been greatly increased with the introduction 
of A-N2  mixtures (12).

In fact, since the first employment of the electron collection the necessity of a 
good purification of the filling gas was apparent, in order to avoid electron capture 
by some impurities, particularly oxygen: in fact, the presence in pure argon of 
traces of oxygen of only a fewT0 ~ 5 units destroy the counting action.

A good vacuum and continuous gas purification being required, the time taken 
to prepare the chamber is, under such conditions, rather long.

It has been observed in our laboratory that the collection of electrons was practically 
unaffected by small 0 2  contaminations (up to 0.5%) when a mixture of A-N2  with 
2 —4% of nitrogen was used.
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The explanation of such behaviour lies in the fact that the capture cross section 
of 0 2  for electrons has a deep minimum around 1 ev energy of electrons (13), and 
that in A-N2  mixtures for a wide range of applied potential, the electrons reach 
a mean energy of such magnitude (Figs. 5—6 ). More accurate calculations about 
this effect have been made by P. F. Little(14).

Figure 5
Oxygen capture cross section for electrons, from Massey and Burhop (13).
Abscissa: electron energy, in ev
Ordinate: attachment probability

--------- Maxwell distribution
..........  Monochromatic electrons.

The employment of A-N2  mixtures obviates the use of high vacuum assembly 
and of continuous purification. A preliminary vacuum is made with a rotative 
pump for one or two minutes after the a  emitting sample has been put in the chamber, 
and the chamber closed. Rapid filling with prepared A-N2  mixture achieves counting 
action in a few minutes.

This technique is very useful when short life a emitters are to be studied, if many 
fast measurements on various samples occur, and in cases when the emitting samples 
are porous, or humid, or generally difficult to be degassed (Fig. 7).

Of course, no very good resolution is to be expected, but 2—3 % is obtained 
quite easily.

5. Wide application of these chambers has been made, particularly in our country, 
for the study of a radioactivity of air and of a radioactivity of rocks, minerals and 
other substances.

In the case of air, the procedure is as follows (15): the air under study is sucked 
through an electrostatic filter; the radioactivity is deposited with the atmospheric
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Oxygen contamination in A-N2 mixtures, from CISE (18). Pulse amplitude characteristic of A-N2 
mixture is little affected by addition of 0,25 % 02.

Figure 7
Ionization chamber from CISE (18).
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dust on an aluminium disc, the disc is put in the chamber and the a spectrum 
analyzed. It is possible to distinguish in a few minutes the various a  emitters such 
as Radon decay products, uranium etc. (Fig. 8 ). An absolute calibration of the

method has been obtained recently(16), using two identical electrostatic filters, 
in series, and measuring the ratio of the intensities of the various a lines as given 
by the two filters. The ratio directly gives the efficiency of the collection corresponding 
to the given line: it is interesting to note how this efficiency depends on the size 
of the dust particles (and on the filter characteristics, such as the air velocity, etc.) 
and may be different for the different a active components.

6 . The study of a radioactivity has, for a long time been a very important method 
of investigation in many geological problems. Till now radioactivities were measured 
by means of photographic plates, and in this case the a particles emitted are counted, 
but the spectrum is not analyzed.

The study of a spectrum with the electron chamber has given a new, simple and 
precise way to analyze rocks, and other samples. The sensitivity of this method 
can be put down to 10—5—10— 6  parts of uranium contained in the sample (17), (18). 
The sample, in form of a thin layer, is placed on a disc and introduced into the 
chamber. This simple method is made possible due to the non-necessity of high 
vacuum and purity. The study of a lines permits the discrimination of the uranium 
family components from the thorium family components and the study of the 
various equilibrium relations.



The importance of this method is evident in problems connected with uranium 
mines and prospection. However it has to be emphasized that such a  spectra technique 
will be a good method for studying geological problems in a general way.
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Figure 9
a spectrum from Vesuvius lava, from CISE(18).

We only recall the study of ocean sediments, and that of the age of volcanic 
lava and of fossils (Fig. 9). In fact it has been shown that fossils may contain a 
great quantity of uranium, up to 1 0 —*, absorbed from the soil.

7. The last point to be discussed on the ionization chambers is of general interest. 
In fact, the chambers are generally used to obtain the energy spectra of a given 
sort of particle emitted in a practically established condition.

At least, in principle, the chambers can be used to detect other properties of the 
particles: the starting region of the particles (for instance, if they originate on the 
electrodes or in the gas), the angle of emission, the length of the tracks and eventually 
the mass of the particles.

In fact, all this information is contained in the ionization track and the different 
quantities can be extracted by convenient electronics device methods. It is evident 
how such a chamber would be of considerable interest in the study of nuclear 
reactions at low and medium energy.



Some results were obtained in this way even in the early years of use of the 
chambers(19), (20), but only recently in some laboratories is the problem being 
more deeply considered (2 1 ).

8 . The other subject I wish to illustrate is that of the so-called counter spectro­
meters.

In recent years the use of gas and scintillation counters in a single assembly has 
permitted increase in the development of the measurements of spectra of various 
particles emitted in nuclear reactions.
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COUNTERS

Figure 10
Proton spectrometer, from Ribe and Seagrave (22).

Generally, the particles to be measured spend most of their energy in a scintillator 
crystal or plastic after having crossed one or more counters (Fig. 10). The scintillation 
counter produces a pulse giving the value of the energy E; the counters are used 
for selection purposes in order to discriminate the particles under study from the 
background by detecting their passage in the interested region (22), (23), (24).

The counters are also used in order to know the value of Ais/Ax; this value 
permits selection of particles having different masses. In fact, in such measurements 
the quantity A E  spent by the particles in the gas is very small, and only proportional 
counters are able to detect and measure it.

Discrimination against the mass can be obtained simply by considering that at 
a given energy the various particles such as a  particles, deuterons or protons have 
a different value of A Ej/S x.

There are two difficulties: one is represented by the so called Landau(25) effect. 
In fact, the spread A E  in ionization produced in a given path length A x is quite 
large due to the fluctuation in the energy of the electrons produced. Instead of 
having a Gaussian curve of relatively small width, the amplitude distribution is 
a skew, bell-shaped curve with a broad full width (50% or so) and a pronounced 
high energy tail (Fig. 11). It should be noted that the energy resolution of the 
proportional counter does not practically affect the shape of this curve. The width 
of the line due to a given ionization in the counter is quite small, as can be seen 
from the accurate study done by A. Bisi and L. Zappa (26). The large width can
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produce an overlap between the A £/Ax pulses corresponding to particles having 
different mass and reduce the precision of the selection.

Different methods are used in order to reduce this width: G. Igo and R. M. Eis- 
berg(27) use a set of three equal proportional counters which are all crossed by 
the particles under study. The three pulses give practically three measurements of 
A EjA x. If the smallest of the three pulses is taken, its fluctuations are much smaller 
than the fluctuations of each of the three pulses.

0 5 4 0  4 5  2 0  2 5

PULSE HEIGHT

Figure 11
Ionization spread in a counter. Energy loss spectrum for 13.7 Mev protons, from Johnson and 

Trail (23). The solid curve is predicted by Landau.

R. Chaminade(lO) uses a different method: two proportional counters are crossed 
by the particles and the pulses. are accepted only when their difference is smaller 
than a given value.

Further difficulty arises when particles of various mass, in a wide energy interval, 
are studied: in such cases it may happen that the values of A E/A x  overlap. A EjA x 
is a decreasing function of the energy and, for instance, the A E/Ax  values of 
energetic a particles may be smaller than A E/A x  values of low energy protons 
or deuterons.

Different methods are used, the main idea being the use of simultaneous knowledge 
of A El A x  and of E. If A E /A x  and E  pulses may be sent, for instance, on the 
screen of a cathode ray tube, values corresponding to different mass fit the different 
A E / A x  versus E  curves(26). Better results are obtained by R. Stokes, J. Northrop 
and Keith Boyer(28) plotting the product of A E . E versus E or even better the 
quantity (E+3 +  1/2AE)-. AE versus E (Fig. 12). It is possible to use.an electronic 
device giving the selected mass particles automatically (29).

The energy resolution of such spectrometers depends on the crystal, and particularly 
on the light collection system and on the dimension of the crystal. Resolutions
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Figure 12
Mass differentiation curves from Stokes and co-workers (28).



of 4— 6 % for 10 Mev protons are usually given with crystals of 30—40 mm in 
diameter (Fig. 13), and with smaller ones even resolutions of 1.5% are obtained(lO). 
The time resolution is of the order of 10—7—10— 6  seconds.
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Figure 13
13.7 Mev proton recoil spectrum from Johnson and Trail (23).

9. An interesting point connected with these particle spectrometers is that of 
background problems often associated with the nuclear reactions under study. 
In many cases, especially when neutrons are used, the whole spectrometer is subject 
to bombardment and it is important to distinguish the particles produced in a given 
target from the ones produced on the wall of the instrument itself, or in the filling 
gas, or in the crystal, etc. In our laboratory we have developed an instrument 
particularly useful for detecting n, p reactions when the cross section of the 
n, p reaction is particularly low (30). Fig. 14 shows the latest model of our apparatus(31). 
In order to reduce the background the internal walls are covered with graphite 
layers, the filling gas is CO2  at 7 cmHg. Carbon has a very small cross section for 
14 Mev neutrons. The emitting targets can be rotated inside the counter and the 
background is easily determined.

The upper proportional counter is in anticoincidence so as to reduce the back­
ground from the upper graphite. The second counter is short in order to better 
define the target region; the mass selection is made taking the A E/A x  pulses from 
the third longer counter. With this instrument it is possible to obtain a spectrum 
of protons emitted from'2 Mev up to the higher energies involved, the background 
being quite small even when compared with the n, p reaction with cross sections 
of the order of few millibarns (Figs. 15-16). By substituting the bombarded target 
with a hydrogenated one, such a spectrometer can be used to measure neutron 
spectra. The instrument furnishes a good resolution but small efficiency (Fig. 17) (32).

10. It is not possible here to discuss further the many instruments developed 
during these years in the field of ionization detectors, but I want to recall the recent 
techniques of neon tubes used in a hodoscope system (Fig. 18)(33). Recent reports
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Figure 14
Proton spectrometer, developed in CISE 
(31). A, B, C proportional counters, D: 
Csl crystal, E: photomultiplier, L: target, 
M : wheel with target support, N : window, 
F: Stupakoff seals, G: gas input, H : O-ring 
seals, I: container of the photomultiplier.
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Figure 15
n, p spectrum in arbitrary scale for Al with 14 Mev neutrons and background, from CISE (31).

indicate that the efficiency of such lamps to particles can be made near unity; the 
neon tubes are filled with commercial gas at 3 atmosphere pressure. In previous 
papers the reported yields were of 0,7. In fact, these tubes furnish a light pulse, 
but in view of the complicated discharge mechanisms taking place they are still 
known as ionization counters.

11. The last questions I wish to discuss concern basic processes taking place in 
ionization detectors and mechanisms leading to the counting action.

Generally, counter behaviours are studied in view of the counting property, 
resolution times, efficiency, stability, background, energy resolution etc. However, 
a better understanding of the counting action requires deeper knowledge of the 
basic processes and mechanisms taking place in the counters. The basic processes
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P R O TO N  EN ERG Y Mev.
Figure 16

n, p spectrum in arbitrary scale for Au from CISE (30).

Figure 17
Neutron spectrometer of J. R. Risser and co-workers (32).
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Figure 18

Cosmic ray showers seen in hodoscope chamber, from Conversi and co-workers (33).
A) example of a single particle (presumably a (i-meson) crossing the hodoscope chamber; B) example 
of a shower produced by a neutral particle in one of the A1 plates; C) example of an air shower; 
D) example of a shower produced by an electron and developing in the Pb and A1 plates, marked 

in this photo (the Pb block is placed between the 2nd and 3rd A1 plates from the top).
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Figure 19
Drift velocities of electrons in various argon mixtures (results of Bortner and co-workers) (41).
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are generally related to collisions between atoms and electrons, ions and atoms, 
emission of photons, production of electrons at the counter wall, ion or photon 
impact behaviour of metastable atoms etc. The leading mechanism consists of the 
formation and movement of electron avalanches and of ion sheets. All these 
arguments form the object of that branch of physics called “Gaseous Electronics” .

It has to be said that a lot remains to be done to extend our knowledge of the 
behaviour of ionization detectors, and, particularly, to form a better connection 
between the Gaseous Electronics conceptions and the study of Counters.

In fact, Gaseous Electronics in recent years is having quite extended and successful 
development, mostly due to the employment of new methods based on electronics, 
on the use of photomultipliers, and so on.

A large number of papers is being produced at many American and European 
laboratories, for example, at the Institute of Prof. L. B. Loeb, at Berkeley and at the 
University of South California, at the Westinghouse and Bell Laboratories, Oxford, 
Birmingham, Swansea, and at many places in Germany, Sweden, Leningrad and 
Moscow(34), (35). In particular, new knowledge has been obtained on the basic effects. 
We now have new results and ideas on the photoelectric effect on metals and gases, 
on electron extraction due to ions, on the collisions between atoms in metastable and 
ground states. The more interesting facts are the innumerable new processes recently 
discovered: for instance, the A+ ions initially created by electron impact change 
to A2 + ions by triple collisions with A atoms (36), metastable molecules of argon (37), 
helium and mercury(38) have been observed, etc.

The counting mechanisms of ionized gases at the pressures involved in counters 
and chambers must be reconsidered in the light of this new chemistry which produces 
complicated molecular complexes and behaviour. Thi? is particularly true in Geiger- 
Muller counters or in parallel plate fast counters: many features of their mechanisms 
are still not understood. For instance, the end of the plateau of G.M. counters is 
not yet comprehended and seems to be connected with some complex metastable 
molecule (39), (40).

Pulses produced by different successive avalanches in argon proportional counters, from CISE (42).
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12. On the other hand, it is quite interesting to note how nuclear counter 
methodology constitutes a new tool for Gaseous Electronics. Indeed, the events 
taking place in nuclei like, for instance, the a particle emission, are very useful to 
produce a number of electrons and ions well defined in time and space; the develop­
ment of nuclear techniques, particularly of nuclear electronics has taught us how 
to manipulate and measure small quantities of electrons and ions.

It is remarkable how, in recent years, some basic processes of Gaseous Electronics 
have been elucidated by employing ionization chamber or counter techniques.

We note, for instance, that the measurements of drift velocities of electrons or 
ions in gases have been currently made with ionization chambers, or similar 
techniques (11), (8 ), (41) (Fig. 19); by means of proportional counters it has been 
possible to study the photons produced in Townsend avalanches and their behaviour 
in gas and on metal surfaces (40). It has also been possible to measure separately 
and directly second Townsend coefficients due to ions and photons(43) (Fig. 20).

It may be concluded that a more general point of view and closer connection 
between nuclear detection problems and Gaseous Electronics will open new possibilities 
in both fields.
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COMPTEUR DE CERENKOV A GAZ
M. Beneventano - I stituto  N azionale d i F isica  N ucleare, R ome (Italie)

Le but de cette communication est de presenter un compteur de Cerenkov a gaz. 
Ce compteur a ete construit pour avoir un revelateur qui permette de distinguer 

les electrons des ions dans les experiences a realiser avec l’electrosynchrotron de 
1 GeV qui fonctionnera bientot a Frascati, pres de Rome.

GAS CERENKOV COUNTER

Figure 1
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Dans la Figure 1, on voit un dessin d’ensemble de l’appareil avec le miroir 
spherique qui sert a concentrer la radiation vers un photomultiplicateur Dumont 6364 
a travers un guide de plexiglas. Le tube peut etre rempli de gaz avec des pressions 
allant jusqu’a 1 0  atmospheres.

Etant donne les buts auxquels est destine le compteur, il faut chercher a obtenir 
un rendement tr£s voisin de 100%. On peut esperer atteindre cette limite si on 
travaille dans des conditions telles qu’il soit possible de reveler les impulsions de 
Cerenkov dues meme a un seul photoelectron dans le photomultiplicateur.

Dans ces conditions, en admettant que 5% en moyenne des photons Cerenkov 
produits donnent naissance a des photoelectrons (cela correspond a 50% environ 
de rendement du systeme optique et a 1 0 % de rendement du photomultiplicateur 
pour des photons de longueur d’onde comprise entre 4.000 et 5.500 A) en utilisant 
comme gaz l’anhydride carbonique, on devrait obtenir, pour des electrons qui ont 
une vitesse pratiquement egale a celle de la lumi^re, les rendements suivants:

TABLEAU I.

p atm. 6,0 7,2 9,3

Pi 99.83 % 99.95% 99.995%

Nous avons cherche a mesurer le rendement avec les mesons p. des rayons 
cosmiques. La disposition experimentale adoptee est celle de la Figure 2.

Gi

0

G*

C [
Figure 2
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L’epaisseur des ecrans de Pb permet d’avoir une triple coincidence ABC seulement 
pour des mesons p. d’impulsion superieure a 1,75 GeV/c.

Le rapport entre le quadruple ABCD et le triple ABC donne le rendement p du 
compteur de Cerenkov pour des mesons p, d’impulsion superieure a 1,75 GeV/c. 
Ce rendement est naturellement inferieur a celui obtenu pour des electrons ayant 
des vitesses pratiquement egales a celles de la lumiere.

En effet, un electron de vitesse c donne naissance a un nombre de photoelectrons 
N e=kp ou p est la pression du gaz qui remplit le compteur et k une constante de 
proportionnalite qui depend, avec une loi lineaire, du rendement de conversion 
des photons de radiation Cerenkov en photoelectrons.

Si on arrive a reveler meme un seul photoelectron, le rendement pour les electrons 
est donne par: --------------

Pi =  1— exp(—kp) (1)
Mais les mesons p. acceptes par notre telescope n’ont pas tous la vitesse de la 

lumidre; aussi le compteur de Cerenkov a-t-il pour eux un rendement plus bas. 
Dans ce cas la formule (1) devient:

p =  1— A exp (—kp) (2)

Figure 3



ou A est un facteur qui, pour des particules de grande vitesse, ne depend pas de p, 
mais seulement de k, et non pas critiquement, du spectre des mesons p. «A» a ete 
calcule en prenant pour les mesons un spectre differentiel dans les moments du 
type 1 /p2.

Si on reporte sur un graphique semi-logarithmique 1—p en fonction de p, on 
doit avoir des droites dont l’inclinaison est donnee par k.

L’appareil pour la mesure du rendement n’a commence a fonctionner qu’au 
milieu de la semaine derniere. Je ne peux done pas vous apporter des donnees 
experimentales tres riches.

La Figure 3 indique les resultats experimentaux de la mesure de 1—p en fonction 
de p dans un graphique semi-logarithmique. Les erreurs de statistique des points 
experimentaux ne permettent pas encore de determiner exactement leur inclinaison 
qui, toutefois, ne semble pas loin de celle de la droite correspondant a un rendement 
de conversion des photons en photoelectrons de 1 , 1  %.

Ces premiers resultats nous autorisent a penser, surtout s’ils sont confirmes par 
une statistique plus abondante, que nous ne sommes pas tr6 s eloignes des conditions 
permettant de reveler des impulsions dues meme a un seul photoelectron: s’il n’en 
etait pas ainsi, les points experimentaux devraient etre au dessus de la droite avec 
l’inclinaison correspondante.

D’autre part, l’inclinaison correspondant a 1,1 % n’est pas satisfaisante, parce 
qu’elle correspond a un rendement pour des electrons de vitesse c de 8 8  % pour une 
pression de 10 atmospheres. Cependant, nous avons l’espoir d’ameliorer le rendement 
en photcelectrons, en perfectionnant le rendement du systeme optique. En effet, 
nous n’avons pas encore rendu speculates les parois internes du compteur de 
Cerenkov. Et de plus, quelques incidents de fabrication nous ont obliges a monter 
un miroir spherique provisoire qui n’est speculate qu’avec un peu de bonne volonte 
de notre part.
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A GAMMA RAY SPECTROMETER FOR ENERGIES
UP TO 1 GeV

M . Beneventano1), U . P elleg rini2), B. R ispo li2), G . C. Sac er d o ti3), P . G . Sona3),
AND R . TOSCHI3) - COMITATO NAZIONALE PER LE RlCERCHE NUCLEARI (ITALY)

In order to calibrate the electron beam of the electrosynchrotron of the Italian 
National Laboratory in Frascati, a pair spectrometer has been designed and is 
now under construction. It will be operating at the beginning of 1959. The energy 
of the Bremsstrahlung beam of the electron synchrotron is 1000 MeV. It is possible 
to use this design of the pair spectrometer for. electrodynamics experiments. 

Below is a brief description of the different parts of the spectrometer: as 
Magnet
Target which converts photons into electron pairs 
Scintillation counters 
Electronic equipment.
(1) The magnetic deflector, designed by ourselves, is now under construction. 

The total weight of the magnet is 19.000 Kg and maximum magnetic induction 
in the air gap of 100 ± 0.1 mm is 2 Wb/m2.

Pole faces, which are flat and parallel, are trapezoidal in shape and are of 
dimensions 1100 mm and 300 mm respectively at the base — the height is 850 mm.

Current maximum is 2100 A, stabilized at 0.1 %, with 120 turns of water-cooled 
copper coils. The electric power is 400 kW.

!) Istituto Nazionale di Fisica Nucleare (I.N.F.N.) — Sezione di Roma.
2) Centro di Coordinamento Elettronica.
3) I.N.F.N. — Laboratori di Frascati.
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The magnet is shown in Figs. 1, 2 and 3; Fig. 1 shows the upper part, in which 
there are 36 holes for putting scintillation counters inside the magnet. The holes 
have been calculated to obtain a multichannel pair spectrometer and for making 
electrodynamics experiments. The gap is 100 mm in height so that it should be 
possible to calibrate 60 mm beams. Around the gap a tank has been arranged in 
which a vacuum of the order of some tenth of mm Hg can be obtained.

As will be seen later the first arrangement, which is at present under construction, 
will consist of a single channel outside magnetic field, as shown in Fig. 1, where 
dotted lines indicate two symmetrical trajectories of electrons having the same 
energy. Figs. 4, 5 and 6  show the results of magnetic measurements made on a

model of the magnet 1/4 scale. In Fig. 7 there is a picture of the model of the pair 
spectrometer.

(2) The target has been calculated by assuming the following hypothesis:
a) the spectrum of y-rays is given by:

N (k) =  ^  k =  energy of y’s

X =  thickness in radiation length of the 
electrosynchrotron target 

Ne =  number of electrons circulating in the 
beam

b) the total cross section of pair production is given by:
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<t>to, =
Z (Z +  1) j 28 

137 IT " log (183 Z - '/3) — 27
where Z  is the atomic number of the target, and 

e2

''o mcz =  2 . 8  x 1 0 — 1 3 cm.

Hence if the spectrometer records only pairs of the electrons having the same 
energy E  + 8  E, we can calculate the following expression: 
number of pairs of electrons having the same energy E:

A'p = Q ( 8  E '
Y e .

number of pairs in which a single electron has energy E:

n s =  e
E

E H K t X
)

where Kmax is the maximum energy of photons, and Q is given by 

where
A — Avogadro’s number 
p =  the density (in g/cm3) of the converter 
P =  the atomic weight 
X  =  the thickness (in cm) of the converter
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Let t  be the resolution time of the electronic coincidence between some counters 
placed along the two paths of electrons, and T  the length of the electrosynchrotron 
pulse; the ratio between spurious coincidence 2 r Ns2 and real coincidence due to 
two electrons of the same energy per second is given by

r| =  8  t Q
T ( ‘ S - ) 2.

By assuming reasonable values, for example

X =  2x102 
t =  0 . 0 1  ps =  1 0  ns

we easily find

Ne =  109  electron per pulse 
X  =  10- 3  cm of A1 
T  =  500 us

Np =  130 X~ 1 =  0.65 counts per pulse

Ns = 5.2 x 104  X— 1 =  26 counts
1.3 X 104  X— 1 =  6.5 counts

per pulse for E =  0 
per pulse for E =  500 MeV

That means for q the following numbers:

_  /  10% for E =  500 MeV 
0 ~  \  40% for E =  0

Therefore, the counting rate of random coincidences is quite high even if the electronic 
coincidence has high resolution, and is strongly energy dependent; in addition, 
we have to calculate background counts due to different particles and photons 
which cross the counters.

(3) As a consequence of the preceding remarks we have designed the arrangement 
shown in Fig. 1. Two different threefold coincidences separately record each electron 
of a given energy, which depends on the magnetic field. Resolution time of each 
coincidence is of the order of 5 ns and random coincidences due to background 
particles crossing the counters separately are quite negligible. The first and the 
second scintillation counters determine the energy spread due to energy loss and 
scattering of electrons inside the counters; for that reason they have to be as thin 
as possible, but thick enough to give a reasonable amount of photons. A good 
compromise seems to be a thickness of the order of 1 mm, which corresponds to 
an energy loss of the order of 0.3 MeV.

The arrangement designed has. some advantages:
a) background coincidences are quite negligible;
b) the arrangement is much simpler because the scintillation counters are outside 

the magnetic field and photomultipliers can be put directly into contact with 
the scintillators;

c) the possibility of simultaneously measuring the real coincidences due to electron 
pairs of given energy, and the random coincidences due to different electron 
pairs each having a single electron of the right energy. This can be done very 
easily by simultaneously measuring the prompt and delayed coincidences 
between pulses coming from the two three-fold coincidences, as shown in 
Fig. 1.

Therefore, the difference between prompt and delayed coincidences gives the 
correct number of pairs of electrons having the same energy as a function of the
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energy, which depends on the magnetic field, i.e. on the current energizing the 
magnetic deflector.

Of course, we have to pay for these advantages: we must, indeed, take into account 
the effect of the fringing field, and correct by using conventional methods, for 
example the floating wire method for testing electron trajectories and resolution 
of the apparatus.
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(4) The block diagram of electronics is shown in Fig. 8 . Three-fold coincidences 
are obtained by means of the circuit shown in Fig. 9. The anodes of the tubes E180F 
are connected in parallel by means of inductances which form with stray capacitances 
an artificial transmission line of characteristic impedance Zq and delay per section r0.

The grids of the tubes are connected to the anodes of photomultipliers by means 
of a coaxial cable of characteristic impedance Z0  terminated with a pulse forming 
cable shorted at the end; the cables connecting photomultipliers and tubes are 
slightly different in length for compensating the delay introduced by one section 
of the line between the anodes. Negative pulses of photomultipliers cut off the 
tubes, and if all tubes are cut off one after the other, with time delay just equal 
to ro, all positive pulses on the anode line will arrive at the end at the same time, 
giving rise to a pulse whose amplitude is 3 or 1.5 times the amplitude of the pulses given 
by single or two-fold coincidences. The resolving time of this circuit can be made 
easily of the order of 2—3 ns4). Both three-fold coincidences are placed near the 
electrosynchrotron and the inputs are directly connected to the anodes of RCA 6810A 
photomultipliers by means of coaxial cables. The outputs are brought out by means 
of coaxial cables to the control room which is situated at about 30 m and where 
all electronic equipment is located.

4) This circuit has been described in Nuovo Cim., 9, 171 (1958).
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As Fig. 8  shows, the three-fold coincidences feed two distributed amplifiers, 
whose outputs are connected to the inputs of the “prompt and delayed coincidences” . 
The amplifiers used for this purpose are the “fast amplifiers,” mod. AR62 produced 
by “Italelettronica”, having the following characteristics: input and output impedance 
200 Ohm; gain 31.6 db when output is matched; rise time 3.5 ns.

The prompt and delayed coincidences are shown in Fig. 10; the inputs are connected 
to two lumped delay lines of the same characteristic impedance 200 Ohm but having 
different numbers of sections. Using the circuit just described, one gets the pulses 
for prompt coincidence (tubes Yj, V2) from the same lines and for delayed coincidences 
(tubes V3 , V4 ). The resolving time is about 5 ns and the delay is of order of 20 ns. 
The outputs of these coincidence circuits are quite conventional and connected to 
scalers and counting circuits.



A MULTI-CHANNEL GAMMA-RAY 
SPECTROMETER WITH AUTOMATIC COMPTON 

OR BACKGROUND SUBTRACTION
D. M. C. T hom as*), A dm iralty  R esearch  L aboratory, T ed d in g t o n  (E n g l a n d ), 
a n d  W. J. C a llo w , N ational P hysical  L aboratory, T ed d in g t o n  (E n g la n d )

This paper describes two practically identical instruments built in collaboration 
by the National Physical Laboratory and the Admiralty Research Laboratory 
during the last 18 months. Where any differences occur, the equipment described 
is that in the Admiralty Research Laboratory.

The need for a multi-channel spectrometer arose in A.R.L. from the successful 
use of a single channel spectrometer employing Compton compensation of the 
Peirson type. The problem under study was the rapid and non-destructive analysis 
of complex mixtures of gamma emitting isotopes. In these experiments, a single 
sample is examined at intervals over periods as long as 1 0  weeks, in order that the 
assignment of peaks may be made both on a basis of energy and half life and also so 
that the variation of isotopic species present may be examined.

Inevitably, as decay occurs, the length of time to scan a spectrum increases. If 
more than one sample is available, or if successive samples need evaluation, machine 
time is very soon exhausted.

A multi-channel system not only acquires the information from the source much 
more rapidly, since any amplitude pulse, within the range of the machine, may be 
accepted, but it also allows the satisfactory evaluation of much smaller samples.

In practice, it has been found that when the average height of the photopeaks, 
using a single channel instrument, falls below about 2  counts per second, scanning 
times become excessively long and the resulting spectrum lacks definition. By con­
trast, a multi-channel machine should measure a peak to 1 % accuracy at these rates 
in 90 minutes.

The machine at the N.P.L. was constructed by the Applied Physics Division as 
part of its programme for the absolute measurement and maintenance of standards 
of radioactivity. It will be used generally as a calibrated |3 and y-ray spectrometer, 
to monitor the radioactive purity of samples issued, and to examine the charac­
teristics of counters.

Investigation of multi-channel analysers available in Great Britain showed that, 
at the time construction was commenced, no suitable'machine was available.

Functional Description
The analyser consists of a Hutchinson Scarrott type amplitude to time converter 

feeding ah adder, storage and display system based on that of the ACE computer 
at the National Physical Laboratory (Fig. 1).

93 channels, each 0.4 v. wide, with a storage capacity of 16 binary digits, are 
available. The minimum threshold is 1 volt and back biasing may be applied. The 
input circuits are capable of handling pulses from a Fairstein type double delay line 
amplifier.

Circulation time is 1056 microseconds, using a mercury line with a digit spacing 
of about 0.7 microseconds.

*) Now at Atomic Weapons Research Establishment, Aldermaston, Berks, England.
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Figure 1

The machine is synchronous; all pulses and timing are controlled by a 720 K.C. 
crystal, the pulses being derived by count down.

Information may be added to, or subtracted from that in the store, and provision 
is made to gate simultaneously one of two inputs into the analyser if required.

Live time, i.e., the time between one pulse being cleared from the amplitude time 
converter and the arrival of the next pulse at the input, is measured digitally on a 
10 decade counter. Reversal of the add subtract function, or stopping of the machine, 
may be made to occur for selected increments of live time. Reversal cannot occur 
except during live time.

The store content is displayed on a 6  in. double gun cathode ray tube.
One channel at a time may be selected and staticised for display by lights. Ad­

ditionally, the channels may be scanned automatically, the store output being printed 
in octal form.

The spectrometer may be programmed to acquire a spectrum for a pre-set live 
time with or without Compton compensation, print out the information, clear store, 
and wait for 0, 1, 2 or 3 hours before repeating the process.

Design Considerations
Considerable analysis of mixed gamma emitters by a single channel spectrometer 

has shown the value of the Compton subtraction technique first described by D. H. 
Peirson(l). In this method the Compton contribution to the Nal spectrum is com­
pensated by subtracting the spectrum from a suitably filtered anthracene crystal.
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One amplifier analyser ratemeter system is used, each phototube being switched off 
in turn by connecting the first dynode to photocathode potential by means of a relay 
driven by a multivibrator. Simultaneously the diode pump of the ratemeter is re­
versed. Accordingly, it was decided that the multi-channel spectrometer must provide 
this type of compensation. . .

Experience has shown that the crystals must be maintained at a constant tem­
perature, since the temperature coefficients for pulse height of anthracene and sodium 
iodide differ by a factor of 5.

Dynode switching does not reduce the gain of the photomultiplier to zero; this 
is of no significance with a single channel instrument with an upper/lower energy 
ratio of 1 0 , but is a source of error when the ratio is as high as it is in this instrument. 
A gated cathode follower system obviating the need to switch the photomultipliers is 
therefore used.

It has been shown by C. W. McCutchen(2) that using an analyser with a long 
and variable dead time, a meaningful subtraction can be performed only if both 
spectra correspond' to equal amounts of live time. Therefore live time must be 
measured and subtraction made for equal increments of it. Also for absolute deter­
minations total live time, not elapsed time, is the necessary basis of comparison.

Reliability and unattended operation were considered of the utmost importance, 
since frequently no second opportunity for measuring a spectrum occurs. Use was 
therefore made of the knowledge and facilities of the computer group at the N.P.L., 
and as far as possible circuits and construction of the type used by that group have 
been used in the analyser. The circulation system, adder and staticiser are standard 
ACE units.

The mechanical form of the analyser allows of easy access and ventilation (Fig. 2, 3).

Figure 2
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Figure 3 Figure 3a

Description
The spectrometer uses either a 4 in. X 4 in. Nal(Tl) crystal mounted on a 5in. 

9530 E.M.I. photomultiplier (Fig. 4) or a 1 in. x l l / 2  in. Nal(Tl) crystal mounted 
on a 3 V2  in. 9531 E.M.I. photomultiplier. For Compton subtraction a 1 in. x F /2 in. 
anthracene crystal, plus lead filter, and a 9531 tube is used. A gated cathode follower 
feeds a common Fairstein type amplifier.

Figure 4
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' t

Figure 5
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The crystal photomultiplier assemblies are enclosed in a double walled perspex 
box with heaters in the space between the walls (Fig. 5). Air is circulated by a com­
pressed air turbine-driven fan over the heaters and into the inner compartment at the 
top. The temperature is controlled by a thermistor actuated proportional controller. 
Construction of a 6  in. thick steel background shield around this thermostat is 
under way, but due to manufacturing delays, it is not yet complete.

The analogue to time converter is of the conventional Hutchinson Scarrott type 
with the following modifications (Fig. 6 ). The linear sweep is now a triggered phan- 
tastron, the trigger pulse being derived from the standard pulses available in the 
arithmetic system. Originally, the sweep generator was free running and synchronised; 
this proved unsatisfactory due to the very short flyback and wait times involved, 
causing occasional loss of a hold which was not always regained.

*00/SUBTRACT SIGNAL

Figure 6

To enable the sorting circuits to handle the delay line shaped pulses a fast lower 
level discriminator using a pair of E180F pentodes was constructed. A pulse from 
this discriminator also ensures that the pulse stretcher is unclamped before the input 
pulse has reached peak amplitude — the master trigger then maintains this state 
until the pulse has been analysed. If, however, the upper level discriminator causes 
rejection of the pulse, the cessation of the accept pulse restores the clamp circuit.

A gate is provided which is open when the machine is in a state to accept a pulse. 
The output from this gate is a measure of the live time. This output is fed to a ten- 
decade hard valve scaler. Output pulses from this scaler may be used to turn off the 
input amplifier or to reverse the add subtract function.



It is of no importance at what stage in its function the input amplifier is turned off-. 
However, reversal must not take place except during live time, i.e., when the machine 
is not engaged in analysing a pulse. The lag through the scaler is about 4 micro­
seconds per decade. Accordingly, the output from the scaler is used to set a scale of 
two, the next pulse from the live time gate resets it and produces a reversing pulse. 
Hence, if the machine has accepted a pulse during the scaler delay time, reversal 
is not initiated until the pulse has been cleared. Reversing pulses either about 1 per 
second or 1 per 10 seconds of live time are usually used.

The reverse pulse operates a scale of two which according to its state causes 
1 or 216 — 1 to be added to the store for each pulse sorted. Since round carry sup­
pression is incorporated, adding 216 —■ 1 is equivalent to subtracting 1. This scale 
of two also provides the gate signal which selects one of the two inputs to the main 
amplifier.

The advantage of using this method of subtraction is that the display retains its 
significance during subtraction and no ambiguity occurs as the number passes 
through zero.

The philosophy of the computing sections is that except for the receiver and trans­
mitter on the mercury line, valves are used only to switch stabilised currents between 
circuits. The HT stabiliser requirements are consequently much less stringent and 
moreover change of valve characteristics is of little importance. In any case computer 
type valves are used wherever possible.

One channel at a time may be selected without ambiguity by using the wave forms 
available in the machine, gated by D.C. signals. The content of the selected channel 
is displayed in binary upon a row of 16 lamps.
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Figure 7

\
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The D.C. signals may be produced by the manual operation of a set of keys or, 
alternatively, by a stepping switch which forms part of the automatic print out 
(Fig. 7).

During automatic print out each channel is selected in sequence, its content 
examined three digits at a time, and converted to octal by a relay tree, the correspond­
ing digits being set up on the printer. When all the digits in a channel have been 
examined in this way a signal to print is given. Completion of printing steps the 
channel selector to the next channel and re-initiates the process.

At the completion of 93 channels printing is automatically stopped. Information 
in the store is not destroyed by this process.

Marginal check facilities are provided. By operation of a key all critical gate 
biases may be varied simultaneously by ±2 v.; in addition by a jack and switch 
system any individual gate may have its bias varied by up to ± 20 v.

Power supplies are derived from 3 phase mains by rectification and smoothing. 
Series and shunt electronic stabilisers are used to obtain the stable HT and bias 
lines from this raw supply. The heaters are supplied from a slow speed servo stabilised 
single phase line.

Power consumption is approximately 3 kilowatts.
The machine is controlled from a console (Fig. 8), the front of the analyser being 

normally closed by perspex doors.

Figure 8

Performance
The drift of the analyser from cold is approximately 1 channel. However, after 

a warm-up period of 30 minutes the drift is less than 1 channel per day.
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The linearity is mainly dependent upon the linearity of the input amplifier. 
Pulses with rise times as short as .1 microsecond and total lengths of 1 micro­

second are satisfactorily analysed.
The number of faults since the system has been in operation is extremely low and 

has been confined to the catastrophic failure of oxide film resistors probably due to 
over-optimistic rating and mechanical damage in assembly. These faults have in­
variably been located and repaired in about a quarter of an hour.

No arithmetic faults have been detected.
Typical spectra obtained by the machine are shown (Figs. 9, 10).

R E FE R E N C E S
(1) PEIRSON D. H., Brit. Journ. Appl. Phys. 6, 444 (1955).
(2) McCUTCHEN C. W., Phil. Mag. 2, 8. Ser., No. 13 (1957).



THE SUM-COINCIDENCE METHOD AND ITS 
APPLICATION TO GAMMA-RAY SCINTILLATION

SPECTROSCOPY
A. M. H oogenboom -  F ysisch  L aboratorium  der R ijk su n iv er siteit , U trecht

(H olla nd)

In the present paper a new type of scintillation spectrometer is described, especially 
suited to measure y-y coincidence spectra and y-y angular correlations.. The new 
spectrometer ( 1 ) combines good resolution with a relatively high efficiency for both 
low and medium gamma-ray energies. The main features are:

a) the pulse distribution shows only one peak, the “full energy” peak, for one 
specific gamma transition;

b) the absolute half-widths of the peaks due to coincident gamma rays are, to 
first approximation, equal, and smaller than the half-widths of the two corre­
sponding full, energy peaks in the single spectrum;

c) the detection efficiencies of coincident gamma rays are equal.
The principle of operation is based on the fact that the total energy involved in 

different cascades all starting at one single level and ending at the ground state of 
a nucleus is, on forehand, known to be the same. For simplicity, the discussion will 
at first be limited to cascades of two gamma rays only, whereas finally an application 
for measuring triple cascades will also be given.’’

For double cascades use is made of a two-crystal scintillation spectrometer, of 
which a block diagram is shown in Fig. 1. The two gamma rays of the cascade are

Experimental arrangement of the sum-coincidence method. CR1 and CR2 are the two crystals, 
PM1 and PM2 indicate photomultipliers. The four cathode followers are labelled CFla and b, and

CF2a and b.
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detected coincidently with crystals CR1 and CR2, and the outputs of the cathode 
followers CFla and CF2a are added linearly by means of a linear adding network 
consisting of the cathode followers CFlb and CF2b, and R1; R2  and RV1. If both 
counters have the same energy calibration the sum pulse as obtained from the linear 
adding network is proportional to the sum of the energies absorbed in the two 
crystals. The sum pulse is amplified and fed into the differential discriminator “D.D. 
sum” which is so adjusted that an output pulse appears only if both gamma rays 
are fully absorbed in the crystals. The pulses from crystal 1 are analysed by a multi­
channel analyser which is gated open by the output pulses of D.D. sum. Thus, this 
coincidence spectrum shows only the full-energy peaks of the gamma rays of the 
cascade, accompanied by a peak due to the total absorption of both gamma quanta 
in one crystal.

The resolution of the spectrometer can easily be calculated if it is assumed that the 
full energy peaks of the two gamma rays (yi and Y2) with energies E0 1  and Eq2  have 
a Gaussian shape with absolute half-widths of T 1 and F2, respectively, and that the 
sum channel which is set at an energy Eos =  Eqi +  E0 2  has a Gaussian transmission 
with a half-width of Fs. The half-width Fsl in the sum spectrum of the peak corre­
sponding to Yi is given by:

r.i = r ! ] /r 22 + rs2/r ( i )

where T2  =  F ^  +  P 2 2  +  rs2. This proves that a peak in the sum-coincidence spectrum 
is always narrower than the corresponding peak in the single spectrum. If the sum- 
channel is made small compared to Fj and F2 ,.

F. : F.s2 '
Fi r2 

r (2)

which shows that in first approximation the absolute half-widths of coincident lines 
are equal and that the peaks are narrower than the two corresponding peaks in the 
single spectrum. This especially serves to improve the resolution in the high-energy 
region. If a 1 MeV and a 6  MeV gamma ray are in cascade, both having full-energy 
peaks in the single spectrum of 6  % width, the width of the high-energy gamma ray 
in the sum-coincidence spectrum will only be 1 %.

If the bias of the sumchannel is not set correctly (E0s 4 = E0i +  E0 2 ) the peaks in 
the sumspectrum corresponding to y 1 and y2  are still Gaussian but they are shifted. 
This shift A E0 1  is not a constant percentage of the setting error A Eos =  E0s — 
(E0 1 +  E0 2 ), but amounts to A E0i =  (Fj/F ) 2  A E0s- Thus the spectrum is distorted. 
Careful bias setting is thus necessary.

The efficiency esi for detection of yj with the sum-coincidence method can be ex­
pressed in the full-energy efficiencies and e2 of yy and y2, repectively, for the single 
spectrum. A simple calculation shows that

esl =  2 V  In 2/n ej e2 Fs/r. (3)

As this is symmetric in the indices 1 and 2 the areas of the peaks corresponding to 
Y i and y 2 have to be equal. Any deviation from equality, outside statistics, can only 
be caused by a wrong setting of the potentiometer RV1 in the adding circuit. If the 
bias of the sum channel is not set correctly esi decreases by a factor

exp { — 4 In 2(AE 0 s/F)2}.



From eq. (2) and eq. (3) it is clear that it is a good compromise between resolution 
and efficiency to choose Fs of the order of the smallest of Fj and T'2.

The efficiency fs3 for the detection of the cross-over equals es3 =  Fs/ r 3 e3, where 
e3 and F 3 are the full-energy efficiency and half-width, respectively, for the cross­
over transition in the single spectrum. However, to calculate the absolute intensity 
of the cross-over from the observed intensity of the sum peak the observed intensity 
has to be corrected for background, and for the contribution due to events in which 
the two gamma-rays of one cascade both dissipate their total energy in crystal 1 . 
If the experimental arrangement is symmetric the latter correction amounts to one 
half the sum of the intensities of all other peaks in the sum-coincidence spectrum.

To demonstrate the possibilities of the sum-coincidence method the results of 
a number of measurements will be shown. In the following discussion Yu Evi, and 
r i  will be used for the lower-energy gamma ray of a cascade.

1. Co6 0

The two gamma rays of 1.17 MeV and 1.33 MeV are emitted in cascade. In Fig. 2 
the single spectrum is indicated with crosses. At 2.50 MeV a sum peak appears. 
The sum channel used in the sum-coincidence measurement is set at this energy. 
Because the energies of and \ z  are nearly equal while the sum channel is relatively 
narrow (2 %), one has according to eq. (2 )
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Single and sum-coincidence spectrum of Co60. The single spectrum indicated by crosses is on an 
arbitrary scale. The sum-channel setting is at 2.50 MeV. In this measurement no lead shielding was 
applied between crystals. The small peaks at 0.25,1.0,1.6, and 2.30 MeV are due to escape-absorption

effects.

9



r . i ^ r a ^ s r x / i / 2

The observed half-width in the single spectrum is 9% for the 1.33 MeV gamma ray, 
which predicts 6  % for the same peak in the sum-coincidence measurement. This is 
in good agreement with the measured value of 5.5%.

Co6 0  is known to emit no 2.50 MeV gamma ray. Thus it is expected that the sum 
peak has the same intensity as the 1.17 MeV and 1.33 MeV peaks. However, in the 
measurement shown in Fig. 2 the source was somewhat nearer to crystal 1 than to 
crystal 2. The 1.17 MeV and 1.33 MeV peaks have the same intensity as they should 
have.

The small peaks at about 0.25, 1.0, 1. 6  and 2.3 MeV originate from scattered radia­
tion which escapes from one crystal and is absorbed by the other crystal. In Fig. 2 
these peaks are relatively high because the lead shielding between the detectors was 
removed in order to show this effect clearly. These escape-absorption effects can be 
reduced by an appropriate lead shield between the crystals, e.g. in the way shown 
in Fig. 1.

2. Na22
The decay of Na2 2  by (3+ emission gives rise to two 0.51 MeV annihilation quanta 

emitted from the source in opposite directions, coincidently with a gamma ray of 
1.28 MeV from the first level in Ne2 2  to the ground state.
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Figure 3
Single and sum-coincidence spectrum of Na22. The counters are placed opposite with respect to the 
source. The sum channel is set at 2.30 MeV. The single spectrum is given on an arbitrary scale.

In Fig. 3 the result of a measurement is shown in which the counters where placed 
opposite with respect to the source. In this case the sum of the energies involved 
amounts to 2.30 MeV. Fig. 3 shows the single spectrum indicated with crosses. In 
the sum-coincidence spectrum the 1.28 MeV gamma ray completely disappeared, 
as it should, because the annihilation quanta are emitted in opposite directions. For 
the same reason the height of the sum peak reduces to zero after subtraction of 
background.
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The width of the sum peak as determined by the channel of D.D. sum amounts 
to 1.5%, which means Fs < <  F2- Because also P] < <  F2, rs2 ~  Fsl ~  1%. The 
measurement gives Fsl =  55 keV and rs2 =  54 keV. This means a relative half-width 
for y"2  of only 3 % compared with a 10 % half-width in the single spectrum in Fig. 3.

3. Si3 0  (p, y) P3 1 resonance at Ep =  622 keV.
This resonance shows a very strong ground-state transition as can be seen clearly 

from the single spectrum given in Fig. 4. The low energy part (below 3 MeV) of 
this spectrum suggests the existence of two cascades by the appearance of the rather

Sum-coincidence measurement showing the cascades 6.62, 1.27 MeV, and 2.88, 5.01 MeV in the reac­
tion Si30(p,y)P31 at Ep =  622 keV. The sum channel is set at 7.89 MeV. Comparison with the single 
spectrum shows the gain in resolution obtained with the sum-coincidence method. Note the strong 

ground-state transition (the sum peak has a reduction factor of 1080).

clear 1.27 MeV peak and the low peaks at 2.4 and 2.9 MeV. However, the high- 
energy complements of these gamma rays are not resolved in the single spectrum. 
The sum-coincidence spectrum clearly shows 2.88, 5.01 MeV, and 6.62, 1.27 MeV 
cascades. The intensities of these cascades relative to the ground-state transition 
amount to about 3 % for each. The large intensity of the ground-state transition is 
apparent from the reduction factor of 1080 used in drawing the 7.89 MeV sum peak 
in Fig. 4.
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The widths of the peaks at 5.01 MeV and 6.62 MeV which are expected to be 
about 10% in the single spectrum, are reduced to 6.5% and 4%, respectively.

4. Si3 0 (p, y )P 3 1  resonance at Ep =  500 keV.
The sum-coincidence spectrum showing the double cascades in the decay of this 

resonance is given in Fig. 5. The sum channel is set at 7.77 MeV. The observed 
cascades are 6.50, 1.27 MeV, 5.54, 2.23 MeV, and 4.64, 3.13 MeV. The decay scheme 
with the relative intensities is also shown in Fig. 5.

Figure 5
Sum-coincidence measurement showing the cascades 6.50, 1.27 MeV, 5.54, 2.23 MeV, and 4.64, 

3.13 MeV. The sum channel is set at 7.77 MeV.

5. Applicability of the sum-coincidence method to (p, yy) or (y, y) angular cor­
relation measurements.
In principle, the same experimental arrangement as given in Fig. 1 can be used 

in angular correlation experiments. The only difference is that in the latter case the 
detectors are placed at a somewhat larger distance from the source and at least one 
of the detectors can rotate around the source. The intensities of the peaks in the sum- 
coincidence spectrum as a function of angle yield the angular correlations of all 
gamma cascades in one measurement. An example of a (p, yy) triple correlation 
experiment is given in Fig. 6 . The geometry of the counters is shown in the lower
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Figure 6
Si30(p, v r)P31 triple angular correlation at Ep=760 keV. The arrangement of the crystals with 
respect to the proton beam is given in the lower insert. The first and the second gamma ray of a 
cascade are denoted by Y12 and Y2> respectively. The spectra taken at angles of 90°, 45°, and 0° show 
the angular correlations of six gamma rays with respect to the proton beam. The energies of the 
gamma rays are given in the spectrum at 6=0°. The decay scheme is presented in the upper insert. 
Note the strong anisotropies of the gamma rays at 1.27 and 6.76 MeV. The sum peak represents 
(after subtraction of background and correction for summing effects in one crystal) the angular 

distribution of the ground-state transition with respect to the proton beam.
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insert, the decay scheme of the resonance at Ep == 760 keV in the reaction Si3 0  

(p,yy)P 31 is given in the upper insert. The sum-coincidence spectrum is observed at 
three angles 0°, 45°, and 90° with respect to the proton beam.

The measurements clearly show the strong anisotropy of the 1.27 and 6.76 MeV 
gamma rays. The sum peak itself gives (after correction for background and summing 
effects in crystal 1 ) the angular distribution for the ground-state transition.

The implications of these measurements will be discussed elsewhere(2).

6 . Triple-coincidence measurement using the sum-coincidence method.
An extension of the sum-coincidence method to cases where three transitions 

determine a sequence is easily possible. It will not always be necessary to sum the 
signals from all three detectors involved. For example, triple cascades having one 
transition yj in common can be observed by detecting yj with a third crystal and 
requiring a coincidence between the signal from crystal 3 and the sum signal from 
crystals 1 and 2. The sum channel in this case has to be set at the total available 
energy minus Eyj.

For this type of experiment the experimental arrangement given in Fig. 1 has to 
be extended with a third channel consisting of CR3, PM3, CF3, Ampl. 3, D.D. 3 
and a coincidence circuit as shown in Fig. 7. The success of this triple sum-coin-

Figure 7
Experimental arrangement for a triple sum-coincidence measurement. The addition given with 
respect to Figure 1 consists of CR3, PM3, CF3, Ampl. 3, D.D. 3 and a coincidence circuit. The 

gate signal now comes from the latter.

cidence method depends on how easily yi can be selected with the third channel in 
the presence of other low-energy gamma rays. If it is known from other measurements 
that Eyi is smaller than the energy of all other gamma rays it is sufficient to require 
that there is a signal from CR3. This means that a wide channel can be used on yj. 
Fig. 8  gives the results of such a measurement. Here all cascades to the 1.27 MeV
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Figure 8
Triple sum-coincidence measurements showing the cascades to level (1) in P31 in the reaction Si30(p,y)

P3i at Ep=778 keV.

level in P31 are observed at the 778 keV resonance in the reaction Si3 0 (p,y)P31. The 
third channel is set from 0.7 to 1.4 MeV to avoid interference of low-energy escape- 
radiation from CR1 and CR2. The sum channel is set at 8.04 minus 1.27 MeV. In 
this experiment the resolution of the sum channel is good enough because the next 
higher-energy gamma ray belonging to a triple cascade is about 2 MeV and thus the 
remaining energy is much less than the sum-channel setting.

The analysis as given in Fig. 8  is obtained by comparing the results of the triple 
sum-coincidence measurement with the results from the analysis of the single spec­
trum. Four cascades to the level at 1.27 MeV are apparent, namely: 4.75, 2.00 MeV, 
4.63, 2.14 MeV, 3.85, 2.92 MeV, and 3.78, 2.99 MeV. The large sum peak represents 
the transition from the resonance level to level ( 1 ).

The applicability of the sum-coincidence method is not restricted to (p,y) reactions. 
It can, for example also be applied to (n,y) and (d,py) reactions, and to (j3,y) pro­
cesses. In the two latter cases one counter has to be suitable to detect the charged 
particle. In, for example, (d,pyy) and («,nyy) reactions, and (Pyy) processes it is 
sufficient to select with a third counter one charged particle group and to require a 
coincidence of the sum-pulse from the two gamma detectors and the pulse from the 
third counter.
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UTILISATION DES SEMI-CONDUCTEURS COMME 
DETECTEURS DE RAYONNEMENTS NUCLEAIRES
R. Bom al, L. K o c h , N guyen  van  D ong  et C. Schneider  - Service des C onstruc­

tio ns  E lectriques, Centre d ’E tudes N ucleaires de Saclay (F rance)

Par suite de l’extreme sensibilite des caracteristiques electroniques des semi- 
conducteurs a l’influence des radiations nucleaires, diverses etudes ont ete entreprises 
en vue de l’application des semi-conducteurs a la detection des particules nucleaires 
et a la transformation directe de l’energie nucleaire en energie electrique.

Les elements utilises sont des jonctions NP au germanium ou au silicium obtenues 
soit par alliage, .soit par tirage, soit par diffusion.

Jonclions utiiisees pour U detection des rayons <y FIG iA  

Germanium fabrication C.N.E.T

1) Tinage (ty p e l)
^  ,aS -

Z

2 ) Diffusion ( typ e  2 )

type N ; Arsenic 

type P  : Gallium

type N  s Arsenic 

type P  : Gallium

^  i n i t ia l  s  0 ,8  A  cm  

N # =  1 0 ,#  c m " 5

La figure 1A represente une jonction par tirage et une jonction par diffusion au 
germanium. La figure 1B represente une jonction par diffusion au silicium a grande 
surface.

Les differentes jonctions nous ont ete fournies par le CNETi), la CSF2), le LEP3) 
et la Radiotechnique. Nous avons utilise egalement une jonction a l’arseniure de 
gallium fabriquee au laboratoire du professeur Welker (Societe Siemens-Schuckert) 
et quelques phototransistors en provenance des USA.

*) Centre National d’Etude des Telecommunications.
2) Compagnie G6nerale de TSF.
3) Laboratoire d’Electronique et de Physique appliqu^e.
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Figure 1b

Les limites d’utilisation de tous ces elements ont ete etablies: Bande passante, 
temps de reponse, bruit de fond, regime d’avalanche de la caracteristique inverse 
courant-tension.

La detection directe des particules a par urie jonction NP a ete etudiee par 
Mademoiselle Schneider et la conversion directe des particules j3 en energie electrique 
par M. Nguyen van Dong(l), (2).

Une etude est actuellement en cours en vue de la detection des neutrons lents 
en utilisant des jonctions NP au Si formees par diffusion de Bore et fabriquees par 
la Societe Silec.

Etude des caracteristiques electroniques des semi-conducteurs
Nous allons rapidement passer en revue les principales caracteristiques electroniques 

des semi-conducteurs.
Ces caracteristiques ont ete etudiees avec la lumiere d’un tube au neon module 

ou pulse suivant les besoins de l’experience.
Nous avons ainsi etudie la bande passante, en observant l’affaiblissement du 

signal electrique recueilli aux bornes du cristal, en fonction de la frequence du 
signal lumineux sinusoidal pour des polarisations differentes de la jonction (figure 2 ). 
On voit que la bande passante definie pour un affaiblissement de 3 decibels se situe 
entre 8  et 75 KHz suivant les cristaux et la tension de polarisation. La bande passante 
s’ameliore en augmentant la polarisation, par suite de la diminution de la capacite 
de la jonction (courbes en pointilles).

L’etude avec des impulsions lumineuses de differentes largeurs, nous a permis 
de determiner la reproductibilite a 1 0  % pres du temps de decroissance d’une impulsion 
pour une largeur de celle-ci superieure ou egale a 10— 5 seconde. Ceci dans le cas 
d’une jonction par tirage polarisee de telle fagon que son point de fonctionnement 
se situe au debut de la region d’avalanche.

Si on augmente la tension de polarisation, on constate que l’amplitude du signal 
obtenu croit par suite de la multiplication des porteurs de charge injectes. Au debut



Courbe de reponse des photodiodes et des phototransistors au germanium, 

en presence d'un signal lumineux sinusoidal 

Affaiblissement de ('amplitude du signal en fonction de la frequence.
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de la zone d’avalanche, le gain maximum en sensibilite est de l’ordre de 15 par 
rapport a la region de saturation avec des jonctions par tirage et inferieur a 2  avec 
des jonctions par alliage. Le gain est limite par la decroissance de la resistance 
dynamique de la jonction (de quelques 107  ohms a quelqueS 103 ohms) et par la 
croissance du bruit de fond (figure 3).

L’etude du bruit de fond a ete faite par comparaison avec un generateur etalon 
de bruit utilisant le principe de la diode saturee.

Les 3 composantes du bruit ont ete etudiees: composante de Nyquist, de Schottky

et composante en — . Cette derniere est negligeable a des frequences superieures r
a 10 KHz.

La limite de sensibilite a ete determinee; les jonctions NP par tirage type CNET 
et LEP se sont revelees les plus sensibles dans les conditions suivantes: a la temperature 
ambiante et pour une bande passante de 1 MHz on obtient un rapport signal sur 
bruit egal a l’unite pour un signal de 1 0 ~ 8  amperes.

FisA _ Photodiodes e t  phototransistors au  germanium
rapport signal/bruit en fo n ction  d e  la  po larisation

Les courbes de la figure 4 montrent les variations du rapport signal sur bruit en 
fonction de la tension de polarisation inverse. Le maximum de ce rapport se situe 
au debut de la region d’avalanche avec les jonctions par tirage (courbes 1, 3 et 4). 
Avec les jonctions par alliage ce maximum est beaucoup moins net et situe au debut 
de la region de saturation (courbe 2). Avec des phototransistors il est tr£s variable 
et tres imprecis (courbes 5 et 6 ).

II resulte de ces diverses experiences qu’une jonction NP permet d’autant mieux 
la detection de particules ionisantes de faible energie qu’on utilise un filtre passe



haut bien etudie pour eliminer la composante de bruit en — et qu’on polarise cette
r

jonction de telle fagon que son point de fonctionnement se situe au debut de la 
region d’avalanche de la caracteristique inverse courant tension.

Detection des particuies nucleaires
Toutes nos experiences de detection et de conversion de particuies nucleaires ont 

ete faites avec des jonctions NP.
Les particuies nucleaires chargees creent par ionisation dans le crista! un certain 

nombre de porteurs de charges. Ceux-ci diffusent vers la zone de transition oil ils 
sont separes par le champ electrique interne. II en resulte l’apparition d’une difference 
de potentiel aux bornes du cristal.

(a) Detection des particuies a.
Le phenomene a ete etudie d’ahord par Me Kay (3), (4) et Orman (5) sur des jonc­

tions par tirage. Puis J. Mayer et B. Gossick(6 ) ont montre la possibility d’utiliser 
les jonctions par diffusion pour la spectrometrie a.

L’etude de la detection directe des particuies a individuelles a ete faite avec les 
jonctions NP montrees sur la figure 1A.

La source de rayons a utilisee est du Polonium 210. L’amplitude de l’impulsion 
recueillie aux bornes du cristal varie de 20 a 50 millivolts suivant les cristaux. Dans 
la region d’avalanche, le phenomene de multiplication des charges du au champ 
electrique donne un gain maximum en sensibilite de 30 par rapport a la region de 
saturation du courant inverse.
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La figure 5 represente la variation du facteur de multiplication en fonction de la 
tension inverse appliquee. Ce dernier est limite ici egalement par la resistance 
dynamique de la jonction et par la croissance du bruit de fond.
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Resolution en energie pour des rayons a de 5,3 MeV
Nous avons utilise une jonction diffusee au germanium de surface circulaire de 

7 mm2  (type CNET). La jonction se trouvait a 7 p. de la surface de germanium. 
Le flux de particules a peut etre considere perpendiculaire au plan de la jonction. 

Le schema du dispositif de mesures est montre figure 6 .

La resolution en energie s’ameliore a mesure que la tension de polarisation 
augmente; on voit sur la figure 7 que la largeur a mi-hauteur du spectre d’impulsions



obtenu varie de 17% environ pour une tension de polarisation nulle a 8 % pour une 
tension de 0,7 V. La figure 8  montre deux spectres obtenus pour deux valeurs differentes 
de la polarisation du cristal.
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&

\Spectres o( obtenus pour des valeurs differentes 
de la polarisation du cristal

Nous avons constate dans le meilleur des cas une resolution de 4 % a 5 MeV. Le 
rendement quantique est egal a 1 quelle que soit la tension de polarisation. Le palier 
de comptage a une largeur de quelques volts a quelques dizaines de volts suivant 
le type de cristaux utilise.

(b) Detection des rayonnements [3 et y.
La creation de defauts avec des particules de grande energie (superieure a 0,6 MeV 

dans le cas du germanium et 0,2 MeV environ dans le cas du silicium pour les 
rayons |3) influe sur les caracteristiques electroniques de la jonction et se traduit 
par une diminution de sa sensibilite de detection.



Pour eviter cet inconvenient, nous avons dispose un scintillateur entre la source 
radioactive et le cristal. Compte tenu des caracteristiques du germanium et du 
silicium, le meilleur scintillateur est actuellement le CdS active au cuivre.

La detection individuelle des particules jl et photons y n’est pas possible a l’heure 
actuelle avec les scintillateurs dont nous disposons. Un gain en sensibilite de 10 a 
1 0 0  est indispensable et, a cet effet, une etude sur les multiplicateurs de lumiere 
est en cours.

L’utilisation d’une jonction NP pour la detection de ces particules presente seule- 
ment de l’interet pour la dosimetrie.

144 DETECTEURS DE RADIATION A IONISATION ET SPECTROMETRES A RAYONS GAMMA

Figure 9

Nous avons realise un petit dosimetre dont la photographic est donnee figure 9. 
L’element sensible est une jonction a l’arseniure de gallium de 1 cm2  de surface. 
Le courant continu obtenu est amplifie d’un facteur 40 et mesure avec un micro- 
ampdremdtre. Le temps de reponse de l’appareil est de 2 secondes; son seuil de 
sensibilite pour les rayons \i est de 103 Roentgens par heure. On a verifie la linearite 
de la reponse en fonction du flux re?u dans le domaine de 103 a 104  Roentgens 
par heure jusqu’a present.

Dans le cas de flux de quelques 103 Rcentgens/heure, l’impedance de la jonction 
est assez elevee (plusieurs megohms) et la realisation de l’amplificateur a courant 
continu necessite l’emploi de tubes electroniques. Les tubes pour prothese auditive 
DL 67 conviennent parfaitement.

Avec des flux superieurs a 104  Roentgens/heure, l’impedance de la jonction est 
faible (quelques milliers d’ohms), un amplificateur a transistors est alors utilisable.
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(c) Detection des neutrons thermiques.
Les semi-conducteurs utilises sont des jonctions NP au Silicium obtenues par 

diffusion de Bore (Ste SILEC). Ces jonctions ont un courant de saturation inverse 
de l’ordre du microampere, leur surface est de 25 mm2.

Le flux de neutrons thermiques est de 5.105  n/cm2 /sec. (sortie du canal E3 de la 
pile EL2).

L’interaction des neutrons avec les atomes de Bore produit des rayons a de 
1,53 MeV qui ionisent le cristal.

Nous avons polarise la jonction de telle fagon que le rapport signal sur bruit 
soit maximum.

La jonction est exposee au flux de neutrons, puis soustraite a celui-ci par l’inter- 
mediaire d’une feuille de Cadmium.

Les impulsions sont comptees avec une chaine classique de mesure comprenant: 
un amplificateur a large bande type AMP, une echelle de mille et un discriminateur. 
Le schema de l’appareillage est montre figure 10. La courbe de la figure 11 represente 
le taux de comptage obtenu en fonction du seuil de discrimination.

des neutrons

H Flux de neutrons tents 

J  jonction  

C polarisation 

R resistance de charge 

B Windage

P preamplif'eateur 

A cm pljicdteur j  large bande 

D discriminaleur 

C echetle de Comptage

RG11. COURSE DONNANT le taux oe comptage 

EN FONCTION DU SEUIL DE DISCRIMINATION -

Avec les cellules utilisees, la faible proportion de Bore diffusee dans le silicium 
n’a pas permis une mise en evidence plus nette du phenomene. Le rendement de 
detection est de 5.1 0 —6; il pourra etre ameliore en augmentant la quantite de bore 
contenue dans le cristal, si possible en mettant une couche de bore en surface. Des 
experiences sont en cours avec la collaboration de la Societe SILEC.

Conversion d’energie nucleaire en energie electrique
La possibility de constituer une source d’energie electrique de longue duree de 

vie en irradiant les jonctions NP avec des rayonnements nucleates a ete mise en 
evidence en 1954 par Rappaport(7), (8 ).

Le principe est ici le meme que celui expose pour la detection des particules. 
Sous Faction d’une irradiation constante et en reliant les deux regions N et P de 
la jonction par l’intermediaire d’une charge R, il circule dans celle-ci un courant 
electrique I consecutif a la diminution de la hauteur de la barri6 re de potentiel Vk 
(figure 1 2 ).

Pour une resistance de charge RP du circuit adapte, on obtient une puissance 
electrique maximum WM. L’ensemble se comporte comme un generateur de courant

10
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debitant dans une diode en parallele avec deux resistances dont l’une non lineaire, 
Ri, est fonction du courant debite Ig et l’autre, RP, est la charge adaptee (figure 13).

FIG. 12

Jonction p-n irradiee par les rayons fi dune source 
radioactive -  R * resistance de charge 
(b ) Vkj hauteur de la barri^re depotentiel de la jonction 

au repos.
V: chute de la barridre de potenbiel pendant 

('irradiation.

E :  champ electrigue et son sens.

FIG .13

SCHEMA ELECTR1QUE EQUIVALENT

6 -  generabeur de courant Ig

Ri- resistance non lineaire de ia jonction

Rp-resistance de charge adapb^e

Nos experiences ont ete faites .avec des jonctions de silicium de 1,5 cm2  de surface 
et avec une source radioactive de 9 0 Sr9 0 Y. La figure 14 represente les caracteristiques 
de charge de deux jonctions a 18° C.

On estime a 10 me par cm2  le flux de rayons j3 re?u pour chaque cristal. Les 
resultats experimentaux sont indiques dans le tableau suivant.

Jonction Io Vco Tg Rp Wm ■1

n° 1 12 ji A 5,5 mV 1 p. A 5.103 q 1,7.10-9 W 5.10-5

n° 2 2,5 p A 31 mV 1,2 p A 2,5 . 10“ O 1,1 10-8W 3.10—4

Io =  Courant de saturation inverse.
Ig =  Courant de court circuit.
Vco =  Tension a circuit ouvert.
Rp =  Resistance de charge.
Wm =  Puissance electrique maximum dans Rp.
q =  Rendement defini en tenant compte des pertes par transmission.

La faiblesse des rendements obtenues ici est due a des vitesses de recombinaison 
en surface et en volume tres importantes.

Dans le cas de l’arseniure de gallium nous avons obtenu dans les memes conditions 
un rendement de 3.10—3.
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La forme des caracteristiques de charge depend du rapport On a interet a
lo

avoir ce rapport le plus grand possible. Ceci est obtenu en reduisant I0  et en 
ameliorant Ig.

Pour une intensite donnee de la source radioactive nous obtiendrons un meilleur 
rapport Ig/I0:

1°) En choisissant un semi-conducteur presentant une grande largeur de bande 
interdite; celle-ci vaut respectivement, dans le cas de germanium du silicium 
et de I’arseniure dc gallium: 0,7 eV, 1,1 eV et 1,5 eV.

2°) En utilisant un cristal dans lequel la vitesse de recombinaison des porteurs 
minoritaires soit suffisamment faible dans la region ou se fait l’absorption 
des rayons (3.

3°) En choisissant une epaisseur du semi-conducteur du meme ordre de grandeur 
que le parcours des particules nucleaires utilisees. .

On peut egalement augmenter le rapport
I0

en refroidissant la jonction. Le rende-

ment croit d’un facteur 4 lorsqu’on refroidit le cristal de 17° C a —30° C — courbes 
de la figure 15.

Toutes choses etant egales par ailleurs, lorsque l’intensite de la source radioactive 
croit, le rendement augmente. Ainsi, avec un flux de 1 curie par cm2, le rendement 
theorique devient 5.10 3 avec la jonction au silicium n° 2 et 10— 2  avec la jonction 
d’arseniure de gallium.
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F i g .  I S  Ca-acti.i.tiqu. dynamlqut V.l

A l’heure actuelle ces convertisseurs d’energie sont utilisables dans le domaine 
allant du microwatt au milliwatt; ils peuvent constituer des piles electriques dont 
l’interet reside dans la grande duree de vie pratiquement egale a la periode du radio­
element utilise, si on choisit un radioelement d’energie suffisamment faible 
(PROMETHEUM 147 par exemple) ou qu’on interpose devant lecristalun scintillateur 
de CdS active au cuivre. Dans ce dernier cas le rendement est reduit a 33 % de sa 
valeur en absence de scintillateur.

Conclusion
Les performances des semi-conducteurs dans leurs applications a la detection et 

a la conversion de rayonnements nucleaires sont liees a leur qualite de fabrication.
Lorsque les techniques de diffusion seront d’avantage avancees ainsi que la 

technologie des jonctions a grande surface, il sera possible d’ameliorer les proprietes 
de multiplication dans la region d’avalanche en vue de la detection individuelle 
des particules nucleaires. Les resultats sont a l’heure actuelle tr£s encourageants.

Un detecteur de ce genre a l’avantage d’une grande simplicite, son volume peut 
etre tres reduit etant donne qu’il ne comporte aucune alimentation Haute Tension; 
l’electronique peut etre transistoree.

Avec les perfectionnements esperes, il sera possible egalement d’ameliorer sensible- 
ment le rendement de conversion de l’energie [3 en energie electrique et le developpe- 
ment des piles nucleaires miniatures de longue duree de vie et de grande simplicite.

Une pile de ce genre presente un interet considerable pour alimenter certains 
appareillages transistores de faible consommation et ou la miniaturisation est de 
plus en plus poussee (postes recepteurs radio bracelets, amplificateurs de son pour 
les personnes atteintes de surdite . . .), soit encore pour actionner les montres.

En disposant d’une activite suffisamment elevee (quelques dizaines de Curies) 
et d’un nombre plus important de cellules de semi-conducteurs, on peut obtenir 
des milliwatts. Dans ce cas, ces sources d’energie electrique se revelent particuliere- 
ment • precieuses, pour la technique des telecommunications (alimentation des 
amplificateurs telephoniques pour cables sous-marin) ou encore pour fournir l’energie 
electrique a des dispositifs profondement immerges au pole pendant des annees 
dans le but d’effectuer des etudes oceanographiques.



Des detecteurs miniatures pour les applications industrielles des radioelements 
peuvent d6 s maintenant etre realises. Ils sont robustes et de conception tres simple. 
Leur mise au point pour des sources suffisamment intenses ne presente aucune 
difficulte.

Enfin en ce qui concerne la detection des neutrons thermiques, la mise en evidence 
du phenomene nous permet d’envisager la mise au point de detecteurs ponctuels 
et portatifs.
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LA SCINTILLATION DANS LES GAZ NOBLES ET
LEURS MELANGES

L. K och  - Centre d ’Etud es  N ucleaires de Saclay (F rance)

Quand un gaz noble est traverse par une particule nucleaire chargee, environ 
la moitie de l’energie de la particule est utilisee pour ioniser le gaz; cependant une 
importante partie de l’energie de la particule est reemise sous forme de photons.

La scintillation ainsi produite dans les gaz nobles ou leurs melanges est facilement 
detectable avec un photomultiplicateur classique, comme l’a montre Grunn en 
1951(1). Ceci permet, d’une part, l’etude du mecanisme des echanges d’energie dans 
les gaz, et d’autre part, la detection des particules nucleaires; ces scintillateurs 
reunissent en effet un certain nombre de caracteristiques specifiques des scintillateurs 
couramment utilises a l’heure actuelle.

Quelques chercheurs, notamment C. Eggler, R. Nobles(2), C. S. Wu(3), M. Forte(4), 
ont etudie depuis 1954 differents aspects de ce phenomene; on parlera ici des resultats 
obtenus a Saclay avec la collaboration technique de M. R. Lesueur.

On utilise les gaz spectroscopiquement purs prepares par la Societe «l’Air Liquide», 
contenus dans des ampoules en pyrex a fenetre de quartz scellees au chlorure d’argent 
ou de fagon classique. La scintillation est observee avec un photomultiplicateur 
a fenetre de quartz type Dario 51 UVP ou EMI 6255. Le gaz est excite par des 
particules a de l’uranium ou du polonium. La pression de remplissage est, sauf 
indication contraire, de 740 mmHg.

Caracteristiques de la scintillation

E tu d e  spectrale et rendem ent de la  scintilla tion

Les spectres de raies obtenus lorsqu’on irradie les gaz avec une source a  de 100 mC 
ont ete etudies dans le domaine de 2100 a 6000 A avec un spectrographe U.V. a 
grande luminosite, type UV 24, de la Societe Generate d’Optique (ouverture 
relative F/3,5).

Le phenomene le plus interessant est l’apparition des raies des impuretes mercure 
et azote, et ceci pour des concentrations inferieures a une partie par million dans 
le premier cas, et 1 0  parties par million dans le second cas.

L’interpretation quantitative des spectres obtenus est en cours.
Les spectres traces dans le cas de gaz rares contenant des proportions croissantes 

d’azote montrent:
1°) Une augmentation de l’intensite des raies de l’azote avec sa concentration 

dans le cas general. Dans le cas de 1’helium et pour la raie 3919 A appartenant 
au spectre de l’atome d’azote une fois ionise, l’intensite de la raie passe par 
un maximum pour une concentration d’azote de 2 0 0  p.p.m.

2°) La raie de resonance du mercure (Fig. 1) qui apparait dans le cas de l’helium 
contenant une quantite d’azote superieure ou egale a 1 0  p.p.m. a uneintensite 
qui croit avec la concentration d’azote. Ceci prouve l’existence de transferts 
d’energie de l’helium sur l’azote, puis sur le mercure et enfin sur un niveau 
inferieur de l’azote1).

Dans le cas des gaz rares purs, les raies obtenues les plus intenses sont situees 
dans le-proche ultra-violet, mais ce qui precede montre qu’une importante fraction

J) L’analyse densitometrique a 6t6 effective avec la collaboration de M. Artaud du D.M.C.A. de Saclay. La largeur 
des raies obtenues rend les mesures tr6s peu pr6cises.
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de l’energie lumineuse est emise dans le lointain ultra-violet, comme Fa deja montre 
L. Colli dans le cas de l’excitation par choc electronique dans un compteur pro- 
portionnel(5).

H g

He

Cd
He + 0,001 % N;,
Cd
He + 0,01 % N i
Cd
He ♦- o,1 %
Cd
He r 1 N?
Cd

Figure 1
Spectre de PHelium excite par les rayons a du Polonium.

Influence de l’Azote.

L’extreme sensibilite de l’emission de lumiere aux traces d’impuretes rend F etude 
delicate et explique les resultats contradictoires publies en ce qui concerne, d’une 
part, l’intensite de la scintillation dans une bande donnee de longueur d’onde, et 
d’autre part la duree de cette scintillation (6 ).

Par choc de seconde espece entre les atomes de gaz nobles et l’azote, on peut 
ramener la scintillation initiale du gaz noble dans la region visible du spectre.

Les deux courbes suivantes (Figures 2 et 3) montrent la variation de {’amplitude 
des impulsions en fonction de la concentration d’azote dans l’argon et l’helium. 
Avec une optique de quartz, le maximum est obtenu pour 5 % d’azote dans l’argon 
et 0 , 0 0 1  % d’azote dans l’helium.

Appelons 8  le nombre de photoelectrons partant de la photocathode lorsqu’une 
particule a  de 5 MeV est absorbee dans le gaz et comparons au cas de l’iodure de 
sodium active au thallium pour lequel 8  =  4000(7). Les cas les plus interessants 
sont les suivants:

Xenon 8  =  400
Helium 8  =  800

Argon+  5% Azote 8 =  380
Helium+0,001 % Azote 8= 1 2 0 0

Les mesures ont ete effectuees avec une optique de quartz, l’amplitude de l’impulsion 
integree obtenue a l’anode du photomultiplicateur est mesuree avec un oscillographe 
Tektronix 535. Les resultats sont nettement meilleurs que ceux obtenus precedem- 
ment(8 ), (9), cela tient essentiellement a une meilleure technologie des tubes et 
a une plus grande purete des gaz. Dans le cas de l’helium, les resultats sont extrapoles 
a partir d’une fraction du parcours du rayon a dans l’helium egale a 4 cm, le parcours
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Figure 2
Amplitude des impulsions en fonction de la concentration de l’azote dans Phelium.

( J )  Points experiminlaut ante EMI 62S5 
( 2 )  Points corriges en tenant compte de Id 

stnsiiilite sped rate ck k photo cathode

Figure 3
Amplitude des impulsions en fonction de la concentration de l’azote dans l’argon.



154 DETECTEURS DE RADIATION A IONISATION ET SPECTROMETRES A RAYONS GAMMA

total a la pression de 740 mmHg etant. 19,3 cm. On a verifie que l’impact des rayons 
a sur la fenetre de quartz produisait une luminescence inferieure au bruit de fond 
thermoelectronique du photomultiplicateur a la temperature ordinaire.

Dans le cas des gaz purs, l’utilisation d’un convertisseur de lumiere tel le 
tetraphenylbutadiene permet d’obtenir un gain de 4 environ, mais ceci au detriment 
de la stabilite dans le temps du scintillateur par suite de l’effet d’empoisonnement 
du a la vapeur organique. Recemment un gain de 10 a ete obtenu par J. A. Nortrop(lO) 
dans le cas du xenon en utilisant le p.p' diphenyl stilbene, a condition d’assurer 
une circulation continue du gaz, par exemple sur de l’uranium chauffe a 800° C.

L’utilisation d’une optique de quartz a l’avantage d’une grande simplicity et 
assure une stabilite dans le temps du scintillateur pratiquement illimitee (superieure 
a 1 an). De plus, le temps de luminescence obtenu est plus court, le degre de purete 
possible etant beaucoup plus grand.

Dans le cas du xenon, la resolution en energie obtenue avec une optique de quartz 
est de 10% a 5 MeV.

On peut l’ameliorer en utilisant un convertisseur de lumiere et en cyclant le gaz (3), 
nous verrons qu’on peut l’ameliorer egalement en appliquant un champ electrique 
au gaz.

M esu r e  d es  c o n st a n tes  d e  tem ps  d e  d e c r o issa n c e  d e  la  s c in t il l a t io n

(a) Influence des impuretes.
La caracteristique essentielle des scintillateurs gazeux est leur temps de luminescence 

tres court. La mesure a ete effectuee en collaboration avec M. Y. Kcechlin a l’aide 
d’un photomultiplicateur Dario 56 A.V.P. et d’un oscillographe Edgerton type 
2236 TW. Le schema experimental est represente sur la Figure 4. Le temps de transit

Form e dies impulsions provenant die (’excitation d u  x6non 
p a r  les ray o n s o t d u  po lonium

d du bruit de fond : 2,5ns
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des electrons dans l’helice du tube est de 3,5.10 ]°s. Les cables utilises introduisent 
un temps de montee voisin de 10—9 s. Une frequence etalon de 250 MHz a ete utilisee 
pour les mesures de temps(ll).

Les impulsions de bruit de fond du photomultiplicateur ont d’abord ete etudiees; 
elles ont 2,5.10—9 s. de largeur a mi-hauteur; dans le cas du xenon, la largeur a mi- 
hauteur des impulsions est de 3,3.10—9 s. Ces mesures sont faites a 15% pres. Notons 
que le temps de parcours de la particule dans le gaz est de 2,7.10—9 s. On ne peut done 
esperer un temps de luminescence plus court.

Le xenon est le seul gaz pur pour lequel nous avons pu mettre en evidence, un 
temps de luminescence inferieur a 1 0 —8 s.; en effet, dans les autres cas, la mesure avec 
ce dispositif a ete impossible par suite de l’absence de fenetre de quartz sur le photo­
multiplicateur et de la falble sensibilite de l’oscillographe (12 V par cm). Les.resultats 
publies precedemment(9) avaient ete obtenus avec un photomultiplicateur type 
EMI 6255 et un oscillographe type 517. Les durees de luminescence deduites de ces 
mesures etaient limitees inferieurement par le temps de transit du photomultiplicateur, 
soit 2.10- 8 s. Ce temps de transit est le temps de montee de 10 a 90% de l’impulsion 
de tension regue sur l’anode du photomultiplicateur pour une impulsion de lumiere 
de quelques 1 0 —1 0s. illuminant la photocathode(1 2 ).

La presence d’impuretes, meme en concentration tres faible (10 parties pour un 
million dans le cas de l’Helium), suffit a faire apparaitre une seconde constantede 
temps de scintillation plus longue 0 ' dont la valeur est fonction de la quantite d’impu- 
rete introduite et qui correspond a une longueur d’onde plus grande, ce qu’on 
peut montrer facilement a l’aide de filtres d’absorption.

Dans le cas des melanges Argon-Azote on a deja montre:
l°)Que cette seconde constante de temps apparait pour une concentration de 

10~ 4  d’azote, on a alors 0 '  =  5.10—7 s.
2°) Que 0 '  decroit quand on augmente la concentration d’azote pour atteindre

4.10—8 s. pour une concentration de 10_2.
Dans le cas du xenon contenant 100 p.p.m. d’impuretes on a 0 '  =  10“ 7 s., le 

phenomdne rapide, de constante de temps 0 , correspondant a 75 % de l’amplitude 
integree a l’anode du photomultiplicateur.

Les resultats obtenus pour les differents gaz etudies sont resumes dans le tableau 
ci-dessous; R est la proportion de l’impulsion integree qui correspond au phenomdne 
rapide.

A Kr Xe He n 2
He+10—5

n 2
A + 10—4

n 2
A +  5%

n 2

0  S 2.10-8 2.10-8 3.10-9 2.10-8 2.10-8 2.10-8
0 's 2.10-6 10-7 3.10-6 2.10-7 5.10-7 3.10-8

R % ‘ 100 50 75 10 ? 25

Impuretes

p.p.m. < 10
< 100

+  3,6.10“ 
Xe

< 1 ° °  
+ 104 Kr o < 10 o < 2 0 < 2 0



A cause de la grande sensibilite de l’helium aux traces d’impuretes, l’etude de la 
scintillation dans l’helium est tres difficile; le fait d’observer un changement dans 
le temps de decroissance et l’amplitude de la scintillation quand on ajoute 1 0  p.p.m. 
d’azote confirme un degre de purete meilleur que celui deduit de l’analyse au 
spectrographe de masse2): ^ 1 0 0  p.p.m., probablement azote.

Observee dans la bande 2500—5500 A la longueur d’onde moyenne de la scintilla­
tion du melange helium et 1 0 ~ 5  d’azote est celle de l’azote; on a vu d’autre part 
que l’enregistrement des spectres d’emission montrait egalement la presence des 
raies de l’azote pour un taux d’impurete du meme ordre.

(b) Etats metastables — Influence de la pression de remplissage.
L’augmentation de la pression de remplissage du gaz, en reduisant le temps de 

parcours de la particule nucleaire dans le gaz doit diminuer le temps d’emission 
rapide de la luminescence lie aux transitions entre niveaux «optiques» d’excitation.

Les niveaux d’excitation susceptibles d’introduire des temps de luminescence 
longs sont d’une part, les niveaux de «resonance» et d’autre part, les niveaux meta­
stables. Pour les premiers, le retour a l’etat fondamental ne peut se faire qu’en une 
seule emission, le photon correspondant etant tres absorbable par le gaz; d’apres 
Holstein(13) le temps d’emprisonnement est de 10—4 s. dans un cyclindre de quelques 
centimetres de diametre. Dans le cas des gaz rares, ces longueurs d’ondes sont 
courtes; la plus longue etant celle du xenon: 1460 A.

Les niveaux metastables ont une duree de vie limitee principalement par les 
collisions de l’atome excite avec un ou plusieurs atomes neutres, cette duree 0 ' 
dependra done fortement de la pression et de la temperature. Les ordres de grandeur 
sont les suivants dans le cas de l’argon, d’aprds Futch et Grant(14).

5.10— 3 s. pour 1 mmHg et 300° K
7.10— 7 s. pour 760 mmHg et 300° K
3.10— :2s. pour 1 mmHg et 77° K
20 s. pour 10~ 4  mmHg et 300° K
Compte tenu des differents processus amenant la disparition des etats metastables: 

diffusion et choc sur les parois, collisions doubles, collisions triples, destruction 
radiative directe a la frequence v, la loi de variation de 0 ' avec la pression serait

la suivante 1IQ' = ----- \- Ap +  Bp2  +  v (14), (15). Le fait que dans le cas de
P

l’argon pur, tres etudie jusqu’a present, nous n’ayons pas mis en evidence ce 
temps long peut etre du: '

(1) Au manque de sensibilite de la methode de mesure;
(2) Au fait que la longueur d’onde d’emission est trop courte pour etre decelee 

avec une optique de quartz comme semblent le prouver les travaux de L. Colli. 
Cependant, dans ces travaux le taux d’impuretes etait tres probablement 
superieur a celui obtenu ici, en particulier a cause du convertisseur de lumiere 
utilise (graisse Apiezon). Or nous avons vu que la presence d’une concentration 
d’azote de 1 0 0  p.p.m. suffit a faire apparaitre un temps de luminescence long, 
lie au transfert d’energie des etats metastables d’argon sur l’azote, dont la 
valeur 5.10— 7 s. correspond au chiffre donne par Futch. L’examen des spectres 
obtenus par irradiation des gaz par les rayons a montre que les transferts 
sur 1’azote ne sont pas les seuls a considerer puisque la raie de resonance du 
mercure est visible dans tous les cas, sauf celui de l’helium pur.
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2)  Les analyses de gaz ont 6 t6  effectives au Service de Chimie Physique du C.E.N. par MM. Nieff et Bourguillot.
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I n f l u e n c e  d ’u n  c h a m p  e l e c t r i q u e  c o n t i n u  e t  u n i f o r m e  s u r  l a  s c i n t i l l a t i o n

Les photons emis lors du passage de la particule nucleaire peuvent provenir a 
la fois de la recombinaison des ions formes et de la desexcitation des atomes du gaz.

Pour mettre en evidence la participation de la recombinaison des ions au phenomene 
de luminescence, il suffit de collecter les ions formes: on doit s’attendre a une 
diminution du rendement apres collection.

Ward (1952) n’avait mis en evidence aucune variation dans la bande 3500—6000 A 
apres collection (16).

Nous avons repris ces experiences dans les bandes 3500—6000 A et 2500—5500 A. 
Le dispositif experimental est schematise sur la Figure 5. On a verifie que le champ 
electrique applique ne perturbait pas le fonctionnement du photomultiplicateur.

Pig. 5 -  Inf luence d ’un c ha mp  el ectr ique uniforme
sur la luminescence du xenon traverse p a r  des 
particules exde 4,7 M e v.

Nous avons obtenu les resultats suivants, quelle que soit la bande de longueur 
d’onde examinee:

(1) Aucune variation de l’amplitude du signal tant que le champ electrique est 
inferieur a 1 0 0  volt/cm;

(2) Un accroissement important du signal pour des champs electriques superieurs, 
le coefficient de multiplication obtenu etant de 60 pour un champ de 600 volts/cm, 
et ceci en l’absence de multiplication electronique aux erreurs experimentales 
pres.

Done, ou bien les photons emis lors de la recombinaison des ions sont situes 
en dehors de la bande spectrale observee, ou bien la diminution attendue du nombre 
de photons est masquee par le 2 eme phenom^ne que nous avons mis en evidence
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et qui est'analogue a celui observe pour les electrons dans le cas des compteurs 
proportionnels.

Ce phenomSne peut s’expliquer de la fagon suivante: les electrons formes par 
ionisation du gaz par les particules nucleates incidentes sont acceleres dans le 
champ electrique et excitent les atomes de gaz. Le fait que la duree de luminescence 
correspondant a la multiplication soit de 2 .1 0 —6 s. lorsque le rapport du champ 
electrique (en V/cm) et de la pression (en mm de mercure) est voisin de 1, valeur 
pour laquelle la vitesse des electrons est 3.105 cm s~ 1 environ (21), rend tres probable 
1’explication precedente.

Schema-.
Vers Tektronix. 

541 X
3 0 0 K T

fenetre de quarts 
Xe p s cm H<j

7 - A
Electrodes en p la tin ite

X I Source oC 
-JL'

/PV\otomo\tvp\icateur Dario 53 VJVP

Forme des sipnaux: Constante de tem ps A Vanode •. 10*5 &

9  = 2 .'iO*8 s  
0 %  1 0 ‘7 s 
A‘/A  = 0,75

A /a  =1 
B /cx  a4  
C/«x =10

Influence d’un champ electrique uniforme sur les scintillations dans le xenon.

La Figure 6  montre la forme des signaux obtenus avec une constante de temps 
a l’ancde du photomultiplicateur Dario 51 UVP de 10“ 5 s,



(1) En l’absence de champ electrique;
(2) En presence d’un champ electrique croissant.
Pour un champ de 100 Vein- L l’impulsion secondaire a une amplitude egale 

a l’impulsion primaire, puis a mesure que le champ electrique croit l’impulsion 
primaire reste inchangee et l’amplitude de l’impulsion secondaire augmente. Si on 
analyse le spectre d’amplitude des impulsions obtenues, par exemple avec le 
spectrographe C.E.A. type SGE1, aux 2 parties de l’impulsion correspondent deux 
spectres d’impulsions (Figure 7). La resolution en energie obtenue croit quand le 
facteur de multiplication croit.
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Spectres V  obtenus dans (e xenon en presence 
d u n  champ etectrfque uniforme

Ft 7~ J —  Spectre type SGE1 .larqeur du canal: 4f

La mauvaise geometrie du systeme d’irradiation utilise et l’absence de reflecteur 
sur les parois du tube expliquent, d’une part, la faible resolution en energie obtenue 
ici et, d’autre part, le fait qu’elle soit seulement doublee quand le coefficient de 
multiplication est de 30.

L’utilisation d’un champ electrique doit done permettre d’obtenir un rendement 
de scintillation superieur a ceux obtenus dans le cas des scintillateurs solides classiques, 
mais ceci au detriment de la rapidite de reponse du scintillateur; on passe de 3.10— 9  s. 
a 2.l0~ 6 s., mais en conservant toujours une fraction des photons emis en 3.lO~~9 s., 
ce qui, dans certains cas, peut presenter un grand interet.

Le phenomena de multiplication s’est revele un parametre encore plus sensible 
au taux d’impuretes que les temps de scintillation. En effet, pour un champ electrique 
donne applique au gaz, le coefficient de multiplication est divise par 2 , alors que 
ni le rendement, ni le temps de scintillation ne sont modifies de fa?on mesurable.
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Caracteristiques nucleates des scintillateurs gazeux

PROPORTIONNALITE DE LA SCINTILLATION A L’ENERGIE CEDEE AU GAZ
L’emission de lumiere consecutive au passage d’une particule chargee dans le 

gaz est independante de la masse de cette particule, et est proportionnelle a l’energie 
cedee au gaz. Ceci a ete montre dans le cas des protons par R. A. Nobles (2). On 
l’a verifie dans le cas des rayons a et des produits de fission de 1’uranium 235(9). 
Le rapport des amplitudes des impulsions correspondant aux rayons a  et a chacun 
des pics des produits de fission sont 1:11 et 1: 17,6, d’autre part le rapport des 
abscisses des 2  maxima du spectre des produits de fission est egal a 2 % pres au 
rapport des energies les plus probables des produits de fission (60,2 MeV et 96,5 MeV).

Done, contrairement aux scintillateurs solides, meme dans le cas d’ions lourds 
ayant une densite d’ionisation elevee, on n’observe pas de saturation dans l’intensite 
de la fluorescence emise. Ceci tient a la reversibilite des effets des radiations fortement 
ionisantes dans le milieu gazeux.

On a montre que cette linearite etait conservee en presence d’un champ electrique 
de 400 V/cm dans le cas des rayons a dont l’energie est comprise entre 1 et 4 MeV 
(Figure 8 ).

Variation de / ’amp/itude des /mpu/sions <avec 
/ ’e'nerg/e perdt/e par Jes part/cu/e-s ©C' dans te 
x«w /» an prasanca d ’un champ uni forme

Volts

Cette propriete permet la detection et les mesures d’energie des ions de grande 
energie en presence d’un flux important de particules d’energie plus faible; e’est 
le cas des produits de fission et des rayons a, des protons et des rayons j3 etc. . . .

I n fl u e n c e  d es  r a y o n s  y
L’etude a ete faite avec un tube scintillateur rempli de xenon et contenant une 

cible d’uranium enrichi a 46% d’epaisseur equivalente a 15 pg/cm2. Le photo-



multiplicateur etait de type 51 UVP a fenetre de quartz. Les impulsions provenant 
de l’anode du photomultiplicateur, aux bornes d’une resistance de 150 Q, etaient 
envoyees a l’entree d’un amplificateur S.E.A. type ABV 10.

D’aprfes Koechlin et Pelchowitch(17), un rayon y de 1 MeV arrete dans le verre 
de la photocathode d’un photomultiplicateur donne 4 photoelectrons et la probability 
d’absorption est 4.10™2.

Le gaz lui-meme contribue de maniere negligeable a la sensibilite du detecteur 
aux rayons y. On a, done, dans une etude preliminaire, etudie separement la 
sensibilite aux rayons y du photomultiplicateur seul, et la reponse aux neutrons 
thermiques de l’ensemble scintillateur-photomultiplicateur. Le spectre des rayons 
y utilise etait limite a 1 MeV il s’agissait de produits de fission contenus dans des 
barres d’uranium en cours de desactivation (canal G18 du puits de desactivation 
de EL.2). •

On trouve une variation exponentielle du nombre d’impulsions dues aux rayons y 
en fonction du seuil de discrimination, comme le prevoit la theorie simple concernant 
les empilements(18). La courbe de discrimination des produits de fission est situee 
au-dela de la droite de discrimination correspondant a un flux de 1450 R/h de 
rayons y. Le rendement de detection des produits de fission doit done etre voisin 
de 100% en presence d’un flux de rayons y de 1450 R/h (9). Des experiences 
complementaires sont en cours pour determiner compiytement les caracteristiques 
d’un tel detecteur de neutrons thermiques, en presence des flux de rayons y plus 
energiques existant dans un reacteur atomique en marche. Les premiers resultats 
obtenus avec la collaboration de M. R. Bomal confirment l’influence negligeable 
du scintillateur dans la sensibilite du detecteur aux rayons y et la possibility de 
discrimination des produits de fission en presence d’un flux de rayons y de 3000 R/h 
(canal V21 de EL2).

R e so l u t io n  e n  e n e r g ie

On peut obtenir couramment une resolution de 10% a 5 MeV avec le xenon ou 
le melange argon-azote a 5 % d’azote, une resolution de 4 % a 5 MeV a ete obtenue 
par C. S. Wu(3) en presence d’un convertisseur de lumiyre en faisant circuler le 
gaz dans un four contenant de l’uranium a 800° C. L’utilisation d’un champ electrique 
meme tres faible (quelques centaines de volts par cm) doit permettre d’augmenter 
considerablement la resolution.
Applications

Les differentes applications des scintillateurs gazeux en physique nucleaire resultent 
de leurs caracteristiques essentielles: duree de luminescence tres courte, absence 
de saturation de la luminescence dans le cas d’une ionisation specifique elevee, enfin 
possibility de multiplication des photons emis sous l’influence d’un champ electrique 
faible.

On peut par exemple declencher un circuit electronique rapide tandis que l’informa- 
tion amplitude totale peut etre enregistree sur une seconde voie plus lente.

Associes avec un photomultiplicateur donnant de grandes valeurs du courant 
instantane d’anode ( 1  ampdre par exemple), ces scintillateurs permettent d’attaquer 
directement des circuits a coincidence, des selecteurs, pour le comptage rapide ou 
la resolution des courts intervalles de temps.
Detection des neutrons thermiques

La chambre a fission a impulsions constituee par un scintillateur tel le xenon 
et un photomultiplicateur rapide type Dario 56 AVP aurait un temps de resolution
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de 3 a 4.10- 9 s. Avec un photomultiplicateur type Dario UVP 51, le temps de 
resolution sera 3 fois plus grand. Le nombre de decades mesurables avec le meme 
detecteur doit etre de 5, entre 104  et 109  cm- 2 s. _ 1  par exemple avec un depot de 
50 cm2  d’uranium a 90 % de U235 et d’epaisseur equivalente 200 p.g/cm2. La precision 
de mesure sera de 1 0 % au bas de la gamme si on veut un temps de reponse de 1 s. 
La tenue en temperature est limitee par celle du photomultiplicateur, soit 75° C en 
l’absence de tout gradient de temperature(19).

Detection des neutrons rapides
Compte tenu du fait que 1’helium contenant quelques 10 p.p.m. d’azote est un 

excellent scintillateur, la mise au point de spectrograpbes a neutrons rapides a faible 
temps de resolution devrait etre possible en associant rhelium a un gaz lourd tel 
le xenon. On pourrait utiliser cette methode depuis 0,5 MeV (resolution 15% en 
energie) jusqu’a quelques dizaines de MeV. Le rendement serait evidemment tres 
faible, qu’on utilise la section efficace de diffusion de rhelium ou la reaction (n, p) 
sur l’helium 3 (20), (22).

En conclusion 1’etude des scintillations dans les gaz nobles et leurs melanges permet 
de mieux comprendre les phenomenes de transfert d’energie dans les gaz; ils constituent 
d’autre part une nouvelle classe de scintillateurs dont les applications en physique 
nucleaire sont prometteuses.

Notons enfin que le xenon a l’etat condense pour lequel n’existent encore que 
des etudes preliminaries, presente dans des cas speciaux un tres grand interet, par 
exemple pour la detection des rayons y avec un temps de resolution inferieur a 1 0 ~ 8 s., 
et avec un scintillateur probablement plus homogene que les tres gros cristaux 
de Nal(Tl).
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D I S C U S S I O N

Dr. Thomas (G.B.)
Q uestion  p a r  D r. Gruhle (G erm any):

Can you give some brief remarks on the physical mechanism of the Compton 
background subtraction ?
R epons e:

The method involved is that we seal out the Compton contribution to the sodium 
iodide structure by that from an anthracene crystal with a suitable lead filter; it 
is then possible to adjust the height of this Compton structure by adjusting the 
geometry of the source. The source goes on the disc, and by moving it either up or 
down, the relative contrast in the two crystals can be altered: to adjust it on the 
energy scale, the EHT voltage on the two multipliers is, in fact, adjusted to match 
the systems.
Q uestion  p a r  M . Ju llio t (France):

What is the relative yield of your anthracene crystal with respect to that of the 
sodium iodide crystal for y of the same energy?
R eponse:

I  think this question is partially covered by the answer I gave to the earlier one. 
We, in fact, have no really accurate measurements on the efficiency of the two 
crystals. One spot check we made on the four-inch sodium-iodide crystal was that 
the count-rate in the sodium-iodide crystal was about five times the count-rate in 
the anthracene crystal.

M . Bornal (France)
Q uestions p a r  M . de  W aard  (H ollande):

Quel est le temps de montee des impulsions dans les jonctions N-P?
R eponse:

Le temps de montee depend du point d’impact des rayons a sur le cristal. Dans 
le cas des jonctions par tirage il est d’environ 10~ 8 secondes a 10— 7  secondes. Dans 
le cas d’une jonction par diffusion, le temps de montee depend du temps de diffusion 
des charges; il est d’environ 1 0 ~ 7  secondes.
D eu x iem e question:

Comment se presente le probleme de Faction de l’humidite de Fair sur la jonction ? 
R eponse:

Le probleme est ici le meme que pour les transistors; dans le cas des compteurs 
a il faut enduire le cristal d’une mince couche de vernis et, s’il s’agit de silicium, 
former une mince couche de monoxyde sur la surface. Dans le cas de l’utilisation 
d’un scintillateur, le probleme ne se pose plus, la jonction est situee a l’interieur 
d’une enceinte etanche a Fair et transparente a la lumiere.

Mrae. Koch (France)
Q uestion  p a r  M . L abeyrie :

Dans le cas du xenon sounds a un champ electrique, les amplitudes des impulsions 
dues aux rayons a sont-elles bien superieures a celles obtenues dans le cas de l’iodure 
de sodium?
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R eponse:
C’est effectivement le cas, et on devrait obtenir des amplitudes encore superieures 

dans le cas de l’helium contenant quelques dizaines de p.p.m. d’azote.

Q uestion  p a r  M . Facchini {Ita lie):
Avez-vous mesure le temps de scintillation dans l’argon pur en presence du 

tetraphenylbutadtene ?

R eponse:

La mesure, dans ce cas, n’a pas ete faite par la methode qui a ete exposee, a cause 
du trop faible rendement de la scintillation. Le seul resultat que nous ayons est un 
chiffre mesure avec un photomultiplicateur EMI 6255 et la mesure donne un temps 
de scintillation inferieur ou egal a 2 .1 0 ~ 8  seconde, mesure qui est limitee par le temps 
de transit des electrons dans le photomultiplicateur.

Q uestion  p a r  M . C hery {France):
Quelles sont les pressions utilisees dans vos experiences ?

R eponse:
Nous avons choisi une pression de gaz telle que la particule incidente soit com- 

pletement absorbee dans l’ampoule. II s’agit done, en general, d’une pression variant 
de une a quelques atmospheres. Les resultats indiques correspondent dans tous les 
cas a des pressions de 740 mm de mercure exactement.

Q uestion  p o se e  p a r  M . Isabelle  {France):
Quelles seraient les energies des neutrons rapides dont on pourrait faire la spectro- 

metrie par fluorescence des gaz nobles?

R eponse:
Si on tient compte des valeurs de resolution en energie publiees, ceci serait possible 

pour des neutrons rapides dont l’energie serait superieure a quelques centaines de 
KeV et inferieure a 100 MeV par exemple.

Q uestions p a r  M r. B ollinger {U .S .A ):
Quelle est la valeur de la duree de scintillation dans le xenon?

R eponse:
La valeur a mi-hauteur de l’impusion observee est de 3,3.10— 9  secondes.

Q uestion:
Cette duree de scintillation a-t-elle ete mesuree pour d’autres gaz?

R eponse:
Non. Pour la meme raison que dans la reponse a M. Facchini, nous n’avons, dans 

ce cas, qu’une mesure donnant une duree de scintillation inferieure ou egale a 
1 0 ~ 8  secondes.

Q uestion:
De combien varie le temps de decroissance dans les melanges argonazote et com­

ment depend-il de la concentration de l’azote ?
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R ipon se:
Ceci avait ete donne dans un article publie au Journal de Physique et le Radium, 

en Janvier 1958; nous avions trouve qu’a partir d’une concentration de 2.10” 3 

d’azote, la seconde constante de temps 0 ' subsiste seule et decroit a mesure que la 
concentration d’azote augmente. Par exemple: 0 '  =  3.10—8 secondes, pour une 
concentration d’azote dans l’argon de 5 %. En meme temps, la longueur d’onde de 
la scintillation augmente.

Q uestions p a r  M r. R es G uebord  (A u stra lie):
Est-il possible de supprimer la scintillation par un melange d’autres gaz ?

R eponse:
Nous n’avons pas fait d’etude sur le melange de gaz nobles avec autre chose que 

de l’azote. Cependant, cette etude a ete faite en particulier par M. Forte du Labora- 
toire de M. Facchini. II a constate que l’intensite de la scintillation diminue assez 
rapidement a mesure que la quantite d’impuretes, telles que l’anhydride carbonique 
ou Poxygene, augmente dans le gaz primaire.

Q uestion:
Quel est le rapport entre l’intensite du rayonnement Cerenkov et celle de la scin­

tillation ?

R eponse p a r  M . K aahlin :
Dans un detecteur Cerenkov a gaz, a la pression atmospherique, le nombre de 

photons emis par une particule au minimum d’ionisation est de l’ordre de 3 photons 
par 1 0  cm.

Dans son scintillateur gazeux, Madame Koch n’a utilise que des particules alpha 
a forte densite d’ionisation, done ne donnant pas d’effet Cerenkov.

Q uestion  p a r  D r. M a cq  {B elgique):
Avez-vous etudie la scintillation des gaz rares a l’etat liquide?

R eponse:
Nous n’avons pour le moment que des resultats tres preliminaries, e’est pour 

cela que je n’en ai pas parle. La principale difficult^ reside dans l’influence importante 
des impuretes dans le liquide et nous n’avons pas encore tres bien resolu ce probleme; 
le seul resultat que nous ayons obtenu concerne la duree de scintillation du xenon 
liquide, duree de scintillation qui semble, aux erreurs experimentales pres, egale a 
la duree de scintillation dans le gaz.

R em arque de M . le pro fesseu r Facchini {I ta lie):
Dans les experiences faites dans mon laboratoire, nous avons toujours trouve un 

temps de luminescence long pour l’argon pur (quelques 1 0 — 7  s.), que nous lions 
a la desexcitation des etats metastables par collisions triples. De plus, nous avons 
trouve que ce temps de luminescence diminuait quand on augmente la concentration 
d’azote. •

R eponse de  M adam e K och:
Les experiences qui ont ete faites dans le laboratoire du Professeur Facchini par 

M. Forte sur la scintillation dans l’argon, et par Madame Colli sur les photons emis 
dans les compteurs proportionnels remplis d’argon, ont ete faites dans des con­
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ditions un peu differentes des notres. En effet, les composantes du spectre etudie 
etaient des composantes a longueurs d’onde beaucoup plus courtes que celles que 
j ’ai pu etudier, mais je ne vois pas en quoi cela pourrait fournir une explication du 
temps de luminescence plus long observe par vous.

Ce qu’il faut remarquer, c’est que, dans le cas de l’argon, lorsque 1’azote est a 
l’etat d’impurete a raison de 1 0 0  parties par million, on constate qu’il y a deux 
temps de luminescence, un temps inferieur ou egal a 2 .1 0 — 8  s. et un temps qui est 
effectivement de l’ordre de 5.10— 7  s. La difference entre les resultats publies pourrait 
s’expliquer par une concentration initiale dans 1’Argon que vous utilisez de 1 0 0  ppm 
d’azote ou d’une autre impurete; le temps de scintillation diminuerait alors lorsque 
vous ajoutez une plus grande quantite d’azote ou d’une autre impurete, comme l’a 
trouve M. Forte.
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FAST ELECTRONICS IN HIGH-ENERGY PHYSICS
C l y d e  W ie g a n d  - R a d ia t io n  L a b o r a to ry  - U n iv e r s it y  of  C a l if o r n ia , B er k ele y ,

Cal. (U.S.A.)

Electronics has played an exceedingly important role in the advance of nuclear 
science — it would be difficult to imagine how nuclear physics could have progressed 
to its present state of development without the art of electronics. It seems that as 
physicists needed better electronic devices, the devices became available from parallel 
advances in other fields of application. For example, when nuclear physics needed 
electron tubes with faster pulse-handling capabilities, they became available because 
of apparatus manufactured for radar and television. I am going to suggest that 
nuclear science deserves more work on development of devices designed specifically 
for its needs.

Let us review for a moment what we mean by “fast” electronics. “ Fast” is a 
relative term (and not even a very good one). My remarks now apply to highly 
efficient apparatus for general use in particle counting. In the year 1940 ionization 
chambers had a resolution time of about 10— 3 sec. By employment of certain pure 
gases and by collection of electrons, the resolution time was reduced to 1 0 - 6  sec 
in 1942.

The next significant advance was the technique we are using today, the scintillation 
counter, — although it had existed in a primitive form for 50 years, it underwent 
such revolutionary improvements in 1948 as to open entirely new possibilities.. 
By using multiplier phototubes already developed and electron tubes borrowed 
from radio and television, we could achieve a counting resolution of about 1 0 — 8 sec. 
Certainly in 1948 10— 8 sec would have been called “fast” electronics. You can see 
that in about 8  years we progressed from 10~ 3 to 10— 8  sec (5 decades) in time 
resolution. However, the next decade of years has advanced us only about one 
more decade in counting speed. Perhaps this is quite to be expected, as we are 
approaching limitations imposed by the speed of light. This year finds us with resolution 
times of about 10~ 9  sec. Please remember that I am thinking only of counting 
charged particles of all kinds with nearly 1 0 0 % efficiency — especially in connection 
with high-energy accelerators. I am aware that resolution times even shorter than 
1 0 ~ 1 0 sec can be achieved under certain special conditions.

The identification of particles generated by the giant accelerators is one of the 
principal needs for which we still wish to develop fast electronics to shorter and 
shorter resolving times. One of the ways to distinguish particles bearing a particular 
characteristic, such as mass, is by time cf flight in a momentum-analyzed beam. 
For this application we need the shortest possible resolving times in an array of 
counters subjected to high instantaneous counting rates, and as particles approach 
the speed of light, the requirements for sorting them become more and more stringent.

Present Status of High-Resolution Scintillation Counters
In discussing the present status of scintillation counters, I rely very much on the 

equipment in use at the Bevatron in Berkeley; I understand that quite similar work 
is being done in many other high-energy laboratories, including CERN, Saclay, 
Brookhaven, and Liverpool, and in the USSR.

The development of high-current-output photomultiplier tubes such as the 
RCA types 6810 and 7046 has proved to be a significant advance. The 14-stage tubes 
eliminate amplifiers when they are used with scintillators, and decrease the amount
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of additional amplification necessary for use with Cherenkov counters. The recently 
available RCA developmental type C7251 and Radiotechnique 56 AVP multiplier 
phototubes represent the latest models for good resolution in time-of-flight 
identification of particles.

Figure 1 Figure 2
Schematic circuit for high speed counting. Resolution curve obtained by using 6 mm thick

plastic scintillators coupled to RCA C7251 
multiplier phototubes.

Figure 1 is a schematic representation of a typical circuit. I point out some of 
the precautions that must be taken on account of the high instantaneous counting 
rate during a burst of beam from an accelerator. The pulse current output of the 
multiplier amounts to about 1 / 1 0  ampere, which will generate a practical working 
voltage across a 100-ohm matched transmission line. In some experiments 107 pulses 
per second will be the counting rate during a time of 1/10 sec. In order for the current 
output per particle pulse to remain substantially constant, we must supply adequate 
charge reservoirs to maintain the working voltage between dynodes and last dynode 
and anode. This can conveniently be accomplished by capacitors as indicated on 
the circuit.

Another effect that should be avoided is the shift in operating bias on the grid 
of the coincidence circuit input tube, which is inevitable if conventional coupling 
capacitors are used. Probably the simplest way to avoid this effect is to use a direct 
connection from photomultiplier anode to grid.

Figure 2 shows a resolution curve obtained by employing two 6  mm-thick plastic 
scintillators coupled to RCA C7251 photomultipliers. The anodes were connected
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directly through transmission lines to the grids of E180F pentode limiters feeding 
a simple Rossi-type diode coincidence circuit(l). Clipping lines 1 nanosecond in 
electrical length (clipping time 2  nanosec.) were used at the plates of the limiter 
tubes. The counting efficiency is seen to decrease by a factor of 100 in 1 nanosecond, 
on the steepest parts of the delay curve.

Cherenkov Counters
I should like now to discuss Cherenkov counters, because they are becoming 

increasingly important in counting of high-energy particles, and fast electronic 
techniques apply to them as well as to scintillators. These counters make use of an 
effect discovered many years ago by P. Cherenkov of the USSR. They consist of 
a transparent radiator coupled to one or more multiplier phototubes, but their 
behaviour is quite different from that of ordinary scintillators.

When a charged particle passes through a scintillator it causes light to be emitted 
in all directions from its track, and the amount of light is, in general, proportional 
to the energy lost by ionization in the scintillator. The duration of the emission 
of light depends upon the characteristics of the scintillation material. Cherenkov 
light is generated by a different mechanism: we can compare it to the shock wave 
of sound made when a jet plane exceeds the velocity of sound in the surrounding 
air. When a charged particle exceeds the velocity of light in a transparent medium 
through which it passes, Cherenkov light is emitted. However, the intensity of the 
light is at most about 1 % of that emitted by a scintillator of the same thickness.

Several good papers have been written on the properties of Cherenkov radiation 
and counters(2 ). I will mention some of them pertinent to this limited exposition:

(a) In order to emit Cherenkov light a charged particle must have a phase velocity 
greater than that of light in the particular refractive medium through which it 
passes.

(b) The light is emitted in a definite direction with respect to the direction of 
motion of the charged particle. The direction of emission is simply related

cto the particle velocity, v, and refractive index, n, by cos 0  =  — , where 0  is
n v

the angle between the direction of motion of the particle and the light rays, 
and c is the velocity of light.

(c) The light is emitted practically instantaneously from the vicinity of the particle 
during its traversal of the radiator. Only the refractive index determines its 
characteristics, not the details of the chemical structure of the molecules 
which is so important in scintillation.

The first property immediately presents us with a velocity-threshold counter. 
That is, a particle must be going faster than a certain velocity to be counted.

The second property can be used to measure quite accurately the velocity of a 
charged particle in the range of velocities from about 0 . 6  c to c.

Figure 3 is a schematic diagram of a velocity-selecting Cherenkov counter devised 
by Owen Chamberlain and the author (3). It consists of a radiator, a cylindrical 
mirror, three plane mirrors arranged in an equilateral triangle around the axis 
of the counter, and three RCA 7046 multiplier phototubes. The diameter of the 
radiator is 9 cm. The incident beam of particles must be very nearly parallel to 
the axis but not necessarily on the axis (the beam can be 9 cm in diameter). Cherenkov 
light rays generated within the radiator at an angle 0  are refracted from the end. 
of the radiator at an angle 0 P, and lie on the surfaces of cones whose apexes are 
on the end of the radiator and whose axes are parallel to the beam. The light is
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Figure 3
Schematic diagram of Velocity Selecting Cherenkov counter. .

next reflected back toward the axis by the cylindrical mirror, and would fall in 
an area indicated as a dotted outline of a photomultiplier tube if it were not inter­
cepted by the plane mirrors. The mirrors split the light into three equal parts and 
cause it to fall on the actual tubes placed at 120° around the principal axis. The 
purpose of the plane mirrors is to permit the phototubes to be placed out of the 
beam of particles and to permit the use of a threefold coincidence circuit at the 
output of the three tubes. The requirement of a coincidence reduces background effects.

The next illustration, Figure 4, is a photograph of the parts temporarily arranged 
before being placed inside a black box. The performance curve of the apparatus 
is shown in Figure 5. It indicates an efficiency of about 90 % for counting protons 
of the velocity for which the counter was adjusted. The full width of the response 
curve at half maximum is about 4%.

The apparatus just described can count particles in a velocity interval from about 
0.6 c to 0.9 c. A counter which performs well in the interval from 0.9 c to c has 
been made and tested by a M.I.T. group (Caldwell, Frisch, Hill, Ritson and Schluter). 
Its radiator is a fluorochemical FC-75 at an elevated temperature and pressure. 
With it particles of velocity 0.98 c have been separated from particles travelling at 
practically the velocity of light.

The third property of Cherenkov radiation says that a flash of light can be made 
to fail upon a photocathode in a time interval that is short compared with that 
of the light from a scintillator. This effect is presently of limited usefulness in a 
time-of-flight-experiment because of the small number of photoelectrons ejected
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Figure 4
Photograph of temporary arrangement of the components of the Velocity Selecting Cherenkov

counter.

Velocity of Lighf

Figure 5
Performance curve of the Velocity Selecting Cherenkov counter.
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from the photocathode by the feeble Cherenkov light. When multiplier phototubes 
with less spread in transit time and higher cathode efficiency become available, 
the property could be used effectively. However, the combination of scintillation 
counters and Cherenkov, velocity-selecting counters forms a powerful instrument 
for identifying rare particles contained in high-energy momentum-analyzed beams 
from the giant accelerators. For example, it was by this method that antiprotons 
were discovered at the Bevatron.

Let us consider some electronic devices that can help physicists in their use of 
the very-high-energy accelerators. We are aware of the great cost in technical man­
power and materials necessary for the operation of the giant machines. Therefore, 
we should take advantage of electronic instruments that will enable us to gather 
data at a maximum rate.

At the Radiation Laboratory in Berkeley we have constructed a device (4) to 
aid in setting up the external beams of charged particles emitted by the Bevatron. 
Typical experiments require beams 20 or 30 meters in length from the primary 
target in the machine. Such beams are sent through bending and focusing magnets 
to determine the momenta of the particles and to concentrate the particles on to 
special targets. A problem is to align the beams along predetermined trajectories 
with a minimum of time and effort. The intensity of the beams is too low to use 
the blackening of photographic film or a cluster of ionization chambers. We could 
expose photographic emulsions, but the time required to develop them and count

t

Figure 6
Photograph of the Beam Profile Indicator showing the arrangement of scintillators, light pipes, 

and multiplier phototubes. Part of the transistorized electronic circuits is also shown.
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the individual particle tracks would be prohibitive. We have designed a simple row of 
21 scintillation counters, each 1 cm by 1 cm in cross section (Fig. 6 ). Transistorized 
circuits are used to amplify, equalize, and integrate the number of pulses from each 
counter. An electronic commutator allows the accumulated charge associated with 
each element to be read out and displayed as a histogram on an oscilloscope. With 
this apparatus we are able to observe the intensity profiles of the beams and to 
adjust the various magnet currents to optimum bending and focusing conditions.

Electronic control of cloud chambers has been a valuable technique used especially 
in cosmic-ray experiments for many , years. A similar technique has been used in 
connection with bubble chambers working in beams of the high-energy accelerators. 
The problem is for the electronics to signal the passage through the chamber of 
a particular kind of particle which must be selected out of a large background of 
extraneous particles. The identity of the desired particle might be determined by 
time of flight and momentum. Perhaps it is desired to take bubble chamber pictures 
at every accelerator burst; then electronics could mark pictures of special interest. 
An obvious extension of this system is to provide a matrix of counters placed directly 
in front of the chamber and connected in such a manner that the spatial coordinates 
of a particular particle can be determined. This scheme, in conjunction with electronic 
identification, would enable one to say which one of many tracks in a chamber 
belongs definitely to the particle being studied. In addition to reducing the burden 
of scanning photographs, the perfection of the technique just outlined would make 
bubble chambers more effective tools, because at present most of the particles 
must be identified by their reactions in the chamber, and physicists want to know 
the probabilities of the reactions, and consequently must know how many particles 
entered the chamber.

We have under construction at Berkeley a scintillation-counter matrix consisting 
of 176 cells of average size 0.7 cm by 0.7 cm. Transistorized circuitry will be used to in­
dicate through which cell the electronically identified particles enter the bubble chamber.

Physicists have recently become interested in a different type of scintillation- 
counter matrix: the scintillation-fiber chamber. To achieve spatial resolution of 
1 mm and less, we could use a bundle of fibres made of plastic scintillator material. 
Each fiber would act as a light pipe and carry its light to a small region on a photo­
cathode. If enough light were generated the fibres could be coupled optically to 
the image tube of a television camera. Scanning the photocathode would give us 
a picture of the projection of the tracks of particles through the bundle of fibres. 
Unfortunately, the light intensity from fibres is too low to activate the most sensitive 
image orthicons. We need a light amplifier of gain of about 10,000 to place between 
the fibres and the television camera tube. Several American companies have contracts 
to develop image amplifiers for this purpose. We hope to have a prototype next 
year (1959). Devices based upon tracking a particle by scintillation would be able 
to record events in a time of about one microsecond and might therefore record 
several events during one burst of beam from a high-energy accelerator. Gating 
and read-out would take place at the command of external electronics identification 
apparatus, as outlined in connection with bubble chambers. We hope that a small 
chamber 1 0  cm in diameter will be the humble beginning of the technique of electronic 
track chambers which can be extended to three dimensions.

Future Developments
I shall mention now some developments which physicists would like to have 

in the near future. I have one persistent request: multiplier phototubes with smaller
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spread in transit time and more efficient photocathodes. We eagerly anticipate the 
perfection by Dr. Morton of RCA of his design for an electron multiplier with 
tremendously increased interdynode acceleration, and invite other makers of photo­
multipliers to come forth with ideas for improved tubes. For example, at the 
Westinghouse Company in the U.S.A. research is in progress on a transmission 
type electron multiplier structure designed by Dr. E. Sternglass. This structure 
consists of parallel foils of very thin material. High voltage is applied between the 
foils. Primary electrons are accelerated on to the foils and secondary electrons 
emitted from the opposite side are accelerated to the next foil. Several such stages 
have been made to work in a single enclosure. I believe the principal problem is 
to find foil materials which multiply but are not fatigued by the electron bombardment. 
This type of structure is expected to have a small transit time spread because of the 
high voltage per stage (several kilovolts) and because of the similarity of electron 
paths. Such structures are also capable of image amplifications because they preserve 
the pattern of the intensity of the original primary electrons.

Research with the giant machines now under construction needs practical time 
resolutions of 10~ 1 0 sec in coincidence circuits. If we assume that phototubes will 
become available which are capable of such fast pulses, we shall need improved 
electron tubes to take full advantage of their outputs. I believe that transmission lines 
are presently available to carry the pulses to the coincidence circuit. Surely better 
vacuum tubes than conventional pentodes could be designed specifically for coincidence 
circuits. For example, many experimenters use type 6 BN6  tubes. Could not both 
grids be shielded from each other and from the anode ? Also, tubes should be con­
structed with coaxial inputs so that transmission lines could be matched directly 
to the grid structures.

It may be that we have almost reached the ultimate in resolution using pulses 
sent over transmission lines to conventional circuits. We should be planning arrange­
ments in which the multiplier tubes themselves perform the coincidence operation. 
Dr. Morton has succeeded in forming the output current of a multiplier structure 
into an electron beam. Perhaps such beams at low intensity could be swept over the 
inputs of slower multipliers at a frequency of about 109  per second. Two or more of 
these devices might be driven by a common radio-frequency generator in such a 
way that knowledge of the phase differences of the sweeping frequencies would tell 
the difference in time of events which produced a pulse out of the slower multipliers.

Transistors will be used more in fast electronic circuitry. There are presently 
available transistors which work in pulse circuits above 1 0 0  megacycles.

Finally, at a recent meeting of the American Institute of Electrical Engineers a 
scaler circuit using non-linear magnetic elements was described, which worked at 
100 kilocycles. We should watch this technique for its simplicity and reliability.

Some of the work I have mentioned was done under the auspices of the United 
States Atomic Energy Commission, and I wish to express my appreciation to the 
United States Office of Naval Research for making possible my attendance at this 
conference.
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A NANOSECOND VERNIER TIME ANALYZER
C. C o t t in i, E. G a tti, F . Va g h i - L aboratori C.I.S.E., M ilan  (Italy)

The instrument is the result of the development work started three years ago 
when we introduced the Vernier method(l), (2), (3), (4), but since then other 
instruments, based on the Vernier technique, have been developed (5), (6 ) and 
used (7). The block scheme of the instrument is shown in Fig. 1.

The pulses of the photomultipliers excite two resonant circuits (20 MHz and 
20.2 MHz). The resulting wave trains are mixed in a diode bridge modulator, the 
phase of the low frequency modulation product being measured by the arrival 
time of a quasi-coincident (2.10- 8 sec.) couple of photomultiplier pulses. This phase 
measurement is accomplished through a time-to-height converter based on a ramp 
function started by the 2 .1 0 - 8 sec. coincidence, and stopped by the first zero crossing 
of the modulation product: resonant circuits are excited linearly to prevent a 
systematic error in time measurements related to the amplitude of the input pulses. 
At high counting rates the resonant circuits should be protected against successive 
pulses after an excitation: this is provided, for 4 microseconds, by a reversal of 
voltage of two successive dynodes of the photomultipliers driven by the slow 
coincidence (Fig. 2). The slow coincidence also supplies a signal to remove, for 
4 microseconds, the damping which normally protects the resonant circuits from 
excitation due to each single pulse.

We obtain a calibration stability of about 5.10— 11 sec. per day with a feedback 
arrangement: a pair of artificial coincident pulses is sent to the two photomultiplier 
anodes every tenth of a second, and the resulting pulse at the output of the instrument 
is stopped by a gate, and compared by a reference amplitude discriminator. This 
corrects continuously through a large time constant the reverse voltage of a junction 
diode, which acts as a controlled capacitor in parallel to one of the resonant circuits. 
Amplitude requirements on photomultiplier pulses can be introduced and they 
control the output gate of the instrument.

Fig. 3 shows the resonant circuits with damping devices and feedback arrangements 
for compensating losses. It is necessary for the satisfactory operation of the mixer 
to have wave trains of standard amplitude. The wave trains have to be limited 
without introducing amplitude-dependent phase shifts. We have two limiters consisting 
of vacuum diodes 6AL5, in parallel to the resonant circuits of the amplifying stages 
and a 6 BN6 . The 6 BN6  alone is not sufficient because the grid voltage modulates 
the velocity of electrons in flight. Tuning adjustment of the low Q stages is also 
an easy adjustment of the phase amplitude dependence, which reverses its behaviour 
passing through the resonance. The scheme of the time-to-height converter is shown 
in Fig. 4 and the design follows some circuits of Chase and Higinbotham(5) and 
Lepri and others (8 ).

Fig. 5 represents two typical prompt coincidence curves of Na2 2  gamma ray 
annihilation radiation. The curves clearly show the insensitiveness of the instrument 
to a strong disturbing source as specified in the Figure. Pulses were accepted without 
amplitude requirements, and the lower threshold was about 100 KeV.

Fig. 6  shows a prompt coincidence curve of a Na2 2  gamma source. The amplitude 
requirements accept only the upper part of the 0.51 MeV.

Fig. 7 shows a measurement of positron lifetime in teflon. A source of about 
15 pc of Na2 2  is sandwiched in the teflon and placed between the photomultipliers.

12 177
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Figure 1
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Figure 2
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One of the photomultipliers accepts only the upper part of the 1.28 MeV gamma rays 
and the other accepts only the upper part of the 0.51 MeV annihilation quanta.

Fig. 8  shows a curve obtained with artificial light pulses of an amplitude correspon- 
ing to 40 times the light pulse due to a 0.51 MeV gamma ray with a plastic scintillator. 
The artificial light source is a hydrogen flash tube as described by J. H. Malm- 
berg (9).
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In conclusion, we think that the Vernier technique is a very useful one. However, 
linear excitation of resonant circuits makes the instrument rather sophisticated: 
our next attempt will be non-linear excitation and correction of the output pulse 
of the time-to-height converter with steps based on an amplitude measurement 
of the photomultiplier pulses. '
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A FAST TRIGGER CIRCUIT
F. J. M. F arley - C.E.R.N., G eneva (Sw itzer la n d )

In the circuit of Figure 1, valves V3, Y4 and V5 form the trigger circuit. To the

Figure 1
Complete discriminator circuit. Trigger circuit with pentodes, E180F, valves V3, V4, V5.

basic Schmitt circuit, valve Y5 is added in place of the usual cathode resistor. For 
positive input pulses at the grid of V3, the trigger action requires that the cathode 
voltage of V3 must drop. This is achieved more rapidly in the circuit given by means 
of a positive signal applied to the grid of V5. Yalves V4 and V5 can be regarded as a 
White cathode follower, transferring the negative signal from the anode of V3 to 
its cathode. Because of the good performance of the White cathode follower on 
negative fronts, the addition of V5 leads to more rapid trigger action. A version 
of the trigger circuit using double triodes is given in Figure 2.

Figure 2
Trigger circuit using double triodes, E 88 CC.

185
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A full description of the trigger circuit and the complete pulse height discriminator 
unit shown in Figure 1, has already been published(l). The unit measures pulse 
amplitudes from 1 to 21 volt with a dead time of order 20 millimicrosecond. The 
oscillograms of Figures 3 and 4 indicate the performance of the discriminator unit.

Figure 3
Input (upper) and output (lower) pulses for discriminator. Horizontal scale 40 m(is per large division, 

vertical scale 2 v per large division, (a) single pulse input, (b) double pulse input.
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Another version of the trigger circuit is indicated in Figure 5, valves Y3, V4 and V5. 
Here, the circuit is triggered by a negative front applied to the anode of V3 and it

B length*

m>i »*c. HH1000

0 0
50 356
100 712.5
150 10615
200 1424.5
2SQ 1700-5

100 712.S
300 2136.5

Figure 5
Trigger circuit with time resetting, valves V3, V4 and V5, in four channel coincidence box.

remains triggered until the negative front reaches the grid of the same valve after 
passing through the 1000 Q. delay cable B. The length of the pulse is therefore deter­
mined by the delay cable with rather good stabilty, independent of input pulse height 
and duration.

In the circuit shown, the trigger circuit forms part of a flexible four channel coin­
cidence — anti-coincidence box used for mixing signals at medium speeds. In each 
channel there is a variable delay introduced by the delay cable A, and pulse lengths 
of 100 or 300 millimicroseconds can be selected by choosing a suitable cable length B. 
The signal can be used either in coincidence or in anti-coincidence with the other 
channels by means of the yes/no switch. The diode coincidence and output trigger 
circuit V8 , V9 are indicated below.

I wish to thank Mr. R. Kiesler and Mr. F. Francia for their painstaking work in 
the detailed development of these circuits.
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A NEW METHOD OF PULSE TIMING APPLIED TO 
FAST COINCIDENCE WORK

D r . W olfgang  G ruhle  - M ax P lanck-In stitu t  fur  P h y sik , H eidelberg
(W . G ermany)

The object of this paper is a contribution to a problem which arises in fast coin­
cidence arrangements using slow scintillators as Nal and anthracene. It is common 
practice with high speed scintillators to clip the pulses from the photomultiplier 
and feed them into a diode coincidence network. Thus a coincidence resolution of 
the order of nanoseconds is easily obtained. But when using slower scintillators 
usually standard pulse generators are triggered to feed the coincidence stage with 
unity pulses of constant width and amplitude. Then the well-known timing problem 
arises as it is seen in Fig. 1. The input pulse spectrum triggers the pulse generator

TIME DISPERSION 
OF TRIGGER PROCESS

Figure I

at a definite level and the time of triggering depends on amplitude. So, if a small 
standard pulse is derived, the time dispersion (which is of the order of the signal 
rise time) prevents the use of very short standard pulses or many true coincidences 
between different amplitudes are lost.

Usually the trigger level is held very low so that the interesting part of the signal 
spectrum falls inside the coincidence resolution defined by the standard pulse width. 
But it must always be looked for a compromise between the noise background and 
the coincidence efficiency.

There has been proposed and performed a solution of this problem by Weinzierl(l) 
and Johansson (2) which is shown in Fig. 2. The delayed signal is mixed with a pedestal 
of opposite polarity derived from the input signal in such a manner that there is a 
common crossing at a definite level on which the trigger level is placed. By this 
method the trigger time delay is independent of trigger amplitude. The disadvantage 
is the use of diodes and d. c. networks with their temperature dependence and 
long time d. c. drift. So we found another solution to this problem (Fig. 2). With

189
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WEINZIERL, JOHANSSON

AHPL.

NEW TIMING SYSTEM

Figure 2

double differentiation (the first by a RC network, the second by a clipping cable) 
a pulse shape is obtained with a fixed crossing point exactly on zero level common 
for all amplitudes. It is this crossover which is used to trigger the coincidence pulse 
generator. The problem is to find a trigger stage which fires at zero level. This is 
possible by the well known Schmitt-trigger circuit with its characteristic backlash. 
It flips-in at a certain level (having the normal time dispersion), but flops-back at 
another level positioned here at zero line, and from the trailing edge an output pulse 
is derived to trigger the following pulse generator. It is possible to adjust and to 
operate the Schmitt circuit with a constant flop-back level exactly at the base line. 
A Second overshoot of the pulse shape is avoided by a differentiating cable slightly 
mismatched by a terminating resistor O <  R <  Z0  instead of a short circuit.

The oscillogram (Fig. 3) shows the pulse shape of the input spectrum before and 
after the differentiating process (Cs137, time scale 0.2 p.sec/cm). The circuit is shown 
in Fig. 4. The first two tubes have simple amplifying and inverting purposes and 
may be changed to match for other input amplitude ranges. The differentiating ele-
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Figure 3

/> / '

CIRCUIT OF PULSE TIMER

Figure 4

ments are placed in the grid and plate circuit of the first tube. The Schmitt circuit 
has a backlash of about two volts and uses a sharpening diode similar to that of 
the previous paper by Dr. Farley. The trailing edge of the Schmitt pulse is differen­
tiated and feeds a cathode follower through a simple diode discriminator which 
has to remove very small pulses which may pass through the circuit capacitances. 
The diode clipper at the input of the Schmitt circuit prevents large pulses from 
drawing grid current.

To show the performance of the circuit, the delay was plotted over the various 
amplitudes of a test pulse generator (Fig. 5). The dashed curve was added to show
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RELATIVE
TRIGGER

the usual delay without the timing circuit. With pulse timing (solid line) there still 
exists a small delay in the region of the threshold level just when the Schmitt circuit 
triggers. It covers only a negligible part of the pulse amplitude spectrum. (The slight 
increase for high amplitudes is due to the test pulse generator.) The actual performance 
with a pulse spectrum (Cs137, Nal(Tl) with 6342) is seen in Fig. 6 . The differentiated

Figure 6
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output pulse of the Schmitt circuit is displayed on a c.r.o. screen with 20 nsec/cm 
time sweep. The oscilloscope was triggered on a very low input level so that even 
very small pulses activated the sweep without triggering the Schmitt circuit, thus 
writing, in addition, the zero line. There is a certain remaining fluctuation in time 
the origin of which is supposed to be due to the decay time (pulse rise time) fluc­
tuations of the scintillator, partly at the very beginning of the pulse (fluctuation of 
the sweep trigger) and/or partly at the time when the differentiation process occurs 
(fluctuation of the zero crossing). To obtain a very rough estimation, a photometer 
record of Fig. 6 was taken along the abscissa. The same procedure was repeated 
with anthracene scintillator under the same conditions except for the changed 
differentiation cable length. The result is shown in Fig. 7, plotted on a logarithmic

scale to respect the blackening characteristic of the film. The half-widths of the curves 
approximately give the highest possible coincidence resolution which seems reason­
able in connection with slow scintillators.

The numerical results Of 24 resp. 11 nsec are preliminary; the main purpose of this 
paper was to show the method. Various applications are possible in all trigger stages 
in oscilloscopes or in coincidence arrangements where different amplitudes are to 
be selected for coincidence (e.g. (3—y  spectrometers). The circuit has been running 
in a twofold coincidence stage of a Compton spectrometer for months without 
readjustment.

R E F E R E N C E S
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A NOVEL FAST COINCIDENCE CIRCUIT OF THE
DICKE TYPE

W. F. H ornyak  a n d  H. Y o sh ik i - U niversity  of M aryland  a n d  P r inceton
U n iversity  (U.S.A.)

The ingenious circuit designed by R. H. Dicke(l) was modified to permit its 
practical use with fast scintillation detectors. It is perhaps not inappropriate to 
review briefly the operation of this circuit as originally conceived. Transmission 
lines l], t2 ,h , 14 , and l5 (refer to Fig. 1) are connected to junctions A and B containing

lumped circuit elements arranged physically to produce the least wave propagation 
discontinuities aside from the desired effects. The output impedance of the signal 
sources is assumed to be Zq, the characteristic impedance of the transmission lines.

Consider first, only an input pulse on line 1 and its interaction with junction A. 
In addition to the reflected pulse traveling back down line 1 and the transmitted 
pulse traveling down line 2  (each of which is completely absorbed at the matched 
input terminations), two equal pulses 1 ravel down lines 3 and 4 to junction B. Since 
lines 3 and 4 are made unequal in length, the two pulses arrive at junction B separated

A tby a time — , where A l =  l4 — ^  and c is the cable propagation velocity. Two 

such equal pulses will have a Fourier spectrum containing amplitude zeros at fre­

quencies von =  n =  1, 2, 3 , ......... Thus the narrow band width receiver,

viewing junction B through line 5, if tuned to one of these frequencies will have no 
output.

Consider now two simultaneous signals injected at inputs 1 and 2. If the lines 1 and 2 
are also made unequal in length by At, A t = I4 — h  = li — 1\, the time sequence 
of pulses shown in Fig. 1 results. The output signal on line 5, which passes through 
the diode acting as a non-linear circuit element, may be decomposed into the equiva­
lent pulses labeled a, b, and c. The pulse c results from the non-linear behavior of
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TIME SEQUENCE FOR COINCIDENT PULSES

the diode; if the diode were a linear element component c would vanish. The sets 
of identical pulses a and b again have zero Fourier amplitudes at the frequencies 
von, however, component c will in general have non-zero amplitudes at these fre­
quencies. Thus the receiver tuned to one of the frequencies von will have zero out­
put for pulses originating from single events injected at either input and a non-zero 
output for coincident events. It should be pointed out that the input coincident pulses 
need not be equal in amplitude or for that matter they need not be even similar in

A l
shape. What is important however is that the time —  should be long compared

to any of the input pulse durations or else pulse overlapping at the diode will occur 
even with single inputs, with the subsequent loss of the desired amplitude cancellation 
at the frequencies von. It is also clear that the diode response time must also be short

A t
compared to —  to prevent the effect of first pulse being stretched to the arrival c
time of the second pulse.

The reason for inserting the carbon resistor in series with lines 3 and 4 is as follows. 
Due to the various interactions (both reflections and transmissions) at junction B 
pulses will travel back towards junction A on lines 3 and 4. Consider, for example, 
a pulse arriving back at junction A on line 4. It will be partially transmitted at 
junction A down line 3 towards junction B again. In order that this disturbance in 
arriving at junction B produces no signal at the receiver output, it must be paired
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with a reflected pulse back down line 4. This condition, plus the obvious one of 
symmetry, require that the resistors be each equal to Zo in resistance. Under this 
condition these secondary pulses arriving back at junction B have only 1/36 of the 
power of the pulses that left junction B to begin with.

The coincidence resolving time clearly depends on the detectable non-linearity 
introduced by the diode as non-coincident, but overlapping pulses are increasingly 
further separated in time. The combination of large diode non-linearity and high 
receiver sensitivity required to permit the detection of coincident pulses of large 
difference in height thus sets the coincidence resolving time near the signal pulse 
width. This assumed no response time limitation on the part of the diode, which, 
if present, would further increase the iesolving time.

The signal sources in this work were diphenyl acetylene scintillation crystals mount­
ed on IP 21 photomultipliers. The anode load resistances were set equal to Z0. 
The IP 21’s were selected to permit operation at voltages as great as 2400 volts 
without breakdown. Under these conditions signal pulses several volts in amplitude 
and approximately 3 millimicroseconds (estimated) in width were produced.

Simple biased diodes (germanium types 1N34, 1N56, G7A, etc.) were tried in 
the manner described by Dicke. In addition, diode networks were tried in order to 
reduce the mismatch at junction B. In all cases, considerable conduction biasing 
of the diodes was required to realize a short diode response time which inevitably 
resulted in poor non-linearity. It should be remarked that the non-linearity encountered 
here involves a positive curvature of the (diode) output voltage versus (diode) input 
voltage (see Fig. 1) where c is a positive pulse.

Most successfully, non-linearity of negative curvature or of the saturating type 
was. used. The saturating element was an overdriven distributed line amplifier

Figure 2
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Figure 3
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(actually two Hewlett Packard amplifiers in series). The input to this amplifier 
consisted of a distributed line mixer(2) (see Fig. 2). The transmission lines 3 and 4 
were selected to have the same characteristic impedance as the mixer (180 ohms). 
Thus this results in a matched junction B with no reflections or cross transmissions 
coupling lines 3 and 4. The gain on one branch of the mixer was adjustable to permit

Q | I 1______ I_____ I______ I___!__I-------- 1 I I I - 1 —*

' 0 2 4 6 8 10 12 14 16 18 20 22 24.
I -  l  ( F E E T )
Figure 4
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precise “double pulse matching” . To check this feature of the operation, two photo­
multipliers were used viewing the same scintillation crystal, thus producing a large 
number of “coincidences” per second. Simply turning the high voltage off to either 
photomultiplier would simulate “singles” inputs. Fig. 3 shows the counting rate 
on the output of the receiver (a scaler was used to count the pulses from the second 
detector of the receiver that exceeded a prescribed height on the scaler input dis­
criminator — in practice set just above the overall noise level in the video stages of 
the receiver) both for the “singles” and coincidence arrangement. The calculated 
minimum in the singles curve should be 28.2 megacycles. In actuality the m inim um  
rate was unmeasurably low.

Fig. 2 shows the coincidence circuit as it finally evolved. Cables l\ and l2 having 
characteristic impedances of 52 ohms were used while l2 and ( 4  had Z0  =  180 ohms 
as just described. All changes in cable lengths are most conveniently done in either 
lines 1 or 2 rather than lines 3 or 4. (Changing 13 or l4 would require resetting the 
mixer gain for “double pulse matching” due to the ensuing change in cable atten­
uation.) The small change in accepted pulse height dynamic range due to a change 
in cable attenuation as l\ or l2 is changed requires L\ and l2 to be low loss cable. 
Generally, low impedance cable is better in this respect; it further produces more 
severe RC clipping of the photomultiplier signal and consequently a shorter coin­
cidence resolving time. The T-networks are introduced to improve cable impedance 
matching, particularly in the presence of shunt capacities.

The pulse energy within the bandwidth of the receiver results in generating a 
pulse in the second detector having a width of approximately 50 microseconds (the 
RC time constant of the second detector). The particular receiver used (Halicrafter 
S-36A) had a “high fidelity” audio section capable of passing the second detector 
pulse (high frequency audio cut-off being 50 KC). The 500 ohm output was used 
to drive a conventional scaler. The scaler discriminator and “Audio Gain” were 
used to bias above the noise generated in the RF section of the receiver. The particular 
receiver used had the best signal to noise figure at v0i (i.e., the “first harmonic” , 
n =  1 among the Fourier amplitude zeros).

Fig. 4 shows a typical coincidence resolution curve using diphenyl acetylene 
crystals and Co6 0  y-rays. The observed resolving time is 3.7 millimicroseconds and 
the “drop-off” rate to produce a decrease of a factor of two in the counting rate, 
is 3 — 6  x  10- 1 0 seconds. Coincidence input pulses differing in amplitude by as 
much as a factor of 1 0  were counted with 1 0 0  percent coincidence efficiency.

R E FE R E N C E S
(1) DICKJE R. H., Rev. Sci. Instr. 18, 907 (1947). .
(2) CHAGNON, ZERNOW and MADANSKY, Rev. Sci. Instr. 24, 326 (1953).



A FAST PHOTOMULTIPLIER AND COINCIDENCE 
SYSTEM FOR PRECISE TIME MEASUREMENTS*)
G. A. M orton  a n d  R. M. M atheson  - RCA L aboratories, P r in c eto n , N. J.

. (U.S.A.)
/

In an earlier paper brief mention was made of a new photomultiplier, being 
developed at RCA Laboratories under the sponsorship of the Atomic Energy 
Commission, designed to have time resolution capabilities at least an order of 
magnitude better than the conventional high speed tube. We would like here to 
present a somewhat more detailed description of the tube and of the design principles 
involved in its construction.

In order to' take full advantage of the resolution of this tube, it was necessary 
to develop a new type of coincidence circuit to use with it inasmuch as conventional 
coincidence circuits are somewhat inadequate for the purpose. The new coincidence 
circuit makes use of a special beam deflection tube and is arranged so that coincidence 
occurs at a point which is a predetermined fraction of the total pulse height of the 
pulse from each photomultiplier.'

The two principal causes of time error in a multiplier structure are the differences 
in path lengths of electrons going from one dynode to the next and the initial velocities 
of the secondary electrons. In a conventional multiplier, the first effect accounts 
for nearly 80 % or 90 % of the time error. The new structure aims toward reducing 
both of these causes of error. First, the path lengths of the trajectories followed by 
different electrons in going from one dynode to the next are made as nearly equal 
as is practical. Second, a series of electrodes is located between alternate dynodes. 
The potentials of these electrodes are made very high. An electron leaving a dynode 
is rapidly accelerated to a high velocity and then, as it approaches the succeeding 
dynode, it is slowed down so that it strikes this dynode with a velocity which is 
about the same as that in a conventional multiplier.

With this arrangement, electrons move very much faster across the interdynode 
space than they do when their velocity is due simply to the fields resulting from 
the normal interdynode voltage. The transit time from one dynode to the next is, 
in fact, essentially the same as would be the case if the interdynode voltage equaled 
the voltage on the central electrode system. However, this short transit time is 
obtained in the new structure without having to cascade the high voltages needed 
to make the transit time small. The high velocity of the electrons reduces the effect 
of differences of path length and the effect of initial velocities.

Fig. 1 shows the general arrangement of the multiplier structure while Fig. 2 is 
a photograph of an experimental model of this tube. Measurements made on the 
tube shown in the photograph indicate that the loss of electrons from the space 
current between dynodes to the central electrodes was at all points less than 2 0 %. 
This means that the electron optical design of the structure is quite satisfactory. 
Fig. 3 is an enlargement of one stage showing the equipotential lines between dynodes 
and some of the electron trajectories. Calculations based on these field plots, 
considering path differences alone, indicate a time error of the order of a few times 
10- 1 2 sec. Estimates of transit time spread due to initial velocities indicate that the 
spread in any one stage would be expected to be of the order of 3 to 5 X 10~11 sec. 
An experimental measurement of the time spread of a six-stage structure made

*) This work was supported by the United States Atomic Energy Commission.
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C E N T R A L  FIELD 
E L E C T R O D E S

C E N TR A L  E L E C T R O D E  P H O T O M U L T IP L IE R
Figure 1

Figure 2
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by M. H. Greenblatt, using an especially designed beam deflection type analyzing 
tube, shows that the total spread is about 1.2 x 10— 1 0 sec. Assuming that the total 
spread is the square root of the sum of the squares of the spread per dynode, the 
interdynode transit time spread for this tube is of the order of 5x10 — 11 sec.

In addition to the multiplier itself, it is, of course, necessary to develop an anode 
system which does not introduce too great a time error. In a conventional multiplier, 
when an electron leaves the last dynode and moves toward the collector or anode, 
a displacement current is set up which continues during the entire transit of the 
electron. This is not serious with a conventional multiplier since the transit time 
spread is of the same order as the interdynode transit time itself. With the new tube, 
however, the time error is so small that the collector system must be radically 
modified. A shield surrounds the collector so that no displacement current is 
produced in the anode lead until the electrons pass through this shield. Since this 
does not occur until the electron velocity is very high, i.e., that corresponding to 
the potential of the central electrode system, the duration of the space current is 
very small.

Finally, it is necessary to design a photocathode-first-dynode electron optical 
system whose speed is commensurate with that of the multiplier. Fig. 4 shows the 
structure being developed for this. The curvature of the cathode is such that the
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PHO TO CATHO DE AND L E N S  S Y S T E M
Figure 4

photoelectron transit times are essentially equal and the relatively high potential 
at which the lens elements operate (i.e., the potential of the central electrodes) 
minimizes the effect of the initial velocity of photoelectrons.

Before discussing the new coincidence circuit, let us briefly examine the nature 
of the time error from a multiplier. Let us assume that the scintillation which is 
to be timed consists of n photons arriving at the photocathode as a S function in 
time. This will cause the release of ne= n y  electrons where y is the quantum efficiency 
of the photocathode. At some later time, a pulse of average charge neG will be 
collected by the anode. The pulse will no longer be in the form of a S function but 
rather will be in the form of a Gaussian curve in time, with a variance of the time 
spread per dynode. The maximum of this pulse has a root-mean-square time 
deviation A t from the average value t0  given by the relation shown in Fig. 5. If, 
as is normally done in the case of the conventional fast coincidence circuit, triggering 
occurs when the anode voltage reaches some predetermined value (e.g., the voltage 
corresponding to the integral of a pulse due to neG electrons integrated from the 
start of its rise to its maximum), there will be an additional time error due to the 
statistical fluctuation in amplitude of the output pulse and the finite rise time of 
the pulse. This is made clear from Fig. 5 which gives the total time variation A t. 
However, if a coincidence circuit is used which triggers on a fixed fraction of the 
total integrated pulse, term Ats or Jtk under the radical will be eliminated or 
reduced to a very small value. Since this term depends upon the number of stages 
of the multiplier, a considerable improvement in time resolution where a high gain 
multi-stage multiplier is used can be effected by a ratio coincidence circuit.
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The beam deflection tube used as the essential element of the ratio coincidence 
circuit for testing the performance of the new fast multiplier is shown diagrammatically 
in Fig. 6 . It consists of an electron gun focused on to an apertured disk with a ten- 
stage circular multiplier mounted behind the aperture. Two pairs of deflecting 
plates mounted at right angles to one another serve to deflect the beam. These 
deflecting plates are designed to be as nearly as possible part of 50-ohm transmission 
lines passing through the tube. One end of each transmission line is connected to 
the multiplier outputs while the other end permits matched terminations to avoid 
reflections.

The operation of this coincidence element can be described with the aid of Fig. 7. 
Two signals are brought out from each of the two multipliers in the coincidence 
circuit. One of these signals is obtained from the last dynode and fed through an 
attenuator to the deflecting plates. The second signal comes through a fixed delay 
network directly onto the deflecting plates. For the problem at hand, the attenuator 
is set to reduce the amplitude of the pulse from the last dynode to just half the value 
of that from the collector. The rest position of the beam in the coincidence tube is 
such that it strikes the aperture disk just below and to the left of the aperture on 
a line making 45° with the deflecting plates. The pulse from the last dynode of 
multiplier A deflects the beam downward, while that from multiplier B deflects it 
to the left. The pulse from the collector of A, which is opposite in sign from that 
of the last dynode, deflects the beam upward, but since its amplitude is twice the
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B EA M  D E F L E C T IO N  C O INCIDENCE T U B E

Figure 6
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OPERATION OF BEAM COINCIDENCE SYSTEM
Figure 7

COUNT RATE AS A FUNCTION OF TIME DELAY

Figure 8
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amplitude of the pulse from the last dynode, the beam crosses the horizontal diameter 
at approximately the half-way point of the rise of the integrated pulse. Similarly, 
the pulse from the collector of multiplier B deflects the beam to the right, crossing 
the vertical diameter at the mid-point of the rise of the pulse. This is independent 
of the amplitude of the two pulses since the deflection in one direction is always 
half that in the other. When the two pulses are truly in coincidence, the beam deflects 
in a straight line, crossing the aperture at the mid-point of the rises of the two 
coincident pulses. When the pulses are not in coincidence, the beam deflects along 
a curved path which does not cross the aperture.

The coincidence tube has been subjected to preliminary tests using a C7251 
developmental multiplier. Fig. 8  shows the time distribution curve of the coincidence 
between the multiplier output, when excited by a fast rise time spark light flash, 
and the spark current. It will be seen that the full width at half maximum of this 
curve is about 2.5 x  10~:10 sec. which is in agreement with the time fluctuation 
expected from this type of multiplier.



THE PULSE SAMPLING OSCILLOSCOPE
P . R . O r m a n  - A to m ic  E n e r g y  R esea rc h  E sta b lish m e n t , H a r w e l l  (E n g l a n d )

There have been great advances in the design of high speed cathode ray tubes 
in recent years and bandwidths in excess of 5000 Mc/s have been achieved with 
good sensitivity. The increase in sensitivity has been achieved partly by use of the 
travelling wave deflection system and partly by reduction of the spot size. Careful 
design of the electron gun has ensured high beam current density and so maintained 
the writing speed in spite of the reduction in spot size. In Table I, I have listed some 
characteristics of a few of the more recent cathode ray tubes.

TABLE I
Fast Oscilloscope Data

Tube Type Size of Display Vertical
Sensitivity Bandwidth (3db) Deflection System

K 1056 Y direction 10 cm 3V/sw 1000 Mc/s Y Plates
(Dumont) X direction 10 cm lOOV/cm X Plates

E 2234-3341A 
(E.G. and G.)

Y direction 1 cm 
X direction 1.5 cm

30mV/sw
8V/cm 2000 Mc/s

Y Balanced Trans­
mission Lines (120 O) 

X Plates
T .W .ll
(Rauland)

Y direction 3.5 cm 
X direction 10 cm 0.46V/sw 5000 Mc/s 

300 Mc/s

Y Balanced Trans­
mission Lines (125 Q) 

X Plates
Sampling
Oscilloscope LARGE . ~  mV/sw (Harwell) 

560 Mc/s 
(Sugarman)

Whilst we must give credit to these designs, we must also remember that they 
have disadvantages, apart from their price. The improvement of sensitivity by 
reduction of spot size is perfectly admissible when photographic recording methods 
are used, but the associated small area display is a great inconvenience to the 
engineer making constant visual observations in the course of circuit development. 
He will not, in general, be studying single transients and he may not require quite 
as much bandwidth as is possible with the tubes I have listed. Nevertheless, he 
requires at least the same order of sensitivity, and his eye is not the untiring eye 
of the camera.

It is my purpose in this talk to describe another approach to the problem of 
displaying high speed waveforms, namely the pulse sampling technique. This is 
a technique which can be used wherever the waveform to be displayed is recurrent. 
For visually observed displays it is helpful if the recurrence rate exceeds about 
1 0 0  c/s, but it must be emphasized that there is no reason why the recurrence should 
be regular, the waveforms may occur randomly in time. The bandwidth of sampling 
oscilloscopes at present in use is much more moderate than the 5000 Mc/s I have 
mentioned for the best conventional high speed oscilloscopes, but the sensitivity 
is very greatly improved and the display is large and bright.

The sampling oscilloscope is not a new device, the first design by Janssen (1) 
was reported in 1950. A commercial design by McQueen (2) followed, and during
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the last five years almost all the fast circuit work that has been done at Harwell 
has been done with its aid. Recently, at our laboratories this most useful instrument 
has been felt to be rather cumbersome and costly and accordingly smaller and 
cheaper instruments have been designed to satisfy the growing demand for fast 
oscilloscopes. Two designs have emerged, one using valves (3) and one using 
transistors (4). Each takes the form of an “add-on” attachment to a conventional 
low bandwidth oscilloscope, and the bandwidth in each case is in the region of 
300 Mc/s. One other design, with considerably higher bandwidth (560 Mc/s) has 
been reported by Sugarman(5) who has used it to study output waveforms from 
scintillation counters.

The Principle of Operation
Reduced to its essentials, the pulse-sampling oscilloscope may be drawn schematically 

as shown in Figure 1.

F I G .  I. S I M P L I F I E D  S C H E M A T I C  D I A G R A M

The test waveform to be displayed is applied to a circuit which I shall call the 
mixer, where its average amplitude is measured over a very short period, short, 
that is, compared to the time scale of the test waveform itself. This “sampling” 
period, typically in the region of one nanosecond, is defined by the width of a 
“sampling” pulse, which is applied to the mixer once for every recurrence of the 
test waveform.

The output of the mixer is a long pulse whose amplitude is proportional to that 
of the test waveform over the sampling period. This long pulse is amplified by a 
narrow bandwidth amplifier, shaped to a convenient rectangular form of perhaps
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50 microseconds duration, and then applied to the vertical deflection system of a 
conventional oscilloscope. This series of operations is illustrated in Figure 2.

In Figure 2 we see that the time t at which sampling takes place is referred to 
a synchronising pulse associated with- (or derived from) the test waveform itself. 
It is arranged, by means of a suitable variable delay circuit, that the sampling 
time, t, shall vary between successive test waveforms and that the horizontal deflection 
in the display oscillograph is made.proportional to it.

In order to clarify this, let us consider one of the several ways in which the desired 
result may be obtained. In this method (see Figure 3) the synchronising pulses (a) are 
converted to fast ramp waveforms (b) and applied to the input of a trigger circuit. 
A non-synchronised slow ramp waveform (c) is also applied to the trigger circuit 
input as a time varying back bias. The two waveforms are shown superimposed 
at Figure 3 (d). The intersections of the rising parts of the waveforms give the 
instants at which the trigger circuit fires and it will be clear that the final output 
pulses become progressively delayed from their corresponding synchronising pulses. 
We shall see later that the instants of sampling the test waveform are determined 
by the instants at which this trigger circuit fires. The slow ramp waveform which 
has been used to give the variable delay is also used as the horizontal deflection 
in the oscilloscope.

In this way we shall build up a display consisting of a number of pulses whose 
amplitude envelope depicts the original test waveform. The form of the display 
is as shown in Figure 4. In practice, brightness modulation will be applied, so that 
only the tops of the pulses will be visible, and the display then consists of “dashes” .
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F I G .  3 .  W A V E F O R M S  I L L U S T R A T I N G  O N E  METHOD 

O F  A U T O M A T I C  D E L A Y  V A R I A T I O N .

Moreover, in this diagram, for ease of drawing, I have shown very few elements 
in the display. For reasonable definition, there would, in practice, be something 
in the order of a hundred elements and the “dashes” would become “dots” .

It is relevant here to point out that there is really no need to use a cathode ray 
tube display at all. A system has been designed in which the slowly varying bias 
referred to above, which provides the automatic delay variation and X sweep, is 
obtained from a potentiometer linked mechanically to a pen recorder. The pen 
of the recorder may be made to trace out the shape of the test waveform.

The Mixer Circuit
There are several possible designs for the mixer circuit, and I shall describe first 

one which is adequate for moderately high bandwidths and which has been used 
successfully for a number of years. The circuit is shown in Figure 5a and is basically 
that used by McQueen(2). The pentode is normally biased beyond cut-off by a negative



p u l s e  t e c h n iq u e : f a s t  e l e c t r o n ic s 213

----------- — H O R IZO N TA L D EFLEC TIO N  PROPORTIONAL
TO  T IM E  T

F I G .  4 .  T H E  F O R M  O F  T H E  D I S P L A Y  IN T H E  

S A M P L I N G  O S C I L L O S C O P E .

potential applied at its grid, but is brought into conduction by the narrow negative 
sampling pulse applied at its cathode. The grid bias and the amplitude of the sampling 
pulses are so adjusted that when conducting, the valve is in its normal Class A 
operating condition. The precise amount of anode current which flows during the 
sampling pulse is, controlled by the amplitude of the test waveform applied to the 
grid through an attenuator. In order to ensure sensibly linear operation, the 
attenuation must be such that the total peak to peak excursion of the test waveform 
at the grid does not extend beyond the linear region of the valve characteristic. 
The anode current consists, therefore, of a series of pulses whose amplitude is 
modulated in a linear manner by the test waveform. Each pulse is integrated by 
stray, or added, capacitance at the anode so that only low bandwidth amplifiers are 
required thereafter.

A mixer circuit using a transistor has been designed by Chaplin et al.(4) and 
this is illustrated in Figure 5b. The transistor J1 is normally cut off by the positive 
potential V applied at its base through the transformer TR1. The test waveform 
is applied at the emitter after sufficient attenuation to ensure that the bias level V 
is not exceeded. The sampling pulse is applied through the transformer, to the base 
and the output voltage at the collector for each sampling pulse is modulated as 
before by the “instantaneous” amplitude of the test waveform.

Fundamentally, an oscilloscope of the pulse-sampling type cannot display a 
rise-time shorter than the duration of the sampling pulse used (for detailed analysis 
see Lewis and Wells(6 )), but it is clearly necessary that any mixing circuit shall 
not degrade the bandwidth below this fundamental limit. The circuits described 
have been used with sampling pulses of about one nanosecond duration and are 
satisfactory for bandwidths up to about 300 Mc/s. Where greater bandwidth than
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this is required, it is necessary to produce shorter sampling pulses and also probably 
to seek a more suitable mixer circuit. Sugarman(5) has reported a design with a 
bandwidth (3db) of 560 Mc/s in which he uses a sampling pulse duration in the 
region of 0.5 nanosecond. His mixer consists of a biased silicon point contact diode 
tapped into a coaxial transmission line. See Figure 5c. Integration occurs at the 
diode anode.

D.C. Connection.
When a D.C. potential is applied to the mixer circuit input terminals the operation 

is rather akin to that of the D.C. chopper amplifier. It is clear, therefore, that the 
sampling oscilloscope can have the advantages of a direct coupled oscilloscope. 
If there is superimposed on the test waveform a variable and accurately measurable 
D.C. potential, then precision measurements of amplitude and D.C. level are 
possible.
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Sensitivity.
Since there is, in principle, no limit to the low frequency amplification that may 

be applied after the mixer circuit, the sensitivity of the sampling oscilloscope is 
probably most usefully referred to the noise at the input terminals. Neglecting 
the attenuator, which may or may not be required to precede the mixer circuit, 
the effective noise at the input is in the millivolt region for the designs I have described. 
One can therefore consider these oscilloscopes as having a sensitivity in the region 
of a m illivolt per spot width. The sensitivity can then be compared with that of 
conventional oscilloscopes, although as I mentioned earlier, one often needs to 
bear in mind the area of display as well as the sensitivity.

Disturbance of the Circuit under Test.
It should be noticed that, as distinct from the passive action of the conventional 

oscilloscope, the mixer circuits I have described have the property of injecting 
pulses of charge into the circuit under test. This effect will clearly be most pronounced 
when there is little or no attenuation in the coupling between the mixer and test 
circuits. Very often this does not matter, but the effect has nevertheless sometimes 
led to misleading displays, for example, when the circuit contains diodes in certain 
configurations. For this reason, it may sometimes be necessary to use a wide-band 
buffer stage, such as a cathode follower, between the mixer and the circuit under test.

The Display of Scintillation Counter Output Waveforms
In order to display fast output waveforms from scintillation counters it is, of 

course, necessary first of all to produce a synchronising pulse. This is often generated 
at one of the lower dynodes of the photomultiplier although it may, if necessary, 
be derived from the actual waveform it is desired to display. In either case, it will 
also be necessary to insert some appropriate amount of time delay in the input 
to the display system proper. Having obtained the synchronising pulses, we must 
now take account of the fact that they occur at statistically varying times and provide 
some sort of paralysis in the circuit which accepts them. By this means, we shall 
ensure that the circuit, once triggered, will ignore all further synchronising pulses 
until every circuit involved in the system has returned to its quiescent state.

I need hardly say that none of the procedures I have just outlined is special to 
the application of the pulse sampling technique. What is special is that we must 
now also take account of the wide variation in amplitude of the waveforms we wish 
to display. This involves the use of a single channel pulse amplitude analyser in 
order to select pulses whose amplitudes lie within a suitably small range. This can 
conveniently be done by generating at one of the lower dynodes of the photo­
multiplier a slow proportional pulse, and applying this to the input of the analyser. 
The output pulse from the analyser can then be used in a number of ways, but 
perhaps the easiest is to use it to control the brightness modulation of the display 
cathode ray tube.

Conclusion
To summarise briefly what I have said, the pulse sampling oscilloscope is a very 

high sensitivity, and reasonably high bandwidth device, giving a large and bright 
display of recurrent high speed waveforms. These waveforms may vary statistically 
both in amplitude and in time of occurrence; all that is necessary is that they should 
be recurrent.
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Considered as an attachment to a cheap, conventional, low bandwidth oscilloscope, 
the pulse sampling equipment need not be excessively costly, large or complicated. 
The “thermionic” version designed at Harwell contains about 20 valves, the transistor 
version less than a dozen transistors.

I hope I have said enough to explain the enthusiasm for these instruments at 
Harwell. They seem to have been used very little elsewhere, and since the basic 
ideas are not novel, it would be very interesting to find out why this should be so.
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DEUX APPAREILS DEMULTIPLICATEURS 
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1. On connait deja plusieurs publications dans lesquelles on decrit des echelles 
rapides avec un pouvoir resolutif de l’ordre de 10 ns. Avec le schema propose par 
Bay et Grisamore(l) il semble qu’on peut atteindre un pouvoir resolutif de 10 ns; 
l’echelle de huit publiee par Nakamura(2) divise jusqu’a 40 Mc/s; on espere obtenir 
avec les transistrons un temps de resolution du meme ordre de grandeur, puisque 
Baldinger(3) avec les transistrons Philco S.B.100, a obtenu un temps de resolution 
de 50 ns.

Neanmoins, on doit remarquer que ces demultiplicateurs rapides ne sont pas 
encore suffisamment stables. Pour ceci nous avons etudie deux nouveaux appareils 
demultiplicateurs d’impulsions a pouvoir resolutif de 30 ns. Le temps de resolution 
est done du meme ordre que celui des circuits deja publies; mais il semble que, 
au moins avec le premier appareil, on puisse atteindre une stabilite assez bonne, 
puisque cet appareil a deja fonctionne pendant plusieurs centaines d’heures. A 
present on pense construire en serie plusieurs exemplaires.

2. Le premier appareil a un facteur de demultiplication de 16; il est constitue 
par un formateur d’impulsions suivi de quatre elements d’echelle binaire dont le 
schema est represente par la Fig. 1.

Les lampes Vi et V2  etablissent les deux positions d’equilibre stable du flip-flop, 
Le couplage en continu entre Vj et V2  est etabli avec les «cathode-follower» V3 et V4 . 
Ces lampes auxiliaries ont pour fonction d’ameliorer la rapidite de la bascule 
puisqu’elles fournissent, pendant le temps de commutation, tout le courant necessaire 
pour charger les capacites parasites.
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Les inductances Lj et L2  introduisent une surcompensation des circuits d’anode, 
et partant, le temps de montee est de l’ordre de 10 ns. Les diodes limiteuses Dj et D2  

ont pour fonction d’eliminer les «undershoots» introduits par Li et L2.
Pour que l’echelle fonctionne correctement, les impulsions d’attaque doivent etre 

aussi courtes que le temps de commutation de la bascule. Pour cela nous avons 
mis a l’entree de l’appareil un formateur d’impulsions qui est represente par la Fig. 2.

Si les impulsions d’entree ont une amplitude au moins de 2 Volts et un temps 
de montee inferieur a 1 jis, on obtient sur l’anode de V2  des impulsions rectangulaires 
avec un temps de montee de 10 ns. Ces impulsions sont envoyees aux cathodes 
des lampes Vj et V2  du flip-flop; elles sont alors derivees avec une constante de 
temps determinee par la capacite de couplage et la transconductance des lampes 
du flip-flop. Ainsi on obtient sur les cathodes du flip-flop une impulsion positive 
de 2 0  ns relative au front positif de l’impulsion d’entree et une impulsion negative 
de la meme duree relative au front negatif. L’amplitude de ces impulsions derivees 
est telle que seulement les impulsions positives provoquent la commutation du 
flip-flop, tandis que l’echelle est insensible aux impulsions negatives.

F OL L OWER,  AVEC 
D I F F E R E N T I A T I O N

Figure 3

Dans la Fig. 3 est represente le schema du couplage entr.e un flip-flop et le suivant.
Le couplage est effectue simplement avec un cathode-follower. De cette maniere 

on ne perturbe pas le flip-flop precedent; ainsi on peut utiliser le front de montee 
delivre par le «cathode-follower» a chaque commutation du flip-flop et attaquer 
le flip-flop suivant en effectuant la derivation ainsi que nous l’avons deja decrite.

Pour visualiser, nous avons adopte le systeme bien connu d’envoyer dans un 
microamperemetre (150 pA f.s.) un courant proportionnel au nombre des impulsions 
demeurees entassees dans .l’echelle.
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Dans la Fig. 4 est represente le schema complet de l’echelle de 16.1)
Nous avons mestire le pouvoir resolutif de l’echelle en regime impulsif.et nous 

avons trouve un temps de resolution de 34 ns.
En regime sinusoidal l’echelle divise jusqu’a 30 Mc/s.
Avec ces caracteristiques l’echelle presente une bonne stabilite. Nous avons fait 

des epreuves de fon'ctionnement a longue duree, et nous avons controle que le 
facteur de demultiplication et le pouvoir resolutif restent toujours inalteres.

3. Le deuxieme appareil se compose d’un formateur d’impulsions suivi d’un 
element anneau avec un facteur de demultiplication 5 et ensuite d’un element binaire 
normal. L’element anneau est realise avec les lampes «Philips EFP 60» a emission 
secondaire.

II est possible de projeter un element bistable avec une seule lampe EFP 60. Nous 
l’avons realise en adoptant le schema classique du circuit de declenchement decrit 
par Moody et en le modifiant pour rendre stable, soit l’etat dans lequel la lampe 
est a l’interdiction, soit l’etat de saturation.

E F P  6 0

Le schema adopte pour une seule EFP 60 est represente par la Fig. 5. La seule 
variation en comparaison avec le circuit de Moody est le couplage en continu entre 
la dynode et la grille etabli avec les resistances Rj et R2.

*) For technical reasons it has not been possible for the publisher to reproduce the above mentioned table; the 
reader may, however, obtain a photo-copy of this table at cost price, by writing to: The International Atomic 
Energy Agency, Karntnerring, Vienna I, Austria.

Pour des raisons d’ordre technique, il n’a pas 6t6 possible a l’editeur de reproduire le tableau dont il est fait mention; 
le lecteur peut toutefois se procurer une photo-copie de ce tableau, au prix coutant, eh 6crivant k :  l’Agence internationale 
de l’£nergie atomique, Karntnerring, .Vienne I, Autriche.
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Lorsque la lampe conduit, la tension de la dynode est plus positive que la tension 
d’alimentation; au contraire, lorsque la lampe est interdite, la tension de la dynode 
est negative en comparaison de la tension d’alimentation. II est done possible de 
donner a Rj et R 2  des valeurs telles que la grille maintienne la meme tension de la 
cathode lorsque la lampe conduit, et vice versa une tension negative au-dessous de 
l’interdiction lorsque la lampe ne conduit pas.

Avec l’element bistable decrit, il est facile de projeter une echelle a anneau avec 
un facteur de demultiplication quelconque. Mais on ne peut pas augmenter trop 
ce facteur puisque le demultiplicateur devient de plus en plus instable. Nous avons 
trouve qu’il est possible d’obtenir encore une bonne stabilite avec une demultiplica­
tion de 5.

c = 20 p

Figure 6

Le schema de l’anneau de cinq est represente par la Fig. 6 .
Les lampes ont les cathodes reunies ensemble parmi une seule resistance Rk. 

De cette faqon, quelle que soit la condition de l’echelle, on peut avoir seulement 
une lampe qui conduit et toutes les autres qui sont interdites. De plus, la resistance Rk 
introduit une reaction negative qui est utile pour rendre plus stable l’etat d’equilibre 
dans lequel la lampe conduit.

L’anode de chaque EFP 60 est liee a la grille de la lampe successive dans l’anneau 
parmi un condensateur. Les impulsions d’attaque negatives sont envoyees aux 
cathodes des diodes D 1; D2  . . . D5.

Dans ce cas il est simple de decrire le fonctionnement du demultiplicateur.
Imaginons qu’au commencement V! soit en conduction; done meme Dj est en 

conduction. Au contraire les autres lampes et les diodes D2, D 3 , D4  et D 5 sont a 
l’interdiction.
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La premiere impulsion d’attaque negative sera appliquee seulement a la grille 
de Vi. Cette lampe change son etat et ne conduit plus. Dans le meme temps on a 
une impulsion positive sur l’anode de Vi qui attaque la grille de V2. Pour cela V2  

conduit pendant qiie Vj s’interdit.
La deuxidme impulsion d’attaque interdit V2  et fait conduire V3. Cette operation 

continue jusqu’a ce que la cinquieme impulsion fasse conduire de nouveau Vj et 
le demultiplicateur retourne a son etat initial.

Les diodes Dp limitent la tension negative des grilles.

390  A  + 2 0 0 V

Dans la Fig. 7 est represente le schema complet du demultiplicateur avec l’etage 
formateur d’impulsions a l’entree et avec l’echelle a flip-flop qui suit l’anneau de 5.

En comparaison du premier appareil que nous avons decrit, ce demultiplicateur 
a toujours un temps de resolution de 30 ns, mais il presente l’avantage d’avoir un 
facteur de demultiplication 1 0  et une faible absorption de courant parce que dans 
l’anneau une seule lampe EFP 60 est en conduction.

Pour obtenir une bonne stabilite de l’echelle, il faut choisir les lampes EFP 60 
de fagon que la transconductance des dynodes ne differe pas d’une lampe a l’autre 
de plus de 1 0 %.

Neanmoins nous ne pouvons rien affirmer au sujet de la stabilite de l’echelle 
dans le fonctionnement a longue duree puisque l’appareil est encore un prototype
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de laboratoire, et nous desirons surtout examiner quelle est la Constance des 
caracteristiques des lampes a emission secondaire.

4. Les mesures en regime impulsif du pouvoir resolutif des demultiplicateurs ont 
ete faites avec un generateur de train d’impulsions dont le schema de principe est 
represente par la Fig. 8 .

EFP 60

Le circuit est forme par un etage amplificateur non dephase (qui est polarise 
a l’interdiction) avec une reaction positive etablie par une ligne a retard.

Lorsqu’on envoie une impulsion positive a la grille, l’on retrouve la meme impulsion 
avec le meme signe sur la dynode. Cette impulsion est ramenee a la grille avec un 
retard etabli par la longueur de la ligne.

On peut avoir ainsi plusieurs impulsions successives; leur nombre est fonction 
de l’amplification de la dynode et de la polarisation de la grille. En agissant sur la 
polarisation on fait varier le nombre des impulsions et en agissant sur la ligne a 
retard, on fait varier le retard entre les impulsions.

Le circuit employe est represente par la Fig. 9. II y a a l’entree un etage a cathode- 
follower pour separer le generateur qui fournit Fimpulsion d’attaque et le generateur 
du train d’impulsions. II y a encore deux etages V3 et V4  pour limiter a une meme 
valeur l’amplitude des impulsions de la dynode et de l’anode; comme on peut le 
voir avec plus de details(4), 1’amplitude des impulsions successives va en decroissant 
sur l’anode et sur la dynode.

Les caracteristiques de cet appareil sont les suivantes :
1) La duree des impulsions est fonction de la duree de l’impulsion d’attaque, 

mais la valeur minimum est de 15 ns.



1/2 E C C 6 5  E F P 6 0  y ^ E C C B S  E 100 F E 180 F

totoU)

pu
l

s
e 

t
e

c
h

n
iq

u
e: 

fa
st 

e
l

e
c

t
r

o
n

ic
s



2 2 4 TECHNIQUE DES IMPULSIONS: ELECTRONIQUE RAPIDE

2) Le retard entre les impulsions successives peut varier jusqu’a un minimum 
de 25 ns.

3) L’amplitude des impulsions de sortie peut varier entre 0 et 5 Volts.
4) Le nombre des impulsions peut varier d’unite en unite jusqu’a l’ordre d’une 

centaine d’impulsions.
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G. F. P ieper - Y ale U n iversity  - N ew  H aven , C o n n . (U.S.A.)

Multichannel pulse height analyzers are usually used to determine the amplitude 
distribution of pulses from a detector such as a scintillation counter and from this 
distribution to obtain the energy spectrum of the radiation incident on the detector. 
The two most important characteristics of the analyzer are, first, its amplitude 
resolution and stability, and second, its resolving time or “dead time”, which is 
the time required to analyze a single pulse.

Present-day multichannel analyzers may be conveniently divided into two classes, 
each of which excels in one of these two characteristics. Thus the multiple-dis­
criminator type of analyzer has a very short resolving time, usually only one or 
two microseconds. It suffers, however, from the disadvantage that equality and 
stability of channel widths are difficult to achieve and maintain. Such analyzers 
are usually made with 20 or sometimes as many as 50 channels.

The other class of analyzer excels in amplitude resolution and stability, but suffers 
from a long resolving time. This type of instrument usually generates a time interval 
proportional to the input pulse amplitude, and then accurately measures the time 
interval to determine the height of the input pulse. Most present-day versions of 
such instruments derive from the original designs of Wilkinson(l) and Hutchinson 
and Scarrott(2) and make use of digital memory systems with magneto-strictive 
or acoustic delay lines, or magnetic cores. The resolving times of these devices 
commonly lie in the range of 50 to a few hundred microseconds.

The Problem of Pulsed Accelerators
For many applications in nuclear physics and other fields, an analyzer of one 

or the other class described above will, of course, be completely satisfactory. However, 
a particularly difficult problem may arise in connection with the use of a pulsed 
accelerator, such as a betatron, synchrotron, or linear accelerator. Such machines 
produce their particle beams in short bursts at regular intervals, and a large number 
of events may occur in the detector from each burst. Thus, an analyzer with a' short 
dead time is required, presumably one of the first class mentioned above. However, 
the rest of the time between accelerator bursts is available, and not made use of. 
So the thought occurs that if one could somehow store temporarily the pulse height 
information acquired during the beam burst, one might then extract it from the 
temporary memory more or less at leisure during the interval between beam bursts, 
and place it in a pulse height analyzer of the second class, thereby obtaining the 
advantages of both classes of analyzer.

Earlier Fast Storage Systems
The use of a conventional cathode ray tube as a temporary storage device in 

this application was first demonstrated by James A. Cunningham of the National 
Bureau-of Standards in Washington, D. C.(3). The tube was adopted for storage 
purposes by the addition of an external pick-up plate, in the manner commonly 
employed when such tubes are used in electrostatic digital memories, that is, -as 
Williams’ tubes(4), (5). In Cunningham’s analyzer the input pulses were applied 
to a single set of deflection plates of the CRT and a line of charge thereby created 
on the phosphor. This line was subsequently scanned with a slow reading sweep

15 225
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to detect the locations of the charge discontinuities created at the peaks of the 
stored pulses. The times of occurrence of the signals from the .pick-up plate indicated 
the respective heights of the stored pulses. Separation of these times into channels 
was accomplished by a series of time discriminators, and separate scalers and 
registers were employed for each channel.

The next development in such systems was made by John A. Reeves, also working 
at the U. S. National Bureau of Standards(6). Reeves’ system employed a CR storage 
tube in a manner that allowed many pulses in a single burst to be stored and analyzed, 
even if some or all happened to be of the same height. (This latter statement was 
not true for Cunningham’s machine.) Furthermore, Reeves avoided the need for a 
multiplicity of scalers and registers by inventing an electrostatic digital memory in 
which to store the information permanently. In Reeves’ analyzer, the pulses to be 
analyzed are written as a charge pattern on the face of the CR storage tube. The 
pattern is then scanned, using the same CR beam, and the information obtained 
from a pick-up plate in this reading process is transferred to the digital memory. 
The pattern on the storage tube is illustrated in Fig. 1. Each vertical line represents

STORED
PULSED

ANALYZER STORAGE TUBE.

Figure 1

a pulse to be analyzed. Only eleven such pulses are shown, but up to 31 could be 
stored. By using a staircase deflection voltage, the horizontal spacings between 
adjacent pulses are equalized, even though the pulses occur randomly in time. 
The stored pulses are analyzed by scanning the stored charge pattern with a television- 
raster-type of scan, a series of equally spaced horizontal lines. Each scan line represents 
a particular channel. Reeves’ first model was designed for 128 channels and operated 
originally with 64 channels. When a scan line crosses a stored pulse line on the 
CR tube face, a signal is induced on the pick-up plate in front of the tube face. 
So, for each line the number of signals from the pick-up plate is equal to the number 
of input pulses having an amplitude equal to, or greater than, the amplitude 
corresponding to that scan line. These signals from the pick-up plate are counted 
in a temporary storage binary scaler. After each scan line, the count in this scaler
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is removed and added to the count already accumulated in the corresponding channel 
of the digital memory. The temporary scaler is then reset to zero and used again 
for the next scan line. It will be clear that, when used in this way, the instrument 
operates inherently as an integral pulse height analyzer.

Present Developments
Chronologically, we come now to the present developments. The first model of 

Reeves’ analyzer was completed and operated successfully somewhat over two years 
ago. Shortly thereafter and, regrettably from the point of view of those of us 
concerned with such instruments, Mr. Reeves resigned from the Bureau of Standards 
to enter private business, and it appeared that no further development of his analyzer 
would take place.

At Yale University, in New Haven, Connecticut, we have several multichannel 
analyzers (7) of the second class that I mentioned earlier. These are derived from 
the original idea of Hutchinson and Scarrott, differing in the use of a quartz delay 
line, and in the use of many of the logic circuits commonly found in digital computers. 
They do, of course, have long resolving times, in the hundreds of microseconds 
region. We have also had recently come into operation a heavy ion linear accelerator, 
so the need for a short resolving time analyzer has become acute.

My approach to this problem has, I believe, been the simplest one; I have chosen 
not to follow Reeves in the use of a permanent electrostatic digital memory, but 
rather to attempt to adapt the fast electrostatic storage system, whose feasibility 
he and Cunningham have clearly demonstrated, for use with our quartz line analyzers.

Storage CRT Operation
Before describing my approach to this problem, let me review briefly the idea 

of storage CRT operation. Basically, one simply constructs a capacitor, using the 
phosphor of the CRT as one plate, a metallic foil or screen placed against the tube 
face as the other plate, with the CRT glass as dielectric. The outer foil or pick-up 
plate is grounded through a resistor. If the overall CRT voltage has the proper 
value, the CR beam will charge the bombarded spot on the phosphor positively 
as a result of the fact that the electron secondary emission ratio is greater than one. 
Some of the secondary electrons land on adjacent areas of the phosphor surface, 
leaving the positively charged spot surrounded by a ring of negative charge, and other 
secondary electrons escape the phosphor entirely. An equilibrium potential is quickly 
achieved, under normal circumstances, in a few millimicroseconds. Since the phosphor 
is quite a good insulator, neutralization of the charge anomaly does not take place 
for a relatively long time — of the order of a second. If, now, the beam is deflected 
across the face of the tube, the area bombarded is charged positively with respect 
to the surrounding area. One obtains a line of positive charge completely surrounded 
by negative charge. The maximum writing speed obtainable is a function of the 
beam spot size, secondary emission ratio, and capacitance to ground of the target. 
Under usual circumstances, it seems to be of the order of several cm/p.sec. If a 
reading sweep voltage is now applied at a later time after the writing sweep and 
if it causes the beam to move along the same path, then at the instant when the 
beam deflection exceeds that of the original pulse, the beam then begins to strike 
a previously uncharged region of the phosphor, and, once again, secondary electrons 
are emitted for the balance of the duration of the reading sweep. Since some of 
these electrons fall outside the phosphor, its average potential rises and an output 
signal is generated across the resistor attached to the pick-up plate. The time interval
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between the beginning of the reading sweep and the beginning of the further rise 
in potential of the phosphor is clearly proportional to the peak voltage of the original 
pulse. This situation is demonstrated in Fig. 2. Here a test pattern is shown in

SIGNAL FROM OSCILLOSCOPE FACE

io —

5 —

MV.

0 JV.

200 400
p s e c

Figure 2

which a simulated Nal signal is written on the screen of the CRT and followed 
immediately by a 500-psec reading sweep. The actual signal observed at the pick-up 
plate resistor is shown at the bottom. The output signal is small, about half a millivolt, 
but clearly present. The large signal at zero time is from the writing pulse, and 
that at 500 p.sec from the sawtooth flyback. These two large signals must be eliminated 
in some way in order to select preferentially the desired small one. This method of 
writing and reading is the same as that originally used by Cunningham. Reeves’ 
method differed in that he used vertical writing signals and horizontal reading 
scans. He therefore got negative pulses from each crossing of a signal line by a 
reading scan. His signals were also about 1/2 millivolt in magnitude.

Details of Present Development
As I said a moment ago, I have attempted to adapt the fast electrostatic storage 

method for convenient use with existing Yale quartz line multichannel analyzers. 
To do so it seemed most reasonable to replace the amplitude-to-time converter 
unit of these analyzers with the fast storage unit. I have chosen to retain the stepwise 
horizontal displacement of the written pulses introduced by Reeves, but to return 
to the use of vertical reading sweeps along each pulse position. Thus in the writing 
cycle, the incoming pulse writes on a vertical line; at the end of the pulse, the beam
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is moved horizontally one step, where it waits for the next input pulse. This process 
is repeated across the tube face — pulse, step, wait; pulse, step, wait. At the beginning 
of the reading cycle, the beam is repositioned to the lower left hand corner of the 
screen. It then rises slowly on the reading sweep; at the instant when the reading 
beam crosses the charge discontinuity left at the top of the pulse line, an output 
is produced on the pick-up plate. After suitable amplification, this pulse is sent 
directly to the existing analyzer, which now operates simply as a time channel 
analyzer.

The maximum number of pulses which may be stored temporarily is limited by 
one or the other of two possible reasons. The first is the beam spot size and the 
requirement that adjacent pulse traces must have a space between them of at least 
1.33 spot diameters to prevent interference. With a spot diameter of .010" or 1/4 mm, 
and a separation factor of 3 for safety, one can store 33 lines/inch or about 13/cm. 
Using 4 inches of a 5 inch CRT, one could store some 130 pulses. The other possible 
limiting factor is determined by the amount of time available to remove information 
from the temporary storage and the time required to remove one signal. The linear 
accelerator with which this instrument is designed to work produces a 2  millisecond 
beam burst 10 times per second. The time channel analyzer has a 500 psec delay 
line. The maximum number of reading sweeps available is thus 196.

FAST STORAGE SYSTEM

A block diagram of the temporary storage system as it presently exists is shown 
in Fig. 3. The accelerator trigger, coming 10 times per second, produces writing 
and reading gates which control the admission of input pulses and trigger signals
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from the time channel analyzer. A reset pulse is also produced at the beginning 
of both writing and reading periods in order to reposition the CR beam properly. 
During a writing period — 2 milliseconds, as determined by the accelerator — an 
input pulse can pass through the linear gate, the lower mixer, the vertical amplifier 
and be written on the storage tube. A Schmitt circuit is used for the delay element, 
so the horizontal scaler and current adder are activated at the end of the input 
pulse and cause the horizontal position of the beam to change by one unit. During 
writing periods, the zero-time analyzer triggers are blocked at the admission coincidence 
circuit. During the reading period, however, input pulses from the detector amplifier 
are blocked at the linear gate and analyzer triggers are allowed to enter. The vertical 
reading sweeps are generated as indicated, and the horizontal positioning of the 
beam is controlled by the analyzer triggers.

In order to achieve accurate repositioning of the beam horizontally and to avoid 
any duty cycle effects from variations in the input pulse rate, it is necessary to use 
direct coupling everywhere where the blocks in the diagram are connected by wide 
arrows. Since the same beam and deflection systems are used for both writing and 
reading, any gradual changes in amplifier gain or the deflection sensitivity of the 
CRT are not important. Similarly, although the horizontal positioning scaler and 
current adder are constructed of precision components, it is not necessary that all 
horizontal steps be of exactly the same size, since precisely the same combination 
of on and off tubes is used to locate a given position in both writing and reading.' 
At the present time, I have constructed a scaler-current adder with a capacity of 64. 
It was completed just before I left for Geneva, but did seem to operate satisfactorily.

The analyzer trigger-delay-multivibrator- 6  diode gate chain was constructed in 
order to eliminate the large signals from the writing pulses and the flyback of the 
reading sweeps which you saw earlier. The technique here is rather crude, and I think 
it can be done better. The writing gate also controls the intensity of the CR beam. 
My experience is that the best signal size and signal-to-noise ratio at the pick-up 
plate occur when the writing and reading traces have approximately the same visual 
brilliance. The pick-up plate is a half-aluminized piece of 3/16" lucite, but apparently 
almost anything will work, down to and including a fine mesh insect screen.

At this time, the whole unit is barely working completely, so I regret that I have 
no real performance data to report on it, other than the fact that it does seem entirely 
possible to store Nal pulses, spaced just a few microseconds apart.

Recent NBS Development
At the Geneva Conference last fortnight I had the opportunity to talk at con­

siderable length with Dr. William Koch, Director of the Betatron group at the 
National Bureau of Standards. From him, I learned of the following very interesting 
developments: That Dr. Louis Costrel and Mr. Robert Bruekman of the Nucleonic 
Instrumentation Section have continued work on fast storage systems at NBS. 
They have, however, decided to adapt Reeves’ analyzer for use with a Radiation 
Counter Laboratory 256 channel analyzer. They are using an ordinary CRT and 
are writing whole pulses at 10 horizontal positions on the screen. The resolving 
time in writing is 2 usee. For reading purposes, they insert a fixed vertical displace­
ment larger than the maximum pulse size and read down to the top of the pulse 
with a reading sweep which Dr. Koch recalls as being 100 or 200 psec long. The 
resolution of the unit is such that signals of a fixed amplitude from a signal generator 
all fall in one channel of the 256 channel machine, and the resolution of a Nal crystal 
and photomultiplier for the Cs1 3 7  gamma ray is the same when the fast storage
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system is used as it is when the 256 channel analyzer is operated in its normal 
manner.

The only major difference between the new NBS work and my own appears to 
lie in the fact that I read up while they read down. Which way is preferable I am 
at this time unable to say. In any case, I hope that the use of electrostatic fast storage 
will soon be feasible with many existing multichannel analyzers.

Finally, I should like to express my thanks to Messrs. Cunningham and Reeves. 
I was fortunate to have had several conversations with each of them, and benefited 
greatly from these discussions.
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CIRCUIT DE COINCIDENCE A TEMPS 
DE RESOLUTION COURT ET A HAUT TAUX 

DE COMPTAGE
J. C. Br isso n , G. V alladas et R. van  Z u r k  - C om missariat a l ’energie atomique

(F rance)

Une methode d’identification et de mesure des particules de haute energie consiste 
a placer sur leurs trajectoires des detecteurs a scintillation dont la lumiere excite 
des photomultiplicateurs. La simultaneity des impulsions electriques ainsi produites 
permet de conclure a l’existence d’une particule sur cette trajectoire. La frequence 
instantanee des particules provenant des accelerateurs pulses peut* etre tres elevee. 
II est done necessaire d’employer un circuit possedant un temps de resolution court 
et permettant un taux de comptage eleve. Le circuit que nous presentons ici a ete 
etudie dans ce but. Nous sommes astreints a utiliser des solutions simples et de 
reglage facile pour obtenir une grande securite de fonctionnement, si importante 
aupres des accelerateurs.

Principe du fonctionnement
Dans ce circuit, la coincidence est detectee lorsque I’amplitude d’une impulsion 

atteint un niveau donne; celle-ci resulte de l’addition des signaux des photomulti­
plicateurs standardises en amplitude et en duree. Ces signaux, de V colts chacun, 
sont additionnes et, si nous avons n voies en coincidence, le signal resultant aura 
une amplitude de nV volts. Si un compteur n’a rien detecte ce signal sera de (n—1)V 
volts. II suffira done, pour detecter une coincidence d’ordre n, de placer un dis- 
criminateur dont le seuil sera fixe entre (n—1)V et nV volts. L’anticoincidence est 
obtenue par soustraction d’un signal de V volts.

Le circuit se compose (Figure 1):
1) D’un circuit d’entree remplissant les roles de limiteur, d’amplificateur et de 

melangeur.
2) D’un circuit de discrimination a seuil variable.
3) D’un circuit de sortie permettant d’obtenir des signaux de polarite positive et 

negative.
4) D’une alimentation regulee +250 —150 V que nous citons pour memoire. 

Description
1) Chaque entree est constitute par un amplificateur distribue a deux pentodes 

a fortes pentes E 180 F. Pour que le discriminateur fonctionne de fa$on stable, il 
importait de l’attaquer avec de grandes impulsions, ce qui a conduit a utiliser deux 
tubes en parallele; le courant de repos de ces tubes est fixe a 15 mA, ce qui permet 
de les bloquer par une impulsion negative de 2,5 V. Nous obtenons ainsi dans la 
ligne d’anode une impulsion de courant de 30 mA; l’utilisation d’un seul tube fonc- 
tionnant avec un debit plus eleve conduisait a un circuit moins sensible.

L’impedance de la ligne de grille est fixee a 100 Q par les liaisons coaxiales neces-' 
saires; compte tenu du support et du cablage, les capacites d’entree et de sortie du 
tube sont de 15pf et de 5 pf; l’impedance de la ligne d’anode s’est done trouvee 
fixee a 300 LI. L’addition des signaux est obtenue en mettant en serie les lignes 
d’anode des differentes voies d’entree. L’une des extremites de la ligne est fermee 
sur son impedance caracteristique et permet l’alimentation en haute tension des
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anodes. L’autre, ouverte, permet d’obtenir une impulsion d’amplitude maximum 
30.10-3  X 300 =  9 V par voie.

Les courants anodiques des tubes d’entree sont regules par contre-reaction ecran- 
grille, procede qui s’est montre tres efficace.

Un interrupteur sur l’alimentation en haute tension des ecrans de chaque voie 
permet la mise hors-service de la voie correspondante.

On utilise souvent un cable coaxial en court-circuit pour limiter la duree de l’im- 
pulsion a la sortie du photomultiplicateur a cause de la simplicity de ce procede. 
Mais cela conduit a l’apparition d’une impulsion positive a la suite de l’impulsion 
fournie pouvant entrainer le debit d’un courant de grille provoquant le blocage du
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tube aux frequences elevees. Ce risque est elimine par l’usage d’un systeme a deux 
diodes gEx6 6  qui dirige l’impulsion positive vers une resistance d’adaptation et 
Pimpulsion negative vers la ligne de grille.

L’extremite de chaque ligne de grille est connectee a une prise coaxiale, ce qui 
permet, soit d’adapter la ligne sur 1 0 0  O, soit de brancher un cable 1 0 0  Q pour 
diriger l’impulsion vers un autre circuit, l’adaptation se faisant alors sur ce dernier.

L’anticoincidence consiste a envoyer une impulsion positive limitee a 3 volts sur 
une voie dont le courant de repos a ete prealablement regie a un milliampdre. 
L’impulsion negative de la ligne d’anode se soustrait de l’impulsion de coincidence 
et interdit son enregistrement.
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2) Le circuit de discrimination se compose d’un etage a liaison cathodique a 
faible capacite d’entree (5 pf), sum d’un amplificateur «symetrique» a seuil reglable 
par action sur le potentiometre fixant la tension de grille du second tube. On sait 
que ce procede permet de reduire les variations de seuil provenant de changements 
de la tension de chauffage. La resistance de fuite de grille du premier tube a .ete 
choisie faible pour reduire l’effet du courant de grille de ce tube aux frequences 
elevees. Le seuil ainsi obtenu est stable a mieux que 0,1 V et peut etre ajuste de 0 a 40 V. 
Les impulsions sont recueillies sur l’anode.

Ce procede de discrimination a ete prefere a l’emploi d’une diode a cristal pour 
sa securite de fonctionnement et I’absence de transmission de residus.

Le circuit de discrimination est suivi d’un amplificateur dont le gain est de l’ordre 
de 4. II comprend une sortie positive par transformateur a ferrite fournissant des 
impulsions d’une duree de 2 a 3.10—8s et une sortie negative. Cette derniere qui donne 
des impulsions plus courtes que.1 0 — 8 s est destinee a effectuer de nouvelles coincidences.

Le schema detaille du circuit est represente sur la Figure 2.

Utilisation
Les photomultiplicateurs choisis parmi les P.M. a grand gain actuellement dis- 

ponibles sont directement connectes aux differentes entrees par des liaisons coaxiales 
de 1 0 0  Q.

Sens de balayage de Poscillographe.

8 meme sortie en l’absence de co­
incidence.

7 sortie positive lors de coincidence.

6 meme sortie dans le cas ou les 
impulsions ne sont point en co­
incidence.

5 sortie negative du circuit dans le 
cas de coincidence.

4 signal dans la ligne de plaque pour 
deux voies en coincidence.

3 Signal dans la ligne de plaque 
correspondant a une seule voie 
d’entree.

2 impulsion apres le systeme a diode 
seule; l’impulsion negative est 
conservee.

1 impulsion mise en forme a la 
sortie du Photomultiplicateur,

Les impulsions proviennent d’une 
source d’a du Polonium entre deux 
plastic minces, la frequence est d’en- 

viron 3000 coups par seconde.
Figure 3
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tS l^n a u f d e  a .10 SS

Courbe 1 Sftuit 2 4 0 .1 0 ,8  v 

2. 260.!l ,6v

3 275.12,2 »

R « J tc l» n :  un (ocleu r lOOO
pour 1,5.10-*5

s
Figure 4

Courbes de resolutions

Un etage a liaison cathodique permet d’observer le signal de la ligne d’anode, ce 
qui constitue un controle global en cours de fonctionnement.

La sortie positive peut etre connectee directement a un univibrateur rapide ayant 
un seuil d’environ 1 volt.

Les circuits realises comportent quatre voies de coincidence et deux d’anticoin- 
cidence.

Le temps de resolution est egal a la duree des impulsions appliquees tant que celle- 
ci est grande devant le temps de reponse des circuits d’entree. Lorsque cette duree 
est du meme ordre que le temps de reponse (environ 4 mps), le temps de resolution 
est aussi fonction de la valeur du seuil. II diminue lorsque le seuil croit mais ne peut 
etre pratiquement inferieur a 1 0 —9s en raison des fluctuations du seuil de discrimina­
tion et des fluctuations dues aux photomultiplicateurs.
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Mesures effectuees sur le circuit: Les essais de ce circuit ont ete faits en realisant 
des conditions se rapprochant le plus possible des conditions d’utilisation. Les im­
pulsions envoyees dans le circuit provenaient de photomultiplicateurs regardant une 
source alpha dans un scintillateur plastique mince (Figure 3). Nous avons ainsi 
realise des coincidences doubles, triples et quadruples.

Nous avons effectue les mesures suivantes:
1) Frequence des coincidences en fonction du retard relatif entre les deux voies 

(courbe de coincidence). Cette mesure permet de determiner le temps de 
resolution pour le seuil de discrimination qui a ete choisi.
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2) Frequence de coincidences en fonction du seuil de discrimination pour le 
retard relatif correspondant au maximum de la courbe de coincidence. Cette 
courbe doit presenter un plateau et elle permet de fixer le seuil a la valeur 
maximum compatible avec la stabilite desiree.

Des courbes typiques obtenues sont presentees sur les Figures 4 et 5.
En coincidences doubles les chiffres suivants peuvent etre retenus pour exprimer 

les resultats moyens obtenus avec le circuit.
(a) Photomultiplicateurs utilises : 6810 A (RCA)

Rendement: environ 100%
Temps de resolution : demi-largeur a mi-hauteur de la courbe de coincidence :
2.10-s>s.

P  ' #  »  #  f  t  #

Figure 6
Vue avant du circuit comportant 2 anticoincidences et 4 coincidences

<C _
Pente des flancs de la courbe de coincidence: le taux de comptage iombe d’un 

facteur 1000 a partir de la valeur a mi-hauteur pour un retard de l’ordre de 1,5.10—9 s. 
(Cette caracteristique qui exprime les fluctuations dans le temps de l’impulsion 
incidente fournie par le photomultiplicateur varie peu avec le seuil.)

Avec des rendements de 95 et 75%, les temps de resolution obtenus tombent 
respectivement a 1,5 et 1,25.10—9s.

(b) Photomultiplicateurs utilises: 56 AVP (Radiotechnique). Des resultats ana­
logues ont ete obtenus. Cependant, pour un rendement de 75%, le temps de 
resolution etait un peu plus court queprecedemment :unpeuinferieura 1 0 —9 s.
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Figure 7 
Vue de dessus

% /

Figure 8
Vue de dessus, detail du circuit d’entree
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Fonctionnement aux frequences elevees: La frequence maximum a laquelle peut 
fonctionner l’appareil depend beaucoup des conditions d’utilisation et surtout du 
temps de resolution desire. Le seul effet des frequences elevees est de faire fluctuer 
les potentiels moyens. Les precautions prises permettent de penser que jusqu’a 
1 ou 2 .1 0 6  Imp./s ces fluctuations ne peuvent pas perturber de fa?on notable le circuit.

Le temps mort est fonction de la duree des impulsions fournies par le photomulti- 
plicateur. II semble limite a une valeur de l’ordre de 2 a 3.10 8 s sur la sortie negative 
et depend des conditions experimentales. II faut tenir compte egalement des impulsions 
secondaires du photomultiplicateur.

Six exemplaires de ce circuit ont ete realises et la stabilite de fonctionnement a 
ete suivie pendant plusieurs milliers d’heures.

Conclusion
Nous avons decrit un circuit de coincidences multiples adapte aux mesures pres 

d’une machine. La simplicity de structure et la surete de fonctionnement permettent 
son emploi aise par des physiciens (Figures 6 , 7, 8 ).
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C O N S T R U C T I O N  D ’ U N  C H R O N O T R O N  P O U R  
S P E C T R O M E T R E  A  N E U T R O N S  R A P I D E S

J. D u c l o s  - L a b o r a to ir e  d e  P h y siq u e  N u c l e a ir e  d e  la  F a lc u te  d es  Scien ces

d e  G ren o ble  ( F r a n c e)

Spectrometre a neutrons rapides
L’appareil qui sera decrit ici a ete realise en vue d’effectuer la mesure du temps 

de vol de neutrons rapides dans les conditions particulieres suivantes.
La source de neutrons est constitute par une cible de tritium, bombardee par des 

deutons issus d’un accelerateur electrostatique de 300 KV. La reaction qui en resulte 
donne lieu a l’emission, dans des directions sensiblement opposees, d’un neutron 
de 14 MeV environ et d’une particule a  de 3 MeV environ.

L’instant de depart du neutron est repere en detectant la particule a. L’efficacite 
du detecteur a  est tres voisine de 1. D’autre part, pour des raisons d’angle solide, 
le detecteur de neutrons ne peut etre place a une distance superieure a 1 metre. 
Ceci impose, pour mesurer a 10% pres des neutrons de 14 MeV, un temps de re­
solution pour l’ensemble de l’appareillage de 1 0 —9s environ.

Par ailleurs, l’efficacite du detecteur de neutrons est faible et son rendement par 
rapport a la source devient tres faible lorsque les neutrons sont etudies apres diffusion 
sur des cibles d’etude. Pour conserver un taux de comptage appreciable, l’intensite 
de la source doit etre augmentee et nous avons calcule que dans ce cas le nombre 
de particules a detectees peut etre superieur a 1 0 s par seconde, dont une tres faible 
partie servira a effectuer des coincidences.

Aussi nous avons du realiser un appareil a coincidences remplissant les conditions 
suivantes :

1 ) II doit avoir un temps de resolution physique de 1 0 —9s environ;
2 ) II doit pouvoir recevoir dans l’une de ses voies d’entree 1 0 s impulsions par 

seconde au moins;
3) Le taux de coincidences etant faible dans la plupart des cas, il doit constituer 

un systeme multicanaux permettant de diviser l’echelle des temps en un nombre 
aussi grand que possible d’intervalles de temps.

Choix du systeme a coincidences
Compte tenu de ces donnees, nous avons choisi d’ameliorer un chronotron decrit 

par O’Neil en 1955, et en utilisant des lampes 6 BN6  comme detectrices de coinci­
dences. L’avantage des lampes 6 BN6  dans un tel montage est de realiser ce qu’on 
peut appeler une coincidence prealable», les circuits d’analyse n’intervenant que 
dans le cas d’une coincidence. Ainsi, lorsqu’on a un taux de coincidences faible 
tout en ayant un nombre eleve d’impulsions par seconde, dans l’une des voies d’entree, 
on peut malgre tout conserver des circuits d’analyse ayant un temps mort confortable 
compris entre 10—6 et 1 0 — 5 s.

Chronotron de O ’Neil (1955)
Le montage de O’Neil est constitue de la fa?on suivante:
Les impulsions de commande sont envoyees aux extremites opposees de deux 

lignes a retard paralleles a constantes localisees. Dix lampes 6 BN6  sont connectees 
a intervalles reguliers entre ces deux lignes par l’intermediaire de leurs deux grilles 
de commande. Pour construire les lignes a retard, on utilise d’ailleurs les capacites
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parasites des grilles suivant la technique des amplificateurs distribues. Lorsque les 
impulsions se croisent devant l’une des lampes, celle-ci delivre une impulsion de 
courant plaque. Les circuits de O’Neil permettent de reperer la lampe qui delivre 
l’impulsion de courant maximum. C’est devant cette lampe que s’est faite la super­
position la plus large des impulsions d’entree, ce que nous admettrons comme etant 
la definition de la coincidence.

La position de cette coincidence permet alors de preciser le retard primitif de l’une 
des impulsions d’entree sur l’autre. Mais ce systeme ne donne sur la position de la

Impulsion - enveloppe de la 

l igne-p laque pour ales im­

pulsions d entree ole 3  th 

? volts

pour des impul s ions  de commands de 5 ,  5 ,  7* vol ts

Figure 1
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coincidence que des informations discretes. Aussi l’exploration de l’echelle des temps 
ne se fait qu’en un nombre limite de points. En d’autres termes, la largeur du canal 
du selecteur de temps realise a une valeur minimum qui, dans le cas du chronotron 
de O’Neil, est de 4.10- 9 s.

Description du chronotron realise (Fig. 1)
(a) Circuits d’interpolation
Nous avons repris le principe du chronotron de O’Neil en essayant d’abord 

d’abaisser le minimum ci-dessus. Compte tenu des capacites parasites des grilles des 
lampes 6 BN6 , nous avons pu l’abaisser a 2.10- 9 s. Mais cette valeur est encore trop 
elevee. La solution est alors d’effectuer une interpolation entre les informations dis­
cretes obtenues par les lampes 6 BN6  sur la position de la coincidence. Le probleme 
de cette interpolation se pose dans de nombreux types de chronotrons; nous l’avons, 
quant a nous resolu de la fagon suivante:

Des seifs L de 1 mH environ sont branchees entre les plaques des lampes 6 BN6 . 
La capacite repartie y de ces seifs est tres petite: 2 pF environ. Les capacites parasites C 
des plaques des lampes 6 BN6  sont augmentees a 25 pF environ. On. realise ainsi 
une ligne a retard lente (Fig. 2). L’impulsion de courant in de la section n charge

la capacite Cn. La fraction de ce courant qui traverse les capacites Cn_ i et Cn+i 
est faible. En effet, la duree des impulsions de courant est sensiblement la meme que 
celle des impulsions de commande, c’est a dire 10—8s environ. Pour une duree aussi 
breve, les seifs jouent le role de seifs de choc, laissant seulement passer le courant au 
travers de leur capacite repartie. Or, le rapport y/C„ etant faible, la fraction de



246 TECHNIQUE DES IMPULSIONS: ELECTRONIQUE RAPIDE

courant i„ qui atteint Cn—i et Cn+i est egalement faible. On peut done admettre 
que, a la fin de l’operation de coincidence rapide dans les lampes 6 BN6 , chaque 
capacite de la ligne lente se trouve chargee sous une tension proportionnelle a l’inten- 
site de Timpulsion de courant correspondante. Ceci revient a dire que dans cette 
ligne lente est inscrite une impulsion qui n’est autre que l’enveloppe de l’amplitude 
des impulsions de courant. On a done effectue Interpolation souhaitee.

(b) Circuits d’analyse
Cette impulsion enveloppe se propage alors dans la ligne lente. A l’une des ex- 

tremites on detecte l’instant d’arrivee T de son maximum, a l’aide d’un amplificateur 
differentiel. Cet instant T depend de l’endroit ou a l’instant Tq s’est effectuee la coin­
cidence des deux impulsions de commande. Le temps T — To correspond, a un facteur 
multiplicatif pres, au retard de l’une des impulsions de commande sur l’autre. En 
d’autres termes, a ce stade nous avons effectue une dilatation du temps (dans un 
rapport de 80 environ). L’operation de coincidence dans les lampes 6 BN6  peut etre 
consideree comme instantanee par rapport aux durees de parcours intervenant dans 
la ligne lente. T0  est alors l’instant oil se produit cette operation de coincidence. 11 
est determine par une coincidence parallele semi-rapide de temps de resolution:
5.10— 8 s. L’impulsion issue de cette coincidence declenche le debut de la charge d’un 
condensateur par un courant constant. Cette charge est arretee a l’instant T defini 
precedemment. L’impulsion finale apres cette transformation temps-amplitude est 
analysee par .un selecteur d’amplitude multicanaux.

L’ensemble represente un selecteur de temps comportant 100 canaux de largeur
3.10— ios.

Rfiprcitntoti on &che'matique du chronotron

Figure 3
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(c) Temps de resolution du chronotron
Le temps de resolution electronique de ce chronotron, obtenu en utilisant des 

impulsions calibrees issues d’un generateur a relai a mercure, est inferieur a 1 0 ~ 1 0 s. 
Notons ici que nous entendons par temps de resolution la mi-largeur a mi-hauteur 
de la courbe de resolution.

Malheureusement, lorsqu’on fait varier l’amplitude des impulsions d’entree, il se 
produit un glissement de la courbe de resolution sur l’axe des temps. Ce glissement 
peut se deceler egalement en observant l’impulsion enveloppe a l’extremite de la 
ligne lente. Le maximum de cette impulsion subit une legSre translation lorsqu’on 
augmente l’amplitude des impulsions d’entree (Fig. 3). Ce glissement de la courbe 
de resolution augmente le temps de resolution electronique lorsqu’on a une dispersion 
d’amplitude des impulsions d’entree. II est du vraisemblablement a une dissymetrie 
de fonctionnement des deux grilles de commande. Neanmoins le temps de resolution 
obtenu pour une dispersion d’amplitude de 3 a 7 volts des impulsions d’entree est 
de 2 ,2 .1 0 —]0s seulement.

Le temps de resolution obtenu en utilisant un seul cristal scintillateur plastique 
vu par deux photomultiplicateurs «Radiotechnique» 51 AVP est de 4,5.10—1 0 s.

Le temps de resolution obtenu en effectuant des coincidences entre les particules 
p et y emises par 198Au est de 8.10—1 0 s. Les impulsions a la sortie des photomulti­
plicateurs etaient «coupees» par un cable courtcircuite de longueur 25 cm.

Remarque: Dans cette etude nous n’avons utilise que la partie centrale des photo­
cathodes, les cristaux scintillateurs employes ayant un diamdtre de 25 mm. Dans 
un photomultiplicateur les fluctuations de temps de transit sont dues en majeure 
partie aux fluctuations de parcours entre la photocathode et la premiere dynode, et 
ces fluctuations sont faibles lorsqu’on se limite a la partie centrale de la photocathode. 
Ceci explique les temps de resolution excellents obtenus avec des photomultiplicateurs 
qui, pourtant, ont des fluctuations de temps de transit importantes lorsqu’on utilise 
toute la surface de la photocathode.



SELECTEUR D ’AMPLITUDE A FAIBLE TEMPS DE
RESOLUTION

M. F iehrer  et A. P ages - Centre d ’E tud es  N ucleaires de  Saclay (F rance)

Cet appareil a 10 canaux definis par 11 discriminateurs successifs n’entre pas a 
proprement parler dans la gamine des nanosecondes que l’on considere generalement 
en electronique rapide. Cependant les selecteurs d’amplitude multicanaux couram- 
ment utilises ayant des temps de resolution de plusieurs 1 0 ~ 6  seconde, meme 1 0 - 5 

pour les 100 et 200 canaux, ces performances ne sont pas toujours suffisantes. Notam- 
ment, aupres des accelerateurs pulses ou la frequence instantanee des evenements 
detectes peut etre tres elevee, un selecteur ayant un temps de resolution de quelques 
1 0 ~ 7s aura son utilite. II pourra s’integrer comme systeme d’analyse a la suite de 
circuits rapides.
But de l’appareil

L’amplificateur utilise au C.E.A. a la suite des detecteurs de particules a une bande 
passante de 2 Me; la mise en forme est assuree par un circuit d’integration et un 
circuit de derivation. Les signaux de sortie atteignent une centaine de volts.

L’etude de spectres d’amplitude, reclamant une certaine finesse d’analyse, exige 
que la largeur minimum des canaux de selecteur puisse atteindre un volt avec une 
bonne precision et une bonne stabilite.

Une impulsion d’une amplitude de 100 volts mise en forme par une constante de 
temps d’integration de 1 0 —6 s, une derivation de 1 0 - 6 s et une deuxieme derivation 
de 3.10—6 s, couramment choisies, croit de 99 V a son maximum 100 V en environ
6.10—:8 s, puis decroit jusqu’a 98 V en moins de 2.10~~7 s. Cette simple consideration 
conduit a exiger une reponse deja rapide des discriminateurs d’entree. Certes, une 
impulsion presentant un plateau a son maximum, mise en forme par une ligne a 
retard, reclamerait moins de rapidite. Mais nous voulions utiliser nos amplificateurs 
sur lesquels il est difficile d’adapter une double derivation par ligne a retard pourtant 
tres utile pour eliminer les niveaux moyens a cadences elevees.

Nous voulions construire un appareil facilement utilisable et bien adapte aux 
problemes poses par les experiences faites en physique nucleaire ou les etudes en 
coincidence sont frequentes. Aussi avons-nous cherche a supprimer, 'dans les chaines 
de mesure, la necessite d’une porte lineaire a haut niveau. Ces portes sont delicates 
a realiser et celles que nous avions a notre disposition apportaient des differences 
importantes entre l’enregistrement direct d’un spectre en presence de bruit de fond 
et l’enregistrement du meme spectre en coincidence, rendant les interpretations diffi- 
ciles, voire meme impossibles. Une porte qui agit, apres selection d’amplitude, sur 
une memoire, done sur des circuits non lineaires, et qui permet ou non l’enregistre­
ment des informations, elimine completement ce probleme. De plus, l’appareillage 
complet se trouve simplifie.

L’inconvenient de cette methode consiste essentiellement dans le fait qu’il faut 
considerablement augmenter la resolution de l’appareil puisque les discriminateurs 
auront a repondre a tous les signaux a l’entree et que le tri ne se fera que plus loin.

Par contrecoup son emploi sera possible pour des manipulations ou les evenements 
auront une frequence moyenne elevee, par exemple au voisinage d’une pile a haut 
flux ou d’un accelerateur pulse.

En resume, stabilite de seuils, rapidite de reponse des systemes d’analyse, faible 
temps de resolution, possibility de travail en coincidence ou anticoincidence, done
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de deblocage ou blocage rapides, telles sont les caracteristiques que nous avons 
cherche a donner a notre selecteur.

Figure 1
Bloc fonctionnel simplifie montrant le classement d’une impulsion situee dans un canal.

Principe
Selection d’amplitude (Fig. 1)
L’impulsion a analyser attaque simultanement 11 discriminateurs Dj, D2, . . . Dn, 

de seuils Si, S2, . . . Sn, definissant 10 canaux de largeur reglable et pouvant etre 
deplaces globalement (un seul canal avec ses deux discriminateurs est represente 
sur la figure).

A l’instant ou chaque seuil de discriminateur est franchi, un signal commande le 
changement d’etat d’un circuit bi-stable (bascule) correspondant Bi, B2) . . .  Bn, 
ceci jusqu’au maximum de Pimpulsion d’entree. Done toutes les bascules correspon­
dant aux seuils non atteints restent dans leur etat initial. Les autres, qui ne peuvent 
revenir seules a leur premier etat, conservent la memoire des informations fournies 
par les discriminateurs.

Apres l’instant du maximum de l’impulsion d’entree, un signal, applique simul­
tanement a toutes les bascules, ramene a l’etat initial toutes celles qui avaient pre- 
cedemment change d’etat. Alors, parmi les dix circuits d’anticoincidence (A. C.), 
relies chacun a deux bascules voisines, un seul recevra un signal unique et delivrera 
un signal de sortie vers une voie de comptage.

Nous avons ainsi realise la fonction selection d’amplitude. II nous reste toutefois 
a definir l’origine du signal de remise a zero des bascules (retour a l’etat initial). 
Mais auparavant nous allons examiner la fonction blocage et deblocage.

Blocage du selecteur
Toutes les bascules ont une entree commune en liaison continue qui sert a leur 

remise a zero apres changement d’etat. Les circuits sont tels qu’il suffit de porter ce 
conducteur commun a un niveau determine Vi pour que toutes les bascules restent 
maintenues dans leur etat initial; alors aucun signal venant des discriminateurs ne 
pourra inscrire une information dans la memoire: le selecteur est bloque.
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Si ce conducteur commun est porte a un autre niveau determine V2, les bascules 
sont liberees et peuvent Stocker les informations venues des discriminateurs: le 
selecteur est debloque.

La lecture de la memoire (commande de retour des bascules) s’effectue en amenant 
momentanement le conducteur commun du niveau V2  au niveau Vj. Nous pouvons 
egalement profiter de ce signal de lecture pour assurer un blocage provisoire de selec­
teur, imposant ainsi un temps mort a l’appareil.

Nous etablissons alors le fonctionnement:
a) En coincidence: Niveau Vi impose, selecteur bloque; aucun signal ne peut 

sortir. Nous n’aurons la possibility d’enregistrement que pendant le temps ou 
le conducteur sera amene au niveau V2;

b) En anticoincidence: Niveau V2  impose: possibility permanente d’enregistrement. 
Impossibility pendant le temps ou le niveau sera porte a

Un commutateur fixant le niveau V) ou V2  assurera l’arret ou la marche du se- 
lecteur.

Circuit de commande (diagramme fonctionnel) (Fig. 2)

Figure 2
Diagramme fonctionnel complet du circuit de commande.

Son role est de fournir au conducteur que nous venons de definir le signal de com­
mande de retour des bascules. Pour que les operations se fassent correctement, ce 
signal doit etre produit apr£s l’instant du maximum de l’impulsion analysee. Pour 
cela, nous utilisons le front de retour d’un douziyme discriminateur Do .ayant son 
seuil egal ou inferieur a celui du premier canal. Cet instant, voisin de l’amplitude nulle 
sur le front de descente, sera mieux defini si le signal d’entree presente un retour 
negatif (ce qui, d’ailleurs, diminue les niveaux moyens et limite les empilements).

A partir du signal de D0, on produit une impulsion carree d’amplitude detune 
et de duree reglable qui, simultanement, commande la lecture des bascules de memoire 
et impose un temps mort au selecteur.
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Cette impulsion de lecture est transmise aux bascules par l’intermediaire d’un 
circuit de melange, fait de lampes a cathodes couplees, dont les grilles sont autant 
d’entrees possibles pour les fonctions blocage et deblocage desirees.

Ce circuit de commande n’est qu’un exemple de realisation. Nous pensons que sa 
conception est souvent liee a la nature de l’experience. Son seul role est de fournir, 
a la ligne de commande, un signal correct, apres l’instant du maximum du signal 
analyse.

Diagramme fonctionnel des circuits d’anticoincidence (A.C.) (Fig. 3)

Figure 3
Circuit d’anticoxncidence. — Diagramme fonctionnel.

Considerons ce qui peut se passer dans le canal n.
A gauche, l’impulsion d’entree a son maximum dans le canal et doit etre comptee.
A droite, l’impulsion traverse le canal n et ne doit pas etre comptee.
a) Impulsion dans le canal: Le discriminateur Dn declenche et fait basculer 

Bn. Dn+i, dont le seuil n’est pas atteint, ne declenche pas. Bn + 1  ne change 
done pas d’etat.

A l’instant ou la ligne commune regoit un signal positif, B„ revient a l’etat initial 
et envoie une impulsion sur la grille gi du circuit A.C. fait d’une lampe a deux grilles 
de commande. On a'alors un signal negatif a la sortie du canal n. C’est ce signal 
qui servira a enregistrer l’evenement dans la voie correspondante du meuble de 
comptage.

b) L’impulsion traverse le canal: Dn et Dn + i declenchent, faisant changer d’etat 
respectivement Bn et Bn+1. Bn + i bloque la lampe d’anticoincidence par sa 
grille g3.

A l’instant du retour des bascules, le signal venant de Bn sur gi ne peut donner 
lieu a un signal de sortie, le deblocage sur g3 etant legerement retarde par un circuit 
d’allongement. II n’y a pas de signal a la sortie du canal n.

Diagramme fonctionnel complet (Fig. 4)
Le maximum de l’impulsion analysee se trouve dans le canal 3.
Les impulsions obtenues par derivation du front de montee des signaux delivres 

par les discriminateurs Di, D2, D 3 successivement atteints font changer d’etat les 
bascules Bi, B2, B3. Le front de retour du discriminateur D0  engendre le signal de 
remise a zero et de temps mort.
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Figure 4
Diagramme fonctionnel complet montrant le classement d’une impulsion.
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Les signaux allonges des bascules B2, B3 bloquent les circuits d’anticoi'ncidence AC], 
AC2  des canaux 1 et 2. AC3 ne Test pas puisque D 4  n’est pas atteint. Seul le signal 
de la bascule B3, apres derivation, donne par AC 3 une information a la sortie.

Le canal 3 enregistrera un coup.
Schema de la platine analyse (Fig. 5)

Figure 5
Platine Selecteur rapide SAR. 10. C
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Le discriminateur d’entree est realise avec deux tubes E 180 F. Le seuil est fixe 
par le potentiel continu de la grille d’entree. Le couplage interne est a liaison par 
capacite. Un cristal accelere la restitution sur la grille du deuxieme tube. L’ajustage 
du seuil se fait par un potentiometre Pj de 25 ohms aux bornes d’une tension de 
2  volts.

La bascule est un monovibrateur de Schmitt polarise au milieu de sa plage d’hyste- 
resis. Le potentiometre P2  permet le reglage. Le couplage interne se fait par un circuit 
de coincidence a deux cathode-follower a cathodes communes. La grille du deuxieme 
tube est liee directement a la «ligne commune» de remise a zero.

La cathode de la lampe de couplage est reliee directement a la grille g3 de la lampe 
d’anticoincidence de l’etage precedent et reliee par un circuit de derivation a la grille gj 
de la lampe d’anticoincidence du canal correspondant. Le signal de sortie est pris 
sur l’anode de cette derniere lampe.

Schema de la platine de commande (Fig. 6 )
Meme discriminateur que la platine analyse. Mais le seuil est fixe, done pas de 

necessite de reglage. Derivation du front de retour, inversion de signe, charge d’une 
capacite a la cathode de V4  et decharge par une des resistances choisie par le com- 
mutateur Ki. Le monovibrateur suivant delivre le signal carre de remise a zero des 
bascules et de temps mort du selecteur.

Ce signal est transmis a la ligne commune par le cathode-follower V7 B.
Les entrees de blocage ou deblocage se font sur les grilles des cathode-follower 

V7 A, VgA, V8B a cathode commune.

Realisation
L’appareil (Fig. 7) comprend 11 platines identiques correspondant aux 11 seuils 

necessaires pour definir 1 0  canaux et une platine de commande.
Une platine fournit la basse tension de 2 volts pour le reglage des seuils.
Les alimentations sont placees de chaque cote du meuble. Un ventilateur dans le 

socle les refroidit.
Les platines d’analyse sont inclinees a 45°, evitant le passage de l’air chaud d’une 

platine a l’autre.
Une boite a decades fixe les seuils, la largeur des canaux etant definie par une 

resistance de precision sur chaque platine d’analyse.
Un voltmetre controle la variation relative des deux tensions d’alimentation.
Pour le reglage des seuils, les grilles d’entree des discriminateurs sont amenees 

au meme potentiel et 1 1  relais miniature eliminent faction des signaux agissant sur 
la grille g3 de blocage de chaque circuit d’anticoincidence.

Les systemes d’enregistrement sont exterieurs. L’ensemble est assez volumineux mais 
tout est tres facilement accessible.

Performances
Les temps de montee et de descente des discriminateurs sont de l’ordre de 5.10- 8 s. 

A la limite ils fournissent des signaux triangulaires de pleine amplitude et d’une largeur 
de 1 0 — 7  s a la base.

Le temps de montee des bascules est de l’ordre de 7.10- 8 s et leur retard sur I’in- 
stant de declenchement des discriminateurs correspondants de 2 .1 0 ~ 8 s.

Les bascules doivent rester basculees environ 10_ 7 s.
On peut done esperer avec des signaux carres d’analyse de 2.10— 7 s de largeur et 

des temps de montee inferieurs a 1 0 ~ 8 s, que le fonctionnement sera encore correct 
avec un temps de resolution de 3.10—7 s.
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Figure 7

17
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L’ensemble a ete verifie avec des impulsions a 5.10— 7 s.
En fonctionnement normal, les seuils ne varient pas de plus de 0,05 V en 24 heures. 

Avec des precautions elementaires quant aux variations de la temperature ambiante, 
on obtient des derives de 0 , 0 2  Y.

Conclusion
Ce selecteur realise entierement avec des circuits simples est de construction et de 

mise au point faciles. Plusieurs deja ont ete construits industriellement par la Societe 
Intertechnique. Un exemplaire fonctionne depuis plus d’un an. Ses performances, 
notamment son temps de resolution de 5.10—7s le rendent utilisable dans un domaine 
ou les appareils commerciaux ne peuvent etre employes. Sa facilite d’emploi et ses 
possibility le font particulierement adapte aux manipulations en physique nucleaire.

/



GENERATEUR D ’IMPULSIONS, A PARTIR D ’UN 
COMPTEUR ROSENBLUM

J. F leury - C entre d ’E tudes N ucleaires de G renoble (F rance)

Principe de fonctionnement
Le compteur Rosenblum, ou compteur a etincelles, utilise pour la realisation 

de cet appareil, est un compteur classique, fonctionnant dans Fair, constitue par 
8  fils de Tungstene paralleles, tendus a 1,2 mm d’une plaque en acier inoxydable. 
On applique aux fils une tension positive de 3.200 volts, la plaque etant reliee a la 
masse par Fintermediaire d’une resistance R0  de forte valeur; la decharge «couronne» 
ainsi obtenue se traduit par la collection d’un courant d’ionisation, de l’ordre de 
1 0 0  micro-amperes; lorsqu’on approche de ce compteur une source de rayonne- 
ments a par exemple, une particule passant suffisamment pres d’un fil cree un 
amorgage entre ce fil et la plaque; pendant l’etincelle, le potentiel de la plaque 
monte ainsi en un temps tres court et retrouve sa valeur initiale, la resistance R0  

jouant le role d’element «auto-coupeur».
Deux proprietes de ce dispositif ont semble interessantes pour son utilisation 

en generateur d’impulsions calibrees:
1) La faible duree de l’etincelle.
2) L’amplitude considerable de l’impulsion de tension sur la plaque permettant, 

par un systeme diviseur de capacite (voir Fig. 1), d’obtenir des niveaux de

Figure 1
Schema de principe du generateur.

plusieurs dizaines de volts sous tres faible impedance. Le condensateur variable 
C0  permet de regler l’amplitude de l’impulsion de sortie.
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Caracteristiques des impulsions de sortie
L’impulsion a ete etudiee a l’aide de l’oscilloscope «Tektronix», type 517; le 

signal est applique par Pintermediaire de 2 0  m de cable coaxial (impedance 50 Q) 
sur les plaques de deviation verticales qui comportent le dispositif habituel d’amortisse- 
mertt et de symetrisation (voir Fig. 2: Balayage 10— 8 s/carreau, sensibilite 15 v/carreau).

Figire 2 
5.10—9 s/carreau

On obtient ainsi les caracteristiques suivantes:
Temps de montee, pris entre 10% et 90% de son amplitude: 2,5 mps.
Largeur a mi-hauteur: 5 mp.s.
Amplitude de l’impulsion: variable entre 1 et 45 v.
Impedance de charge: peut etre reduite a 2 Q.
Frequence de repetition: aleatoire, depend de l’intensite de la source de rayonne- 

ments a  et de sa distance par rapport au compteur. La source utilisee dans le montage 
est une source de Polonium de 50 microcuries environ; sa distance a la source varie 
de 5 a 2 cm. On obtient un taux de comptage maximum de 1000 impulsions/seconde, 
des taux plus eleves risquant de deteriorer rapidement le compteur.

La polarite des impulsions est positive.
Les utilisations d’un tel generateur sont les suivantes:
1) Etude du temps de resolution de systemes a coincidences rapides: Les impulsions 

sont calibrees en amplitude. On peut faire varier independamment l’amplitude de 
chaque train d’impulsions. On peut dephaser un train d’impulsions par rapport 
a l’autre au moyen, soit d’une boite de ligne a retard, commutable de 1 0 — 9  s en 
1 0 — 9  s, jusqu’a 1 0 — 8 s, soit d’une ligne coulissante a trombone pour les dephasages 
inferieurs a 1 0 — 9  s.

On a releve, par ce moyen, des courbes de resolution de chronotron, ayant une 
largeur a mi-hauteur de l’ordre de 2 .1 0 — 19 s.
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2) Determination experimentale du temps de transit des photomultiplicateurs: 
On utilise alors les etincelles du compteur comme sources de lumiere pour le photo- 
multiplicateur. En disposant un diaphragme entre la source de Polonium et l’un 
des fils du compteur, on obtient une etincelle dont la position geometrique est tres 
bien definie; on adapte sur le bolder contenant le compteur, et etanche a la hum ere, 
le photomultiplicateur. On observe l’impulsion de sortie de photomultiplicateur sur 
un oscilloscope que l’on declenche soit par l’impulsion elle-meme, soit par l’impulsion 
de sortie du compteur Rosenblum. La difference de dephasage observee dans chaque 
cas entre le debut du balayage de l’oscilloscope et le debut du signal est egale au 
temps qui separe les premiers photons arrivant sur la photocathode et les premiers 
electrons arrivant sur la dynode collectrice.

Ceci est vrai seulement si Ton neglige le temps que met la lumiere emise par 
l’etincelle pour parvenir a la photocathode. Cet inconvenient peut etre elimine en 
disposant le photomultiplicateur le plus pres possible du compteur.

On a utilise pour ces essais le photomultiplicateur «Radiotechnique» 51 AVP 
pour lequel on trouve un temps de transit de 5.10 8 s avec une tension de photo­
multiplicateur de 1500 v (Fig. 3), l’impulsion est prise par la sonde du Tektronix 517

Figure 3 
10—8 s/carreau

aux bornes d’une resistance de charge de 1 0 0  Q sur la derniere dynode; balayage 
de 2.10- 18 s/cm. Cette methode, qui utilise l’echelle des temps de 1’oscilloscope, 
n’est evidemment pas precise. Elle ne tient pas compte des fluctuations de temps 
de transit propres au photomultiplicateur, que Ton devine en observant sur la .photo 
un deplacement de l’impulsion de sortie, lorsqu’elle est declenchee par l’impulsion 
du compteur Rosenblum.

On obtiendrait une grande precision en disposant d’un chronotron a faible temps 
de resolution, et en injectant sur chacune des deux entrees l’impulsion du compteur 
Rosenblum d’une part, l’impulsion du photomultiplicateur d’autre part.
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Ceci devrait permettre de determiner experimentalement les fluctuations de temps 
de transit du photomultiplicateur; ces mesures sont actuellement en cours.

L’appareil se presente dans un chassis standard C.E.A.; il comprend une alimenta­
tion haute tension classique, ajustable entre 3.000 et 4.000 v, de debit 1 mA, stabilisee 
a 5.10~3, comportant 1 valve, 2 tubes de regulation type «807», et un neon; le 
panneau avant comprend, outre les deux sorties, les deux commandes de gain de 
chaque canal, un systeme a vis sans fin permettant de regler l’ecartement des deux 
plaques qui constituent le condensateur C0  ; il comprend egalement le reglage de la 
frequence de repetition.

En conclusion, cet appareil tres simple a realiser peut convenir aux essais concernant 
les circuits a coincidences rapides. Les reglages separes des amplitudes des deux 
trains d’impulsions, son impedance interne faible, lui conferent une grande souplesse 
de fonctionnement. S’il peut atteindre des frequences de repetition legerement 
superieures a celles d’un generateur classique a relai a mercure; par contre, il ne 
peut etre utilise comme generateur etalon en amplitude, sa precision a ce sujet 
etant de l’ordre de quelques %.

Son utilisation la plus interessante semble etre la mesure des temps de transit 
dans les photomultiplicateurs.



CIRCUIT DE COINCIDENCE DIFFERENTIEL
R . M eunier  - C entre d ’E tud es  N ucleaires de Saclay (F rance)

Nous avons etudie a Saclay un circuit de coincidence adapte au probleme de la 
detection des particules de hautes energies aupres des grands accelerateurs.

Le circuit que nous presentons tente de satisfaire aux conditions suivantes:
1) Le temps de resolution doit etre independant de la forme, de la duree et de la 

hauteur des impulsions fournies par les photomultiplicateurs qui comprennent 
habituellement tout un spectre de hauteur d’impulsions.

2) Le circuit de coincidence doit non seulement avoir un temps de resolution 
court, mais il doit aussi avoir un temps de recouvrement court afin de pouvoir 
travailler avec les faisceaux de particules les plus intenses que les accelerateurs 
peuvent fournir et de ce fait utiliser au mieux le temps de macbine dont dispose 
le physicien.

3) Le circuit de coincidence doit etre construit de telle sorte qu’il puisse s’accom- 
moder sans inconvenients des impulsions parasites de grandes amplitudes trop 
souvent rencontrees.

4) Une certaine simplicite du circuit est aussi desirable.
Nous avons choisi, pour repondre a ces conditions, un circuit de coincidence 

differentiel dont le schema de principe est represente par la Fig. 1.

Figure I

Le retard relatif de deux impulsions que ce circuit permet de mesurer est defini 
par la position de leur centre de gravite. La distance entre les centres de gravite 
de deux impulsions ne depend pas de leur hauteur et, comme le docteur Gatti l’a 
montre precedemment dans son expose, cette definition est celle qui, dans certaines 
conditions, assure la meilleure definition du temps de passage d’une particule dans 
un compteur a scintillation lorsque l’ori tient compte des dispersions de temps 
introduces a la fois par le cristal scintillant .et le photomultiplicateur.
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Voici l’explication du mode de fonctionnement de ce circuit:
Si une seule impulsion negative se presente a l’extremite A du cable, elle charge 

les trois capacites a la meme tension de Crete, a =  b =  c. Ces trois impulsions, 
qui sont relativement beaucoup plus longues que les impulsions initiales, 1 0 ~ 7  s 
a comparer a 3 a 5.10 9, sont appliquees a deux amplificateurs a difference dont 
les sorties represented: a — b et c — b. Comme a. =  b =  c dans le cas d’une 
impulsion unique, ces differences sont nulles. Les differences sont appliquees a un 
circuit de coincidence classique C qui ne repond par exemple qu’a deux impulsions, 
toutes deux positives. Dans ce cas, le circuit de coincidence ne repond pas; par 
contre, si une impulsion positive est envoyee simultanement a l’extremite B, les 
deux impulsions se deplacent en sens inverse l’une de l’autre, se rencontrent a la 
diode No 2 et s’y annulent. Les ailes des impulsions s’annulent partiellement en 
1 et 3 et nous avons une combinaison d’impulsions a, b et c pour laquelle b est 
inferieur a a et a c. Une coincidence est acceptee lorsque a — b et c — b sont 
simultanement superieurs a une certaine valeur qui est le seuil de declenchement 
du circuit de coincidence. Les diverses combinaisons d’impulsions a, b et c qui se 
presented suivant le retard relatif des impulsions appliquees au circuit sont representees 
sur la Fig. 2.
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Figure 2

Les courbes de resolution experimentale d’un tel circuit en fonction de la hauteur 
des impulsions et de leur duree sont donnees par la Fig. 3. Elies montrent que, 
quelle que soit la duree des impulsions, le temps de resolution ne peut exceder le 
temps 2 a  de propagation d’une impulsion sur la distance 1,3 dans le cable AB. Ces 
courbes montrent aussi que si la duree des impulsions s’accroit au-dela de deux fois 
le temps de resolution limite, le circuit conserve le meme temps de resolution, mais 
avec une sensibilite reduite. Cette particularity est speciale a ce circuit; generalement 
les circuits de coincidence sont plus sensibles et ont un temps de resolution plus 
grand pour les impulsions longues. Un circuit ‘analogue dans le principe et la con­
struction est a la base d’un analyseur de temps de vol qui a ete decrit dans une 
publication anterieure(l). Dans cet article il est montre comment le centre de gravite
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est effectivement utilise pour definir une impulsion. Ce circuit de coincidence, qui 
n’est qu’une simplification de ce dernier, ne se prete pas aussi aisement a cette 
explication. En realite, ce circuit mesure trois points seulement de la courbe enveloppe 
obtenue par la superposition des deux impulsions progressivement retardees l’une 
par rapport a l’autre. L’experience prouve que le temps de resolution ainsi obtenu 
ne differe pas de celui qu’indique le calcul dans le cas de deux impulsions reellement 
definies par leur centre de gravite. Eclaircissons seulement un point: la notion de 
centre de gravite implique l’idee que le circuit ne repond qu’un certain temps apres 
le debut des impulsions, afin que l’information contenue dans l’ensemble de celles-ci 
ait eu le temps de s’accumuler.

II doit done exister un organe de memoire dans ce circuit. 11 en est bien ainsi 
et les trois capacites placees en a, b et c en jouent le role. Elies se chargent a une
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certaine tension qui est analysee par la suite dans le reste du circuit. Le temps de 
recouvrement du circuit, qui conditionne le taux de comptage maximum que le 
circuit peut accepter, est lie au temps d’effacement des informations enregistrees. 
Ce temps n’est autre que la constante de temps RC associee a ces capacites. II est 
actuellement dans nos circuits egal a 1 0 ~ ~ 7 seconde.

Le taux de comptage en coincidence maximum que le circuit peut compter sans 
pertes est de l’ordre de 106  coincidences a la seconde. Le taux de comptage en simple, 
par contre, dans chaque voie, peut etre beaucoup plus grand encore, specialement 
dans la voie de la dynode, extremite B. Ces impulsions positives ne voient, en 
l’absence de coincidence, que la resistance inverse des diodes placees en c, b et a, 
et par consequent n’ont aucune influence sur le circuit, quel que soit leur nombre. 
Cette particularite rend ce circuit specialement propre aux mesures de diffusion 
de particules ou Ton rencontre un faisceau intense de particules primaires traversant 
le compteur B et un nombre relativement plus restreint de coincidence A.B. Pour 
terminer, voici les resultats que M. Teiger a obtenu avec ce circuit: avec deux photo- 
multiplicateurs Dario 56 AVP ou LEP 204 et la radiation de Cerenkov provoquee 
par les p. cosmiques dans 5 cm. de plexiglas, la largeur totale a mi-hauteur est egale 
a 6,2 10— 1 0 sec., avec une efficacite de 100% (Fig. 4); le taux de comptage est reduit

de plus d’un facteur 100 par un retard de 2,5 10~ 10 sec. On ne note aucune coincidence 
accidentelle en une journee de fonctionnement. Ce circuit a un temps de resolution 
theorique maximum 2  a de 1 0 ~ 9  sec.

Le meme circuit utilise avec des photomultiplicateurs RCA 6810 A ne permet pas 
d’obtenir ces resultats, les fluctuations de temps de transit devenant preponderates 
par rapport au temps de resolution du circuit. Ces tubes ont cependant permis de 
bons resultats avec un circuit possedant un temps de resolution theorique plus grand 
et egal a 2 , 6  1 0 ~ 9.
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Nous avons aussi verifie que des impulsions atteignant meme 100 volts ne donnent 
pas de fausse coincidence. Le schema de detail est represente par la Fig. 5; mentionnons

yflAA -U  w w j l w v

A 4.7*
4>o*Jb O-OI^P

\ta
&

Figure 5
Circuit de coincidence differentiel.

seulement qu’a la suite des perfectionnements apportes par M. Teiger, le circuit 
complet ne comprend plus que 1 0  tubes et ne presente aucune difficulty de cablage 
puisque, tous les tubes ne travaillent qu’avec des impulsions d’une centaine de 
nanosecondes. La hauteur relative des impulsions venant de l’anode et de la dynode
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n’a que peu d’importance; leur rapport peut fluctuer dans un rapport de 1 a 3 sans 
perturbation quelconque du circuit; de plus grandes variations entrainent une perte 
de sensibilite du circuit.

Nous ne savons pas adapter le meme principe a la construction d’un circuit de 
coincidence a plus de 2  canaux mais par contre, le meme principe conduit a un 
circuit d’anticoincidence differentiel en modifiant legerement ce circuit. Les resultats 
obtenus en anticoincidence sont exactement comparables a ceux du circuit de 
coincidence.

B 1B LIO G R A PH IE
(I) MEUNIER R. and DAVIDSON G., Fast read out chronotron system, Rev. Sci. Jnstr. 28, 1010 

(1957).



D I S C U S S I O N
M . Pieper (U .S.A .)
Q uestion  de M . Churchill:

Combien de temps apres le balayage de lecture est-il possible de faire un nouvel 
enregistrement ?

R eponse:
II est possible d’enregistrer immediatement apres balayage de lecture.

Q uestion de M . H oogenboom  ( H ollande) :
Pourquoi ne limiteriez-vous pas l’enregistrement d’une impulsion a l’enregistre- 

ment d’un trait dont il suffirait d’intensifier le sommet?

R eponse:
Je pense que cela est possible et que ce serait une tr£s bonne chose de le faire. 

De cette facon vous pourriez, je pense, realiser une lecture tres rapide; le temps 
d’effacement d’un trait est seulement de quelques nanosecondes. On peut egalement 
emmagasiner plus d’une impulsion sur la meme position pourvu qu’elles aient des 
amplitudes differentes, la probability d’avoir deux impulsions de meme amplitude 
est faible. Je pense que cela devrait etre etudie avec soin.

M . Duclos (France)
Q uestion  de M . Teiger:

Comment peut-on obtenir 9.10- 1 0 s. de temps de resolution avec un photomulti- 
plicateur 51 AVP, alors que ces photomultiplicateurs sont a grand temps de dis­
persion? Quel serait alors le temps, de resolution avec des photomultiplicateurs 
rapides 56 AVP?

R eponse:
Le temps de resolution dont j ’ai parle est la mi-largeur a mi-hauteur de la courbe 

de resolution, done la largeur totale a mi-hauteur serait de 1,8.10 9  s. Nous avons 
effectue des comparaisons entre les differents photomuitiplicateurs que nous avions 
a notre disposition et nous avons trouve que le 51 AVP etait equivalent au RCA 6342, 
du moins en utilisant la partie centrale de la photocathode. Nous avons utilise la 
partie centrale de la photocathode en employant un scintillateur de 2 0  mm de 
diametre. Nous n’avons pas a notre disposition de 56 AVP et de RCA 6810 A et 
nous ne pouvons pas dire, dans ces conditions, ce que serait le temps de resolution; 
mais il est probable que, dans le cas precis ou nous avons trace cette courbe, la dimi­
nution ne serait pas extremement importante, car pour les particules de faible energie 
(inferieure a 500 KeV) que nous avons mises en coincidence, les fluctuations dans les 
cristaux scintillateurs organiques constituent l’essentiel du temps de resolution.

M . Meunier (France)
Q uestion  de M . von D ardel:

Quel est le nombre de photoelectrons dans le test 56 AVP avec des compteurs* 
Cerenkov ?

R eponse:
Nous avons calcule ce nombre, il y avait au maximum 30 photoelectrons dans 

chaque tube.

296
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Q uestion  de M . Chase:
Y a-t-il une raison essentielle a ce que les signaux a l’entree soient de polarite 

opposee?

R eponse:
En principe il n’y a pas de raison speciale, cependant si l’on veut utiliser au mieux 

les caracteristiques des diodes et surtout faire en sorte que le taux de comptage en (5) 
dans une voie soit aussi eleve que l’on veut, il est preferable d’avoir des impulsions 
de signe oppose.



S E S S I O N  IV

T E C H N I Q U E  DES I M P U L S I O N S  
E L E C T R O N I Q U E  C L A S S I Q U E

P UL S E  T E C H N I Q U E :  
CLAS S I CAL E L E C T R O N I C S



R E V I E W  O F  S O M E  R E C E N T  C O N T R I B U T I O N S  T O  
P U L S E  T E C H N I Q U E S  I N  T H E  F I E L D  O F  C L A S S I C A L  

N U C L E A R  E L E C T R O N I C S  
E m ilio  G a tti - P olitecnico  d i M ilano  e L aboratori C.I.S.E., M ilan  (Italy)

In September last year, on the occasion of the International CERN Meeting, 
I had the pleasure of giving my ideas on counting and storage systems, and, in general, 
on classical nuclear electronics.

During last year, in principle, my ideas on the subject have not much changed, 
nor has, as far as I know, nuclear electronics itself: as these considerations have 
been published(l) I will omit the general ones and pass on to deal with some new 
techniques which were developed this year, or some old ones which have since 
come into the limelight. I will, however, confine myself to those techniques which 
are, or will probably be useful to my laboratory work, and with which, therefore, 
I am more familiar.

Pulse Amplifiers
Let us start with amplifiers for gamma-ray spectroscopy. A very simple and 

useful idea has come from B. Collinge of the University of Liverpool; it concerns 
a non-overloading amplifier shown at the Physical Society Exhibition in March, 1958.

The amplifier is d.c. coupled and consists of three feedback loops with high 
a.c. gain and low d.c. gain. By using a feedback network partly bypassed, d.c. gain 
can be very low (1 —2 ) and d.c. drifts become negligible while a.c. gain can be set 
at a convenient value (100—150) for each loop.

However, the bypass in the feedback path is equivalent, as far as the transient 
response is concerned, to an RC coupling circuit, with the consequent problems 
of base line shift and spread at high counting rates. At the Politecnico of Milan
E. Zaglio has developed a non-overload Fairstein amplifier based on this idea (2). 
The bipolar pulse technique is used to prevent shifts and spread of zero base line 
at high counting rates, while high stability of feedback amplifiers is preserved since 
d. c. coupling allows the use of high load resistances and, consequently, high return 
ratios without overload problems.

Scalers I
Turning now to the problems of counting, let us examine the state of the art for 

the most simple element, the binary scaler.
Very fast binary scalers have been built with electron tubes and with transistors 

by, for instance, M. Nakamura at Berkeley (3), J. Fischer and J. Marshall (4) and 
shown at this conference by V. Pellegrini and B. Rispoli(5) and E. H. Cooke 
Yarborough(6 ).

I would like to illustrate, with some details, the solution recently published by 
B. Collinge and G. B. Huxtable(7) of the Nuclear Research Laboratory of the 
University of Liverpool, for a 20 Mc/s. scaler.

The circuit is shown in Fig. 1: the bistable circuit is a Schmitt circuit working 
in the hysteresis region: positive pulses drive the circuit in one position, negative 
ones in the other.

18 273
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These pulses are provided by the gate circuit. The polarity of the pulse from the 
gate is decided by the state of the Schmitt circuit which is d.c. connected to the gate 
through the delay line.

This arrangement clearly shows that what is usually called the memory of a 
binary scaler is a property which can, in principle, be divided into two parts:

1 ) “inertial” memory, which, in terms of phase plane analysis is connected to 
the presence of two stable foci, and in practical behaviour means that the 
system, once sufficiently excited, proceeds by itself from one stable condition

. to the other;
2 ) “commutation memory”, which tells in which direction the applied input 

pulse has to switch the circuit. This is, of course, the memory of the previous 
position of the circuit.

It seems clear that it is not practicable that the two quoted memories have the 
same or related time constants, and it seems more convenient, as in the quoted 
solution, to provide these two types of memory with different physical elements.

The inertial memory should be as short as possible, and eventually the input 
pulse may be equal, or larger, than the transition time of the scaler. On the contrary, 
the commutation memory has to be long enough to allow the complete transition 
of the binary, which must not be prevented by the input pulse or by a too early 
successive pulse. The time of this memory determines the resolving power of the 
system which may be driven by input pulses and is nearly equal to it. In the quoted 
case this is fixed by the delay line.

The binary of B. Collinge and G. B. Huxtable can be thought of as an oscillator 
gated by the input pulse. Two transitions are made as the input pulse exceeds a 
critical length; this is a useful property as two overlapping input pulses can be 
resolved by the binary which has therefore an effective resolving time for random 
pulses much shorter than the one exhibited as a frequency divider.

Commutation devices in binary scalers are old; as far as I know they were first 
introduced by W. A. Higinbotham(8 ), but the time constants of the switching 
mechanism so obtained were those of the associated binary. The binary of E. Baldinger 
and P. Santchi(9) (Fig. 2) has distinct times associated with the transition of the
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E.Baldinger- P. Sanfchi 

Scale-of-fwo

binary and the commutation memory: in fact, this memory is due to charge storage 
in transistors 1 * and 2 * and the time associated with storage can be controlled 
independently from the transition time of the binary.

Let us turn now to the problem of making decimal scalers starting from binaries. 
Recently, an old solution described in 1953 by E. L. Kemp(10) of Los Alamos, 
and independently by R. Wahl of Saclay(l 1), has been developed by D. E. Cottrell(I2) 
for a 10 Me scaler.

The arrangement is shown in Fig. 3.

Figure 3

The counting is the usual one up to the 8 th pulse: the state 1 of the 4th binary 
circuit switches the output of the 1 st binary in order that the 1 0 th pulse, when 
resetting the first binary, resets also the fourth.



276 TECHNIQUE DES IMPULSIONS: ELECTRONIQUE CLASSIQUE

It is also to be noted that the ninth pulse cannot, because of its sign, cause a 
wrong transition in the second binary even if the commutation after the eighth 
pulse has not yet been made. Similarly the time allowed to the fourth binary and 
commutator to recover after the tenth pulse is the time between the tenth and twelfth 
pulse.

Therefore, all circuit elements following the first binary can be designed for a 
time resolution larger by a factor of nearly 2  in respect to the first binary.

It is further to be noted that the four binaries give the decimal number in the 
usual four wire code.

The transistorized decimal scaler of G. B. Chaplin and A. R. Owens(13) published 
in 1956 makes use of the same idea although it was independently developed. These 
workers describe their scaler as a cascade of a binary and a scaler-of-four in which 
an inhibit system rejects every fifth pulse.

As far as decimal scalers are concerned, I will deal with a slow decimal scaler 
(10 kc), which has recently been developed by G. Giannelli(14) at CNRN in Milan, 
for a portable survey instrument. The scaler is made with three transistors and 
two magnetic cores. The working principle consists of driving a magnetic core 
through five steps of increasing magnetization from one saturation to the opposite 
one, and afterwards with another five steps to drive it to the original state.

Sign inversion of the driving pulses is made- through a binary whose state is 
commuted by the large current pulses corresponding to saturation of the magnetic 
core.

Pulse Timing
The problem here is that of timing of pulses of different amplitudes. Very often 

it happens that one has to start some definite operations timed with the occurrence 
of a pulse which may change in amplitude.

Amplitude

B.iohansson solution

trigger
threshold

Vo
V- (W V_AV)

0

Amplitude
E.&atti solution

trigger
Timethreshold

■Time

Figure 4
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Attempts to solve this problem, for making fast coincidences with slow phosphors, 
such as Nal, in scintillation counters, have been made by P. Weinzierl(15) and 
recently by B. Johansson (16) and M. Spighel and L. Penege(17), and a method 
was reported at this conference by W. Gruhle(18). B. Johansson, for instance, 
subtracts (Fig. 4) a step proportional to the input pulse in order to trigger a dis­
criminator at a time independent from pulse height. The solution which I suggest 
is based on a different principle: one excites a damped resonant circuit with the 
input pulse and detects the first zero crossing which occurs at a time independent 
of pulse height. From Fig. 4 it is clear that a negative displacement of the trigger 
threshold causes the trigger circuit to fire even earlier for small pulses. A virtual 
negative trigger threshold can, however, be provided by adding to the damped 
oscillation a step somewhat larger than the positive trigger threshold of the actual 
discriminator (Fig. 4).

A very simple theoretical analysis of the behaviour of an idealized trigger circuit 
schematised as an RC circuit with R negative, excited by a ramp function and a 
time trigger anticipated by a time inversely proportional to the slope, gives for the 
output the waveform of Fig. 5, which can be compared with the experimental data

of Fig. 6 . The experimental circuit is shown in Fig. 7. With a resonant circuit timed 
to 2 Me, and pulses of some tenth of a microsecond, it is possible to have an output
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pulse of 2 x l 0 ~ 18 sec of width not shifting more than 4 nanoseconds for a factor 
of ten in pulse amplitude at the input. Such a technique should be useful in starting 
the sweep of fast oscilloscopes. The penalty is a constant delay in starting, equal 
to half a period of the selected working frequency.
Storage of Information

D. Maeder(19), in his general review on photographic methods of recording 
information on pulse amplitude distributions, has introduced an interesting method 
of quantization of the time axis. Suppose (Fig. 8 ) that the pulses to be analyzed 
are applied to the vertical deflection plates of an oscillograph (which is provided 
in a convenient way by intensifying only the top of the pulse) and steps with slowly 
decaying top are applied to the horizontal axis every time a pulse arrives. The steps

*1 + *2

Figure 8
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prevent overlap of pulses on a slowly moving recording film which looks at the 
C.R.T. screen, and the slowly decaying top provides a slow backward motion with 
a speed equal to that of the film so as not to waste the film. If the probability of 
the spot to recover to the initial position is negligible, an equal spacing of dots 
on the film is possible. The method can be extended to magnetic tape recording 
by providing a convenient number of heads closely spaced along the direction of 
motion of the tape. Let us call 0, 1, 2, 3, 4 the successive heads: starting from 0, 
when a pulse is received, the following pulse is commuted to the head 1  providing 
a minimum distance between the two pulses corresponding to the spacing of the 
heads. Commutation to head 0 is again made if no second pulse arrives in a time 
corresponding to the travel of the tape across one head spacing. A feasibility study 
has been made with writing heads consisting of a loop of wire placed across the tape 
(Fig. 9) and fed by rectangular pulses of current. The “width” of the pulse has

Figure 9

proved to be about two to three wire diameters which were of 0.1 and 0.05 mm. 
A spacing of 0.4 mm. between the axis of successive heads seems sufficient to separate 
the pulses. Play-back was made with conventional heads, and amplitude dispersion 
of equal pulses written by wire heads was the same as with conventional writing 
heads. One should, however, expect better resolution, as observed by Dr. Kandiah 
(private discussion) because the mutual positions, in the direction of width of the 
tape, of the recording head and the tape itself are not so important. The pulse of 
magnetisation is recorded on the whole tape width. Probably one should take 
advantage of this method by reading with a similar wire loop head and convenient 
step up transformer and amplifiers, Writing currents are of the order of 10 Amps.
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A 200 CHANNEL PULSE HEIGHT ANALYZER
C. C o ttin i a n d  E. G atti - C entro  In form azion i St u d i E sperienze , M ilan

(Italy)

The instrument is a 200 channel pulse height analyzer with transistorized magnetic 
core memory. The general layout of the instrument follows the design shown in 
published papers(1), (2). The general block scheme is given in Fig. 1. The address 
circuits are decimal and there is the possibility of use of the 2 0 0  addresses as 1 0 x 2 0  

channels related to two different variables, as 2  groups of 1 0 0  channels to be used 
successively for two experiments, or with a commutation from the first to the second 
group, with a drive pulse. This possibility allows, for instance, the measurement 
of a spectrum on the first 1 0 0  channels and of the part of this spectrum coincident 
with suitable reference pulses on the other 100. The instrument is generally set with 
200 linear channels. The substitution of the single amplitude-to-time converter with 
a double one allows the use of the instrument with 1 0 x 2 0  channels.

Until now only the single converter has been built and tested, and as far as the 
XYZ use is concerned, only the facilities to the address circuits have been provided 
and tested.

Amplitude-to-Time Converter
The amplitude-to-time converter is shown in block scheme in Fig. 2 and in detailed 

scheme in Fig. 3.1) This is mainly derived from that described by Kandiah(3). As in the 
Kandiah circuit, a Chase lengthener is transformed into a comparator when the 
memory condenser is discharged: the comparison is made with the input clamped 
to a reference potential. The memory circuit, as in Kandiah’s circuit, is made by 
two condensers, connected in series but the discharge is at constant current rather 
than with calibrated current pulses. The reset of the 1000 pF condenser, discharged 
at constant current, is made through the low impedance of the dynode of a secondary 
emission tube. The synchronization of the beginning of the linear discharge of the 
memory condenser with the pulse of the coding quartz oscillator allows, if desired, 
the use of a rigid boundary channel. The original input circuit of the Kandiah 
encoder with a clamping device has excellent stability, but it is not convenient when 
using amplifiers with bipolar pulse shaping, as it is sensitive to negative tails at high 
counting rates.

In order to remove this drawback we have modified the original input circuit 
in the way shown in Fig. 4, which is a detail of the general scheme of Fig. 3. The 
diode Dx and transistor Tj are introduced to have the same impedance at point A-B, 
as it is seen by condenser Q , for positive or negative pulses, both in the clamped 
or unclamped condition. The channel width is 0.15 volt when using 200 channels 
and the time required to code channel 200 is 100 p.sec. The channel width is 0.3 volt 
when 2 X 100 channels are used. A back bias of 0 to 30 volt can be introduced by 
shifting the level in the comparison circuit removing a stabilized current in the 
resistor R (Fig. 4). The address circuits include free running oscillators and the *)

*) For technical reasons it has not been possible for the publisher to reproduce the table referred to; the reader 
may, however, obtain a photo-copy of this table at cost price, by writing to: The International Atomic Energy Agency, 
Kamtnerring, Vienna I, Austria.
Pour des raisons d’ordre technique, il n’a pas 6t6 possible k  T&liteur de reproduire le tableau dont il est fait mention; le 
lecteur peut toutefois se procurer une photo-copie de ce tableau, au prix coutant, en 6crivant k :  l’Agence intemationale 
de l’6nergie atomique, Karntnerring, Vienne I, Autriche.
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Figure 4

gates are made with 6 AR8  tubes. Trochotrons M010R are driven on odd and 
even grids through a fast binary.

The analogue address signal for the CRT display is obtained directly by the 
M010R trochotrons. Clamp diodes limit the voltage excursion of trochotron 
collectors from which precision resistors inject current into a virtual ground.

Arithmetic Unit
This is fully transistorized and uses conventional computer techniques. 16 matrices 

10x20 are provided with 603 Philips ferrite cores.
Current generators are of a type which we have recently described (4) (Fig. 5). 

The circuit has proved reliable and of extreme accuracy.
The clamp diodes on the base of the transistors OC44 receiving current from 

a trochotron target, are introduced in order to make those transistors insensitive 
during scanning of the addresses, when address pulses are counted by the trochotrons, 
and quickly remove the stored charge present on those transistors after every writing 
operation which has rendered them highly conducting and saturated. Oscillographic 
display of the memory content is made by a digital-to-analogue converter consisting 
of transistors used as switches and driven by the temporary memory.

A continuous display of the memory content is provided. A conventional 
print-out is provided, using trochotrons, thyratrons and a normal adding machine.

The instrument has been tested at high counting rates (70% dead time) without 
appreciable distortion of the recorded spectrum.

Differential linearity is better than 2% and integral linearity is better than 
2  %o‘
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Figure 5
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A WIDE PULSE HEIGHT DYNAMIC RANGE 
COINCIDENCE CIRCUIT FOR SLOW PHOSPHORS
R ene J. A. L evesque a n d  W illiam  F. H ornyak  - U niversity  of M aryland

(U.S.A.)

As often happens in experimental nuclear physics, interest centres on both the 
, establishment of time coincidence between two related radiations and on the energy 
of these radiations. Such radiations may consist of y-rays, electrons, protons, 
deuterons, a-particles, etc. The most satisfactory approach involves the use of 
scintillation detectors. Unfortunately, the organic phosphors such as anthracene, 
trans-stilbene, diphenyl acetylene, etc., which are capable of generating fast pulses 
suitable for 1 — 1 0  millimicrosecond coincidence circuitry do not, as a rule, afford 
satisfactory energy determination. The inorganic phosphors, such as the activated 
iodides of sodium, potassium and cesium, are usually required for energy and particle 
type identification. However, these phosphors have light emission decay times 
ranging from 2 0 0 — 1 0 0 0  millimicroseconds.

In those special cases where very narrow ranges of the pulse height spectra 
generated by inorganic phosphors may be selected, fast resolving times with essentially 
100 percent coincidence efficiency can be realized. However, when large portions 
of the pulse height spectra are to be utilized, the effect of pulse height generated 
time delay, essentially produced by the relatively .long rise time of such phosphor 
generated pulses, must be contended with. Most directly, either limiting or triggering 
at a low signal level followed by pulse shaping is required.

287
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In the present arrangement activated sodium or cesium iodide crystals are used 
to generate volt level pulses employing suitably high voltages on standard photo­
multipliers, such as the Dumont 6292, or RCA 6342. A trigger circuit is coupled 
directly to the photomultiplier last dynode (for a positive signal) at a high impedance 
level. The necessary flexibility in coupling the various units together is achieved 
by means of the coaxial cables' that are needed for pulse shaping anyway.

The first stage of the coincidence circuit consists of two fast trigger circuits. The 
triggers employ EFP-60 secondary emission pentodes operated in the super sensitive 
mode(l) (Fig. 1). The circuit illustrated in Fig. 1 has a trigger sensitivity referred 
to the input connector of 18 millivolts, with a random drift of less than ± 3 milli volts 
in a time of the order of days. (A similar circuit has been used satisfactorily for 
over a year at a trigger sensitivity of 40 millivolts and drift less than ± 10 millivolts.) 
Circuit noise, which would result in self-oscillation if the bias on the blocking diode 
were removed, is about 3 millivolts, again referred to the input connector.

The triggering action of the EFP-60 is accomplished through the positive feed­
back resulting from the capacitative coupling between the secondary emission dynode 
and the grid. Self oscillation induced by noise is prevented by using the biased 
1N34 diode. By means of the shorting switch and the 2.5 K potentiometer in the 
biasing circuit this diode is biased to a prescribed level above self oscillation, here 
set to about six times the maximum drift observed in the sensitivity. Direct-current 
negative feedback through the 20K EFP-60 plate .resistor and the 404-A cathode 
follower is used to stabilize,the EFP-60 plate current at 12 ma. In a test to measure

COINCIDENCE DETECTOR UNIT AND PREAMP

Figure 2
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the plate current stability, the EFP-60 filament was supplied from a variable voltage 
source. Filament voltage changes corresponding to line voltage fluctuations from 
90 volts RMS to 135 volts RMS (normal line voltage is 115 volts) produced less 
than 1 percent change in plate current.

The input network to the 404-A and the shunt capacity of the photomultiplier 
form the initial pulse shaping circuit. Ringing of this comparatively high Q circuit 
is prevented by the G7A diode. The pulse duration in this circuit of approximately 
2  microseconds determines the dead time of the coincidence circuit as a whole. 
(The recovery time in the EFP-60 positive feedback loop would normally be shorter; 
approximately 0.5 microsecond for the circuit values in Fig. 1.) The driving signal 
is brought to the EFP-60 grid through the 404-A cathode follower and the disconnect 
diode (1N56). This diode permits the EFP-60 grid to rise to rather large positive 
voltages during triggering.

Triggering produces a switching current of approximately 200 ma in the EFP-60 
plate circuit, thus producing a 20 volt pulse on a source end terminated RG 114 U 
(Z0  = 1 8 0  ohms) cable connected to the output terminal (see Fig. 1). The rise time 
of this pulse is approximately 8  millimicroseconds.

The second stage of the coincidence unit consists of a modified De Benedetti 
circuit (2) (Fig. 2). Delay line clipping produces input pulses of approximately 
15 millimicrosecond width. The series diodes are normally conducting (5 ma each) 
while the discriminator diode is biased off" (adjustable 0—10 volts). The series diodes 
clamp the input of the discriminator diode to whichever simultaneous input pulse 
is smaller (these pulses are negative). The clamping action has a time constant 
of approximately 5 millimicroseconds (2.2K Q and 2—3 p.]ifd shunt capacity); and 
is thus fast enough to faithfully follow the input signals. Thus, a signal on one input 
unaccompanied by a signal on the other input, results in a greatly reduced signal 
seen by the discriminator diode, while coincident input signals produce an unattenuated 
signal. A conventional cathode follower for handling large negative signals and a 
pulse stretcher complete the unit. With the discriminator diode biased at a few 
volts, a coincidence results in a final output pulse several hundred times larger 
than that produced by a single event.

Fig. 3 shows a typical coincidence resolution curve employing signal pulses at 
the photomultipliers covering a wide pulse height range. The flat top to this curve 
is indicative of the essentially 100 percent coincidence efficiency. The resolving time 
of 24 millimicroseconds results, using 5 foot delay line shapers in the circuit of Fig. 2. 
It is estimated that the shortest practicable resolving time is approximately 15 . milli­
microseconds. It is limited by the jitter in the EFP-60 triggering time of approximately 
5 millimicroseconds and remnant pulse height-time delay effects. Additional limitation 
results from the severe pulse height loss when too short delay line clipping is attempted 
with the 8  millimicrosecond rise time EFP-60 plate signal.

With desired photomultiplier signals in the volt range and a triggering sensitivity 
of tens of millivolts, pulse height spectra rich in very small pulses may produce 
serious counting losses through the dead time of 2  microseconds in the coincidence 
circuit, although it should be pointed out that, in all likelihood, under these conditions 
distortions are also appearing in the linear amplifier and discriminator channels 
determining the energy information. Dead time loss in the coincidence circuit due 
to small pulses can be reduced by using delay line clipping in the 404-A grid circuit. 
If this delay line has a signal transit time long compared to the triggering time of 
the desired pulses but short compared to the phosphor decay time, small pulses are 
reduced by the clipping to below the triggering level while the large pulses trigger

19
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at a time independent of the presence of the shorted line. A 20 foot shorted length 
of RG 114 U has been successfully used for this purpose on a number of occasions.

The circuit described in this paper has been successfully used in situations demand­
ing great stability, demanding coincidence resolving times in the range 20—40 milli­
microseconds, requiring the acceptance of a large pulse height range with 1 0 0  percent 
coincidence efficiency, and employing inorganic phosphors as detectors.

R E F E R E N C E S
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A 100 CHANNEL PULSE HEIGHT ANALYZER 
UTILIZING DUAL STEP CONVERSION*)

J. P. M a c M a h o n  - A r g o n n e  N a t io n a l  L a b o r a to ry , L em o n t , III. (U.S.A.)

For well over a decade the scintillation counter and pulse height analyzer combina­
tion has been an extremely important tool in nuclear energy research. Early versions 
of multichannel analyzers consisted of biased discriminators followed by anti- 
coincidence gates. While these units had the advantage of speed, they suffered from 
the disadvantage of instabilities due to vacuum tube drifts which required N + l level 
adjustments for an N channel analyzer. With the demand for more and more channels, 
the necessity of adjusting these channel level controls to obtain uniform channel 
widths became a very serious problem. A significant contribution to the art was made 
by Wilkinson (1) in 1949 when he employed analog-to-digital conversion techniques 
to obtain essentially uniform channel widths in a one hundred channel pulse height 
analyzer. This uniformity of channel width was obtained at the expense of analyzer 
dead time, for the time required vto determine an amplitude is not dependent upon 
the magnitude of that amplitude but the average time is much greater than that 
required in a multi-discriminator unit.

Another substantial improvement was made by Hutchison and Scarrott(2) in 1950 
when they applied digital data storage techniques to a converter of the Wilkinson 
type. This not only made possible a significant saving in components, but also 
made it practical to use cathode ray tube readout and automatic numerical printout 
devices. In 1954 Byington and Johnstone(3) of Los Alamos and, independently, 
Schumann and MacMahon (4) of Argonne applied the advantages of a random access 
magnetic core memory to a multichannel analyzer design to achieve a dead time 
of 1/2 ]is per channel, plus approximately 20 p.s for memory storage time. For a 
one hundred channel unit a maximum dead time of 70 ;is and an average dead time 
of 45 ]is was obtained.

It was apparent, however, that full advantage was not being taken of the speed 
that could be obtained with a magnetic core memory since the memory cycle time 
was generally less than one-half of the maximum time required for the analog-to- 
digital conversion process. Furthermore, in cases where the spectra to be measured 
contained nonrandom components, only the maximum dead time of the system 
could be used, since there would otherwise be a possibility of spectrum distortion. 
The instrument to be described here uses a dual-amplitude step-discharge technique 
in the analog-to-digital conversion process to reduce the maximum conversion time 
to less than that required for a memory cycle. Two address scalers are also incorporated 
so that the normally additive dead times caused by the conversion and memory 
cycles can occur simultaneously.

Analog to Digital Converter
Fig. 1 illustrates a Wilkinson type of analog-to-digital converter. In essence, the 

unit consists of a pulse stretcher, a ramp generator, a comparison discriminator, 
and a clock circuit. The input pulse is stretched by charging a capacitor through 
a diode to its peak amplitude. The ramp function is started and the time required 
for the ramp to reach the amplitude of the stretched signal is measured by counting 
the time markers from the clock. If one examines this system, it can be seen that

*) Work performed under the auspices of the U.S. Atomic Energy Commission.
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essentially 1 0 0  independent operations are involved in the process of determining 
the address for a pulse that would fall in the 100th channel. Since a certain minimum 
time is required between each of the time markers (this is generally determined by 
the counting or gating circuit speeds), the maximum conversion time is equal to 
the time between time markers, multiplied by the maximum number of channels.

Fig. 2 illustrates the basic components of the dual-amplitude step-discharge 
converter that was designed in an attempt to reduce the number of operations 
required to obtain an address. The input signal charges a capacitor to its peak 
amplitude through a diode. This capacitor is then discharged by means of two 
diode pumps. The capacitor is first discharged in steps of 10% of full scale until 
its potential crosses the 10% of full scale level. Discharging then proceeds in 1 % 
steps until base line potential is reached. If one examines this system and compares 
it with a Wilkinson type of converter, it can be seen that the total number of 
independent operations required to obtain an address for a 1 0 0  channel signal 
would consist of nine 10% steps and ten 1 % steps so that a maximum of 19 would 
be required. Since the limit of time marker spacing (or in this case of step spacing) 
is the same as in the Wilkinson system, the conversion time has been reduced by 
approximately a factor of five. This reduction in conversion time is even greater 
where a larger number of channels is considered. For example, a 1,024 channel 
converter requires a total of 63 steps, consisting of 31 large steps and 32 small steps 
with a step ratio of 32:1. Since 1,024 operations are required in a linear system, 
an increase in speed by a factor of 16 is obtained. It should be pointed out that 
this increase in speed is not obtained without some cost, for the step ratio must be 
exactly right if all channel widths are to be uniform. The step ratio may, however, 
be adjusted to the proper value by adjusting a single capacitor which determines 
the amplitude of one of the step sizes.

C ONVERTER

Figure 3

Fig. 3 illustrates a block diagram of the analog-to-digital converter in its final 
form. The input signal is passed through a 1 p.s delay line to a normally closed
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linear gate. It is also detected by a sensitive trigger circuit which passes a signal 
through a prompt coincidence gate to the strobe trigger pair. This trigger pair opens 
the normally closed linear gate, allowing the input signal to charge the analog 
storage capacitor to its peak amplitude. At the end of the 3 ps strobe.time, the 
linear gate is closed and a conversion cycle trigger pair is turned on. This trigger 
pair turns on the two-megacycle multivibrator, and the dead time determining 
trigger circuit, whose on-time is adjusted to give a total dead time of 2 0  ps to the 
system. The two-megacycle multivibrator signals are passed to a decade gate. If 
the input signal is of sufficient amplitude to charge the analog storage capacitor 
to a level above that of the decade discriminator, the two-megacycle signals are 
passed to the “tens” diode pump and the analog storage capacitor is discharged 
in 10% steps until the decade discriminator level is crossed. At this point, the two 
megacycle signals are switched to the “units” diode pump and the analog storage 
capacitor is discharged in 1 % steps until the base line level is reached. A stop pulse 
is then generated which turns off the conversion cycle trigger pair, thereby stopping 
the two megacycle signals to the decade gate. The number of 10% steps generated 
is counted on the “tens” address scaler stage and the number of 1 % steps is counted 
on the “units” address scaler stage. A carry signal is provided between the “units” 
and “tens” stages so that when more than ten 1 % steps are generated, the “tens” 
stage is advanced one position. An overflow signal is taken from the “tens” address 
stage and is sent to the programmer in the memory to inhibit a memory cycle for 
signals which exceed the 1 0 0 th channel.

Figure 4

Fig. 4 is a photograph which illustrates the action of the decade discriminator. 
Since a carry signal is provided between the units and tens address scaler stages, 
the decade discriminator level must be set so that it always switches from 1 0 % to 
1% steps on or above the level of channel 10. It must not, however, be set at a
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level which would lengthen the conversion time to longer than the maximum allowed. 
The channel 13 level has arbitrarily been selected as the decade discriminator level. 
This figure shows an address obtained on each side of the decade discriminator 
level. In one case address 53 is obtained by means of four 10% steps and thirteen 
1 % steps; in the other case it is obtained with five 1 0 % steps and three 1 % steps. 
Since the diode pump signals occur at a two megacycle rate, a maximum time of 
1 0  jis is required to obtain an address for a pulse which falls in the 1 0 0 th channel. 
Because the output of the amplifier can exceed the 100th channel level and because 
additional time is required to open the linear gate and to reset the address scaler, 
15 p.s is allowed for conversion time.

Fig. 5 illustrates the conversion process for a Cs 137 source under analysis. Notice 
the intense line for the photo peak which falls approximately in channel 90, then 
the dark portion representing the valley, and then the Compton distribution. The 
time scale in this photograph is 2  ps per centimeter.

Fig. 6  illustrates a photograph of the cathode ray tube display obtained with 
this source when the step ratio was not properly adjusted. Notice that channels 15, 
23, 33, 43, etc., are all high by a certain percentage. This indicates that the amplitude 
of the 1 % steps is too low. Channel 15 is displaced rather than channel 13 because 
of a hysteresis effect in the decade discriminator. Fig. 7 illustrates a spectrum of 
the same Cs 137 source when the unit step has been properly adjusted.

Figure 7
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Experience has shown that the uniformity of channel width obtained using this 
system is of the order of 1 %. The stability of channel width is of the order of 2 % 
per day after a one-hour warm-up. The linearity of the system is of the order of 
1 %. A counting rate of 10,000 counts per second can be tolerated without data 
distortion.

Dual Address Scaler
The analog-to-digital converter is capable of obtaining an address in approximately 

15 ps, but the address must be held for an additional 20 ps while the memory 
circuits go through the process of adding one to the number in the selected channel. 
This would normally cause a 35 ps dead time. We can, however, use two address 
scalers in such a way that the address obtained in the converter address scaler will 
be transferred to the memory address scaler, and the converter may then be used 
to obtain a new address while a memory cycle progresses. This is the system that 
is used in our 100 channel analyzer. A block diagram of this system is shown in 
Fig. 8 .

Operation proceeds as follows: The signal from the detector is passed through 
the amplifier to the analog-to-digital converter. When the signal is detected at the 
input to the analog-to-digital converter, a reset pulse is sent to the converter address 
scaler and a prepare-to-store signal is sent to the programmer of the memory. After 
the 15 ps required to obtain the address in the analog-to-digital converter, the 
memory address scaler is cleared and a transfer signal is sent to the address transfer 
gates. The number that resides in the converter address scaler is thereby transferred 
to the memory. The converter is then ready to obtain a new address while a memory 
cycle is in progress. The memory cycle proceeds as follows: a reset pulse is generated,

CONVERTER

Figure 9
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which resets the data accumulating register. A ready pulse is sent to the coincidence 
current memory and the number residing at the selected address is read out into 
this register. An add-one signal is then generated, increasing by one the number 
in the register. The new number is then written into the memory. The memory cycle 
requires approximately 2 0  ps and thus determines the dead time of the complete 
system.

The dual address feature as described here has some other advantages. It keeps 
the memory unit independent of the address source. That is, the address may be 
obtained from a 1 0 0  channel converter or from five 2 0 -channel units or perhaps 
from a time converter. All of the modifications that would be necessary to change 
from one to the other would be external to the memory unit. A second advantage 
is that the memory may be interrogated between accumulating memory cycles so 
that a continuous cathode ray tube display may be obtained. This is an especially 
useful feature when very low counting rates are involved.

Fig. 9 illustrates a block diagram of the memory address scaler and programmer. 
Programming of the memory proceeds as follows: in the interval between storage 
cycles, a 10 Kc multivibrator advances the memory address scaler one step at 
a time and simultaneously starts a memory cycle which consists of reset, read and 
write (and inhibit). Thus the contents of the memory are displayed on the cathode 
ray tube readout. When a prepare-to-store signal is received from the analog-to- 
digital converter a 15 ps hold signal is generated which immediately stops the 10 Kc 
multivibrator and permits completion of any memory cycle in progress. After the 
15 ps hold interval, a clear signal is sent to the address scaler and a transfer signal 
to the address transfer gate's. The address is then transferred from the converter 
to the memory, and a memory cycle is started. This time, however, the programming 
consists of reset, read, add-one and then write. In this way accumulating memory 
cycles include add-one, whereas ordinary interrogation memory cycles do not.

Magnetic Core Memory
The memory system used in this analyzer is a 10 X 10 coincident current memory 

using binary coded decimal storage. One hundred five digit numbers may be stored 
in this memory. Since this subject has been adequately covered in the literature (5), (6 ), 
it will not be described here. It seems worthwhile, however, to point out the advantage 
of using the 1, 2, 4, 8  code when a decimal memory is desired. Fig. 10 shows a block

R6AO INS REAO OUT

BLOCK DIAGRAM 
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DATA REGISTER 0ECA0E COUNTER

Figure 10
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diagram of a data register decade unit. Counting proceeds as follows: carry is 
provided between stages 1, 2, 3 and 4 in the normal binary fashion until the number 8  

is reached. The code for 8  is 0001. When 8  is reached, the carry gate is switched 
so that the next carry signal out of the first stage by-passes stages 2 and 3 going 
directly to the fourth stage. The time required to carry is therefore reduced by a 
factor of two. This represents a significant saving in memory cycle time requirements. 
Fig. 11 shows a circuit diagram of the data register decade units used in the 
accumulating data register.

Transistorized Memory
The feasibility of transistorizing future multichannel analyzers has been looked 

into in some detail at the Argonne National Laboratory. A transistorized version 
of the data register decade unit is shown in Fig. 12. Using 2N370 drift transistors, 
this unit is capable of operating at 750 Kc compared with 200 Kc for the vacuum 
tube version. A unit similar to this, using surface barrier transistors and lower 
voltages, is capable of operating in excess of four megacycles, and is being considered 
for address scaler applications. Fig. 13 illustrates a comparison of vacuum tube

+■ 250 v.

TO ' 
DATA 

REGISTER

TO DATA 
REGISTER

and transistorized reading amplifiers. The circuits illustrated are simple and straight­
forward and require no explanation except, perhaps, for the transformer diode 
combination which drives the vacuum tube amplifier. The transformer serves two 
purposes. First, it amplifies the 1/10 volt memory signals to approximately 2 volts; 
second, since these signals may be of either polarity in a coincident memory system,
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CURRENT GENERATORS

100 CHANNEL MAGNETIC CORE MEMORY 
(TRANSISTORIZED)

WITH LINEAR ADDRESS SELECTION

Figure 14
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the diodes and transformer are used as a full wave rectifier to supply a positive 
signal. The transistor unit, on the other hand, requires only 50 millivolt signals 
from a low impedance source. If  the sense signals were always of the same polarity, 
the transformers and diodes would not be necessary and the simple circuit shown 
is all that would be required to drive the data register.

Since unidirectional sense signals are obtained in a linear address selection type 
of core memory, a study was made of the merits of such a system. The advantages 
of a linear selection memory have been pointed out by Mr. E. H. Cooke- 
Yarborough(7) of Harwell and Mr. R. E. MacMahon(8 ) of M.I.T., among others. 
The Harwell switch core driven memory is a good example of a linear selection 
device. The advantages of this system are inexpensive memory frames and inexpensive, 
memory wiring, ease of core replacement, unidirectional sense signals, and greater 
memory tolerances. Since only cores which are to be switched receive, read and 
write current signals, the noise that is generated by half-selected cores in a coincident 
current memory is eliminated. In general, the disadvantage of a linear selection 
memory is the requirement that there be N read and write drivers for an N word 
memory. However, with the transistors that are available today, it is possible to 
generate and gate one ampere current signals which have storage times of the order 
of 1 jis. A substantial saving in components can be realized if transistors of this 
type are used in a driver-gate array for the address current generators of a linear 
selection memory.

Fig. 14 illustrates a 100 channel linear selection magnetic core memory device 
that is presently under development for multichannel analyzer applications at 
Argonne. This unit consists of 2,000 ferrite cores wired in a 20x100 array on a 
single memory frame. Actually the array is folded so that cores for 50 channels 
will be on either side. The “units” address scaler is used to select the proper “read” 
and “write” current drivers while the “tens” address scaler is used to select the 
proper gate. The “read” signals are full 820 milliampere current pulses of two to 
three microsecond duration. The “write” signals are 410 milliampere current pulses 
and require a coincident digit drive signal of the same magnitude to switch a core. 
Each digit drive is gated by the corresponding stage of the accumulating data 
register. This system completely eliminates all pulse transformers and transformer 
diode gates as is generally used in coincident current memory systems. Since only 
1 0  read and write drivers and 1 0  gates are required for a 1 0 0  channel analyzer, 
most of the component savings of a coincident current memory device can be had 
while still maintaining the inherent advantages of linear selection. Since the read 
and write currents must flow through the cores in opposite directions, but must 
have the same polarity at the gates, two horizontal address wires are required per 
address line. The sense and digit drive lines are also separated so that four wires 
are required to thread each core.

The transistors tentatively being used for the various stages are as follows: read 
and write drivers are 2N426, Raytheon PNP 200 mw transistors which are made 
especially for high current, high speed switching applications. Gates and digit drive 
stages are made up of CBS 2N440, NPN transistors. It is generally hoped that 
from this design we will obtain a very simple, reliable, and inexpensive magnetic 
core memory system for use with multichannel analyzers.

The author wishes to thank Mr. R. B. James for his valuable assistance during 
the development of this instrument. He is also deeply indebted to Mr. S. J. Gosolovich 
for his help in the preparation of this paper.
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HALF-LIFE MEASUREMENT IN THE MICRO- AND  
MILLISECOND RANGE

M. S. M a lk in  - Y ale H eavy Ion  A ccelerator, Y ale U n iversity ,
N ew  H aven, C onn , (U.S.A.)

The search for radioactivity with half-livCs in the micro- and millisecond region 
has been undertaken by many workers in a variety of ways. A technique which has 
worked well with half-lives less than 1 0 ~ 5 seconds involves measuring activities which 
are formed continuously from longer-lived radioactive parents. It is easy to measure 
the time-interval between the decay of the parent and the decay of the daughter. 
Delayed coincidence techniques have been, quite successful. However. when the 
daughter half-life is too long, there may be too many independent radiations between 
the formation and the decay, and these extraneous radiations contribute a com­
plicating, chance coincidence background.

The use of a pulsed accelerator permits the formation of the short-lived activity 
directly. The method consists of bombarding a target and gating either the counter 
or the recording equipment or both so that they count only during the time between 
beam pulses. This method has been exploited by Softky(l) (at the Radiation Labo­
ratory, Berkeley, California), Vegors and Axel(2) (University of Illinois), the betatron 
Group in Turin(3) and Leipunskii(4) and co-workers (Soviet-Union) — to mention 
a few. As their recording scheme, Softky, Vegors and the Turin Group switched the 
detector output sequentially to an array of scalers. Leipunskii and co-workers dis­
played the pulses on an oscilloscope triggered after the end of the beam pulse, then 
photographed the oscilloscope trace and apparently counted the pulses per unit­
time later.

Early this year the Yale Heavy Ion Accelerator began successful operation at full 
energy. This machine is designed to accelerate ions as heavy as argon to an energy 
of 10 Mev per nucleon. With such a heavy projectile, reactions will occur to form 
previously unavailable nuclei, whose subsequent decay may result in the formation 
of short-lived activities. This equipment was designed to undertake the study of the 
short-lived isotopes produced by heavy ion bombardment.

The pulsed nature of the machine makes it ideal for the production of short-lived 
activity. The scheme then is to look at the activity produced between beam pulses.

We have then a unique device for producing new activity. The problem then is to 
construct as simply as possible a device to study the short half-lives which will be 
produced. Two pieces of equipment available in our laboratory seemed applicable 
to this problem.

The first device is a neutron time of flight analyser using acoustic delay fine memory. 
The accelerator could be triggered by the master pulse in the analyser and the pulses 
from the detector dropped into the time channels of this analyser. This scheme has 
the disadvantage of having the time scale fixed by the length of the delay line. Our 
very preliminary survey was done with the second scheme, which will be described 
in more detail.

The second device available was a pulse height analyser of the stacked discriminator 
type manufactured by Baird-Atomic Corp., Cambridge, Massachusetts. A block 
diagram is shown on the first figure. During a beam pulse, the detector is blanked 
and the sawtooth generator is off. At the end of the beam pulse the detector is un­
blanked and the sawtooth started. The output of the detector, after pre-amplification,

307



308 TECHNIQUE DES IMPULSIONS: ELECTRONIQUE CLASSIQUE

Figure 1

feeds a single channel analyser which can be used to select the energy range desired. 
The single channel analyser output triggers the pulse shaper, a blocking oscillator 
in this case. The blocking oscillator output, 180 volt pulses 1 microsecond wide, is 
applied to one input of a diode linear gate. The other input to the diode gate is the 
sawtooth. The output of the diode linear gate is the smaller of the two input signals. 
Thus, a time to pulse height conversion has been performed. The diode gate output 
is attenuated to bring it to 1 0  volts maximum and fed into the 2 0  channel pulse 
height analyser.

If an oscilloscope and a fast pulse analyser are available, the only circuit which 
has to be constructed is shown in Fig. 2. First, the parallel triggered blocking oscil­
lator is used as the pulse shaper. This is coupled into one input of the diode gate. 
The linear sawtooth is taken from a Tektronix 531 oscilloscope and direct coupled 
to the other input of the diode gate. The diode gate output is direct coupled to a 
cathode follower which drives the 2 0  channel pulse height analyser.

The Tektronix “scope” has sweep speeds from 1 psec full scale to 120 seconds 
full scale. The blocking oscillator has a 1 microsecond pulse width and a 4 micro­
second recovery time. The scalers in the 20 channel pulse height analyser have dead 
times of 5 microseconds. So the dead time of this instrument is 5 microseconds. 
Therefore, the present useful range of this instrument is for half-lives in the range of
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50 microseconds to 2 minutes. The range change is easy and the output of the 
instrument is visible.

"SCOPE

Figure 2

Siekman(5) (Groningen) used a scheme similar to this in the life time measurement 
of the isomeric 517 Kev level of 85Rb (0.9 microseconds). This level is fed by 
159 Kev (3 decay, which was used to trigger the sawtooth generator. However the 
shaped detector pulse was added to the sawtooth and the results analysed with a 
single channel analyser. This present method makes the ratio of difference between 
adjacent pulses to the pulse height larger and hence easier to analyse. I can report 
only preliminary results; in the bombardment of a thick natural uranium foil with 
10 Mev per nucleon Oxygen, a 12 millisec half-life was observed. No assignment 
has been made.
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A FLEXIBLE MULTICHANNEL TIME DELAY AND 
PULSE HEIGHT ANALYSER

P. A. T ove - T he G ustaf W erner  Institute  for  N uclear  C hem istry  - U n i­
versity  of U ppsala  (Sw eden)

The reader is kindly requested to refer to the article on this subject already published 
in English by the same author in: Arkiv fo r  Fysik,  13, 579 (1958).

Nous prions le lecteur de bien vouloir se referer a Particle qui traite de ce sujet 
et a deja ete publie en anglais par le meme auteur dans: Arkiv for  Fysik, 13, 
579 (1958).

310



SELECTEUR DE TEMPS DE VOL A MEMOIRE 
ELECTROSTATIQUE

Y. A mram , H. G u illo n , C. H ug o t  et J. T hen ard  - C entre d ’E tu d es  N ucleaires
de  Saclay (F rance)

Le present expose est relatif au projet d’un appareil qui est en cours d’etude; 
a l’heure actuelle, les informations fournies par les experiences preliminaires sont 
suffisamment precises pour affirmer que l’appareil sera conforme, dans ses grandes 
lignes, aux principes indiques ci-dessous.

II s’agit d’un selecteur de temps de vol a memoire electrostatique comportant 
14 tubes cathodiques sur lesquels les nombres seront stockes sous la forme binaire 
naturelle dans le mode parallele. Une aire de stockage sur chacun des tubes sera 
done affectee a un canal, pour lequel 21 4  coups pourront etre totalises. Le mode de 
fonctionnement prevu est le meme que celui de l’appareil du Brookhaven National 
Laboratory realise par M. Graham et W. A. Higinbotham(l) qui comporte 1024 
canaux de 0,25 p.s minimum et possede un temps mort de 10 p.s.

Nous desirons obtenir pour notre appareil des performances superieures, soit:
— Nombre de canaux 2000
— Largeur de bande 0,1 ps
— Temps d’enregistrement environ 1 ps.
Ces performances, qui paraissent possibles avec les tubes-memoires envisages, 

sont precisement les memes que celle du selecteur de l’A.E.C. realise en collaboration 
par les Universites de Yale et Columbia et la General Electric Co. par W. W. Havens, 
H. L. Schultz et M. L. Yeater(l), (2). Dans ce dernier appareil, les informations 
provenant du detecteur sont enregistrees immediatement et d’une fagon temporaire 
sur un tube-memoire, puis elles sont transferees a un tambour magnetique par 
1’intermediate d’un circuit d’addition; la frequence de recurrence est fixee a 60 c/s.

Comparativement a ce type de selecteur a double systeme de memoire, nous 
pensons obtenir certains a vantages; l’unite de la memoire facilitera en effet l’etude, 
la construction et la maintenance de l’appareil; d’autre part, nous serons affranchis 
des servitudes imposees par le tambour magnetique, ce qui permettra notamment de 
recommencer une operation d£s la fin de la precedente.

Par contre, nous devons exiger un fonctionnement tres sur de la memoire electro­
statique. Les problemes generaux poses par la realisation de cette memoire, qui 
constitue la partie essentielle de l’appareil, vont etre passes en revue; nous garderons 
present a l’esprit qu’ici les conditions d’exploitation de la memoire sont differentes 
de celles que l’on rencontre dans les calculatrices numeriques, ce qui conduira a des 
solutions particulieres. Nous examinerons successivement:

— Les raisons qui ont determine le choix du type de tube-memoire
— Les modes de deflexion du faisceau
-— Les dispositions possibles des aires
— Les organes d’addition et de regeneration
— La sortie et la presentation des resultats.

Choix du type de tube-memoire
La qualite d’un tube-memoire ne peut pas etre exprimee d’une fagon simple; on 

sait que la rapidite avec laquelle on fait les operations de lecture et d’ecriture, le 
nombre de chiffres binaires stockes et la securite de fonctionnement, sont inter-
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/
dependants. Les tubes a grille-barriere (barrier-grid storage tubes) presentent a ces 
trois points de vue une nette superiorite sur les tubes Williams pour les raisons 
suivantes: presence d’une grille-ecran proche de la cible, qui limite la redistribution 
des electrons secondaires, cible plus homogene et mieux isolee et possibilite de changer 
le signe de la charge electrique deposee, par modulation de la plaque supportant la 
cible. Notons aussi que la grande remanence des informations stockees permet des 
regenerations relativement espacees.

Ces avantages ne sont malheureusement pas gratuits et le cout d’un tube a grille- 
barriere est environ 10 fois plus eleve que celui d’un tube Williams.

Toutefois, nous avons opte pour le tube a grille-barriere en considerant qu’il 
n’entrainait pas des charges d’exploitation extremement elevees: d’apres les ren- 
seignements donnes par le constructeur en ce qui concerne la duree de vie, l’usure 
des 14 tubes de l’appareil reviendrait a -moms de 500 fr/heure. II va sans dire que 
pour obtenir la longevite maximum, des soins particuliers doivent etre apportes 
aux conditions d’utilisation des tubes et notamment a la protection des filaments 
et a la stabilisation de la tension de chauffage.

Modes de deflexion du faisceau
On demande aux circuits de. deflexion de localiser d’une fagon precise et rapide 

une aire de stockage. Dans le cas d’une machine a calculer cette localisation est 
determinee par une «adresse» formulee d’une fagon explicite. Pour un selecteur de 
temps, l’instant d’arrive d’un evenement, apres mise en phase avec «l’horloge», 
suffit a definir le point correspondant de la cible, pourvu qu’a partir de l’origine 
des temps, le trajet virtuel du faisceau soit toujours le meme et qu’il s’effectue toujours 
a la meme vitesse. Une grande liberte nous est done laissee sur la fagon d’explorer 
la cible des tubes; toutefois nous veillerons a eviter les transitions de grande amplitude, 
puisque notre appareil doit etre rapide; nous eviterons notamment de passer brusque- 
ment d’un cote a l’autre de la cible. Ceci exclut l’emploi d’un balayage du type 
television, ou d’un balayage en escalier engendre de la maniere classique par un 
convertisseur arithmetique-analogique attaque par une echelle binaire. Nous serons 
done amenes a utiliser un balayage horizontal de meme vitesse a Taller et au retour, 
dont la forme generale est indiquee en figure la.

Figure 1

En ce qui concerne le balayage horizontal nous preferons une tension variant 
lineairement en fonction du temps, plutot qu’une tension en forme d’escalier dif­
ficile a engendrer lorsque les marches doivent etre aussi courtes que 0,1 p.s. Nous
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arreterons le balayage a des endroits predetermines, a l’aide d’un interrupteur 
electronique a diodes, pour une duree d’environ 1 p.s (Fig. 2).

Par contre, la deflexion verticale sera realisee par quantites discretes, ce qui est 
necessaire pour obtenir une separation correcte des lignes. Les circuits de deflexion 
yerticale devront posseder autant d’etats stables qu’il y a de lignes, de fagon a pouvoir 
diviser la memoire et l’utiliser par fractions en differents endroits du spectre.

Au cas oil la largeur de bande est multiple k de 0,1 p.s, la meme ligne sera balayee 
k  fois, de fagon telle que toutes les aires de stockage puissent etre utilisees.

Disposition des aires de stockage
Pour des raisons pratiques evidentes, la totalite de la surface circulaire de la cible 

ne peut etreutilisee et le reseau des aires de stockage doit etre inscrit dans un rectangle; 
l’utilisation rationnelle de la surface de cible conduit a l’inscrire dans un carre. Le 
reseau est constitue habituellement de l lignes comportant chacune p  points.

II y a interet, d’autre part, a ce que les aires de stockage soient equidistantes, car 
l’interaction entre points augmente tres rapidement lorsque la distance de separation 
diminue. Le reseau a mailles carrees est couramment utilise, mais il est interessant 
de rechercher si d’autres mailles en forme de polygones reguliers juxtaposables ne 
presentent pas quelque interet. II en existe deux: l’hexagone regulier et le triangle 
equilateral; nous y ajouterons le carre a diagonales paralleles aux directions de 
deflexion.

Ces formes de maille sont aisement realisables en alternant les points de chaque 
cote des lignes (Fig. 3). La forme de la maille a une incidence:

— Sur les nombres / et p de lignes et de points lorsque l’on desire inscrire le 
reseau dans un carre, ce qui peut offrir certaines commodites (la figure 3 donne 
les valeurs de / et p dans le cas de 2 0 0 0  aires de stockage).

— Sur la distance entre les aires de stockage pour des densites egales de points. 
1 1 est done possible que certaines formes de mailles conduisent a une inter­
action legerement plus faible que d’autres. La figure 3 donne les distances de 
separation minimum par rapport a la maille carree.

— Sur la precision avec laquelle on doit arreter le balayage sur un point donne. 
On remarque, en effet, que si les points sont alternes, une legere erreur dans le 
positionnement du spot affecte moins les aires avoisinantes que dans le cas 
ou ils sont alignes sur une meme horizontale.
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Addition et regeneration
La seule operation arithmetique a effectuer sur les nombres contenus dans la 

memoire, consiste a ajouter 1 unite. Une methode courante consiste a lire le con- 
tenu d’un canal, a transferer le resultat de la lecture sur un compteur binaire, a 
appliquer une impulsion a 1’entree de ce compteur, et a reinscrire le nouveau nombre 
obtenu. Cette methode est relativement complexe et convient mal a notre cas, 
puisque meme avec des flip-flops tres rapides le resultat de l’addition devrait etre 
attendu pendant environ 1 ps.

Le principe d’addition que nous utiliserons est base sur le fait que pour ajouter 
1 unite a un nombre binaire, il suffit de chercher le premier «0 », de le remplacer 
par un «1 », de remplacer tous les «1 » a droite par des «0 » et de conserver les autres 
chiffres (Fig. 4a). L’organe arithmetique accomplissant cette operation n’a pas besoin 
de comporter de circuits basculateurs, si bien qu’il peut etre connecte en permanence 
a la sortie des tubes-memoires. Le resultat de l’addition peut ainsi etre preleve dans 
les delais les plus brefs, puisque les circuits prennent leur etat d’equilibre d’une 
fagon continue avec seulement un leger retard par rapport aux impulsions de lecture. 
De cette fagon nous esperons obtenir un cycle de memoire qui se decompose ainsi:

lecture =  0,4 p.s — attente =  0,2 |is — ecriture =  0,4 p.s.
La regeneration sera obtenue d’une fagon tres simple par l’introduction d’un 

element supplem ental en tete de l’additionneur. Le digit applique a cet element 
intervient comme un operateur commandant l’addition d’une unite quand il est 
egal a 1 et la regeneration lorsqu’il est egal a 0 (Fig. 4b). Le schema fonctionnel corre- 
spondant est donne par la figure 4c.
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Figure 4

Pour des raisons de commodite, la regeneration s’effectuera en une seule fois 
pour la totalite des surfaces de stockage en bloquant l’entree du selecteur.
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Sortie et presentation des resultats
La sortie et la presentation des .resultats sont prevus sous les differentes formes 

habituellement employees avec ce genre d’appareil, c’est-a-dire:
— Presentation du contenu d’un canal determine sur indicateurs numeriques, 

notamment en vue des tests de la memoire.
— Presentation du spectre sur tube cathodique.
— Presentation du spectre par enregistrement graphique.
— Sortie des resultats sur bande imprimee et sur bande perforee.
Seule la presentation sur tube cathodique offrira pour nous quelques difficultes 

du fait que les informations necessaires a cette presentation sont plus fugitives que 
dans le cas des selecteurs a memoire magnetique. Nous pensons toutefois pouvoir 
l’obtenir par une commande manuelle provoquant des regenerations rapprochees 
des nombres contenus dans la memoire. L’absence d’une presentation continue 
interdira done de voir la croissance du spectre.
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A VERSATILE PULSE HEIGHT ANALYSER 
UTILIZING PHOTO-PICK-UP SORTING OFF A

C.R.T. SCREEN
R. V. G asstrom  - N a tu u r k u n d ig  L aboratorium  der  R ijk su n iv er siteit ,

G roningen  (H olland)

Although the first pulse height analysers were already built during the war for 
use with ionization chambers, it was the scintillation counter which made the kick- 
sorter a real necessity in nuclear spectroscopy. Several different types have been 
developed in the laboratories in need of them and some of them have become 
commercially available during recent years. We have seen today that with the ap­
pearance of faster radiation detectors and high-energy particle accelerators a further 
need arises for pulse height analysers with higher time resolution. The most promising 
development in this respect seems to be in the direction of electrostatic storage devices 
and photo-pick-up sorting off a C.R.T. screen.

A survey of pulse height analysers (P.H.A.) shows that, with regard to the kick- 
sorter principle proper, all analysers may be subdivided into three different groups, 
namely, those utilizing

1 ) straightforward discrimination of the voltage pulse,
2) an electron beam or C.R.T. intrinsically in the sorting process itself, or 

. 3) pulse height conversion.
In the latter case, the amplitude of the voltage pulse is conformally converted into 
some other physical quantity, which in its turn is sorted in order to give the originally 
desired pulse height distribution (P.H.D.).

Several different types of conversion principles are fisted in Table I.1) From this 
table we notice that the actual sorting process consists of two distinct phases, namely, 
the display and the sorting, which is also the case in the two other groups mentioned 
above. Schematically this can be depicted by a block diagram as shown in Fig. 1.

Figure 1
Schematic representation of pulse height analysing processes.

Thus, in the voltage discrimination types, each pulse is displayed to an array of 
biased discriminators as sorting elements. The display in the C.R.T. group of kick- 
sorters is obvious as it takes a visual form. This display is then “viewed” by the 
sorting elements, the task of which is to identify the channel, i.e. the subdivision

*) This table is taken from a review article on P.H.A. which is to appear in Nuclear Instruments.
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TABLI
Sorting Principles base)

P.H.A. System References
Pulseheight Conversion

Voltage pulse 
Transformation Link Conversion Process

1. Mirror 
oscillograph 
— Film

Obsolete lengthened 
current pulse 
U t):: V

• electro­
magnetic

displaces mirror which 
deflects light beam
<p= kB f  i dt

2. Electro­
magnetic — 
Mechanical

(FFS 51) 
Obsolete

lengthened 
current pulse 
/( /) :.' V

electro­
magnetic

impacts to sphere m 
mech. momentum mv =  kV
vy =ky V/m=gt; Vx=kx V/m

3. C.R.T. — 
dot on 
film

(HRWZ 54) voltage of 
charged 
capacitor 
K=const

electronic displayed as dot 
on CRT screen

x = k V
4. Wilkinson (Wi 49) 

(SM 56)
charged
capacitor
Q—CV

electronic discharged by constant 
current i giving 
A t=Qfi

5. Kandiah (Ka 58) voltage pulse
directly
V

electronic charges capacitor 
Q =C V

6. Hutchinson- 
Scarrott

(HS 51) 
(GM 55) 
(SPR 56)

voltage of 
charged 
capacitor 
K=const

electronic compared with saw-tooth 
voltage V '= kt for 
equality V‘= V  
defining t= V /k

7. Conversion 
to frequency 
Russel- 
Lefevre

(RL 57) voltage of 
charged 
capacitor 
K=const

electronic modulates frequency 
of oscillator 
v = /(K )

8. C.R.T. 
prestorage 
and converter 
Pieper

(Pi 58) voltage pulse 
on C.R.T. screen 
stored as path 
of charge 
x = k V

electronic read off by beam
(const, sweep v)
time t to traverse length
of path defines
t —kVjv

9. Magnetic 
tape
recording

(CB 56) lengthened
current
pulse

V

electro­
magnetic

recorded on magnetic 
tape
m =ki

of the spectrum to which the displayed pulse belongs. The channel having been 
identified, an information pulse must be routed by a suitable addresser to the cor­
responding cell of the memory system used for the accumulation of the P.H.D. 
Before it is stored, the information may be handled by computing elements to give 
a conditioned contribution to the P.H.D.

It is of importance to note, in connection with the display and the sorting, that 
certain of the principles provide a natural independence for the display with respect 
to the sorting. This is due to the technique by which the two phases are linked. This 
link should provide a path for the information to pass only from the display to the
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i Pulseheight Conversion

Sorting Principle
Memory systems for 

accumulation of P.H.D.Display Link Sorting (type)

permanent dot or 
line on'film 
x  :: tp/ x  :: V

light visually manual

range x of sphere mecha- array of bins d along range of accumulation of
along trajectory on nical spheres define channel number N spheres in bins
inclined plane 
x= 2  vxt

— *■ x = xq + Nd
N  =  (2kxky V2lgm2—xd)ld (parallel)

— parallel

permanent dot light visually manual: depends on automatic
on film 
x ‘ :: x

optically automatic sorting system used

time pulse elec- measured by constant frequency v parallel (series)
(interval) tronic to identify channel number
A t -c-------- 1- Af=At/v=CKv// (series)
charge Q elec- run down by sequence of like parallel (series)

tronic charges q, number N  of which 
identify channel
N=Qlq = CVIq (series)

moment t of elec- coincidence with moment ts of series
time tronic synchronous time scale Ni = ts= t 

(t^ channel width) of sorter 
identifies channel number 
N = tlt= V /k  (series)

output elec- to parallel array of i. f. trans- parallel
frequency v tronic formers of defined band-widths 

2Av identify channel number N  
N vo—Av <  vN  <  N vq +  Av (parallel)

moment t of 
time

elec­
tronic

same as Hutchinson-Scarrott

magnetic record elec- reproduced electrical pulses depends on sorting
of original tromag- are sorted by a P.H.A. in the system used
pulse stored for 
display later on

netic usual manner

sorting element and not vice versa. Notice the arrows in the columns for the link. 
It suffices to point out that light is the only independent medium fast enough for 
modern kicksorters and that it is a very good one. Moreover it is evident that this 
one-way independence is important enough to be taken into consideration when we 
think of the measures to which Ghiorso (GJRW 53) and Gatti (Ga 54) had to resort 
in order to obtain more reliable operation of the Schmitt-trigger type of kicksorters 
where the link is electronic.

A further analysis shows that parallel sorting principles are faster than series ones 
if they make use of comparable electronics. This is also true with respect to memory
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systems as a random access of a pulse to any channel eliminates waiting for the cor­
rect turn, an unfavourable property common to series systems. Compare, for instance, 
the Wilkinson and Hutchinson-Scarrott kicksorters. The former has a series sorting 
but a parallel memory system; in the latter both are of series type sychronized to 
each other. Both kicksorters are therefore slow. The pulse height to frequency con­
version of Russel and Lefevre, on the other hand, should, in principle, permit still 
faster pulse handling as both sorting and storage are parallel.

In order to increase the time resolution of kicksorters for incoming pulses it is 
possible to temporarily store the unanalysed pulses in a memory device which has 
a short actuation time. This device may be either placed before the display (Pi 58) 
(see Table I) or used for the display itself (CR 54). In both cases electrostatic storage 
on a C.R.T. screen is made use of. The read out of this memory is not fast, but it 
nevertheless provides a solution especially in connection with pulsed accelerators. 
However it is possible to make use of the light produced by the C.R.T. instead of 
the charge on the screen. In this connection it should be emphasized that the erasing 
process is then eliminated as the light of fast phosphors decays in some 1 0 —8 s. 
Here again light forms an independent link which may be used to advantage.

With the above mentioned in view we began to investigate the principle of digital 
sorting with the help of photo-pick-up elements off a C.R.T. screen (Ga 56) which 
provides a means for parallel sorting based on light as a link between the display 
and the sorting. When the principle had already proved to us its value, a more 
thorough search of the existing literature revealed that it had been proposed in an 
appendix to a United Kingdom Patent Application submitted by Titterton (Ti 47) 
in 1947. A nearly similar arrangement has also been employed by Hine (Hi 53) in

DISPLAY | SORTING

Figure 2
Sorting with collimated light pick-up off a C.R.T. screen.
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Dc-coupled circuit for the display on the C.R.T. screen.

21
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a single-channel analog P.H.A. using a densitometer for the evaluation of the P.H.D. 
The author (Ga 57) has also proposed a much faster kicksorter based on the argu­
ments mentioned above.

The Principle
In Fig. 2 this is given schematically. The light produced by the electron beam 

on the screen is collimated with the help of a perspex rod, the sides of which have 
been matted and blackened so as to be as completely absorbent as possible. It is, 
of course, possible to use a lens in place of the collimator with greater light collection 
efficiency, but for the present work the collimator system proved more simple and 
provides, in practice, a large enough light yield. From the collimator part of the 
perspex rod the light enters the light guide which serves to match the collimator to 
the photo-pick-up element. The latter converts the collimated light into an electric 
pulse of identification. The cross section of the collimators vary with the different 
purposes to which the kicksorting principle is applied. The most commonly used 
ones have been round, square or rectangular from one to several millimeters in cross- 
sectional dimension. A length of 4 cm still gives enough light and defines the spot 
on the screen quite well as will be evident further on.

The type of. display is similar to that used by Maeder (Ma 47), Bernstein, Chase 
and Schardt (BCS 53), Hine (Hi 53) and Hansen (Ha 57). It differs from that of 
Glenn (G1 49), Watkins (Wa 49), Porter and Borkowski (PB 54), in which the link 
is electronic, and also from that of Cunningham and Reaves (CR 54) where the link 
is electronic charge. The use of the C.R.T. in the P.H.A. of Pieper (Pi 58) is not for 
display but for temporary storage and pulse height conversion (see Table I). The 
d.c.-coupled circuit used for the display in the present work is given in Fig. 3.

The Photo-pick-up Element, its Properties and Circuitry
When the work was started only phototransistors were available for the light 

pick-up. They were housed in aluminium holders which were fastened to the light 
guides. In Fig. 4 a circuit is shown which was very frequently used with the OCP 71.

Figure 4
Photo-pick-up circuit used with OCP 71 transistor.

Typical output pulse heights obtained with this circuit are plotted in Fig. 5 as a 
function of the time that the phototransistor was exposed to the beam at different
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repetitive frequencies. It can be seen that the pulse height is dependent on the pulse 
rate.

Pulse height response of OCP 71 circuit as a function of exposure time for three different frequencies.

A
(rel.)

Figure 6
Relative number of pulses per channel for ten different channels as a function of temperature in 
the case of phototransistors. (The number of pulses actually displayed to each channel (see text) 
is given by 1.0. Only five curves have been drawn. The spread of the points indicates the variability

of the temperature dependence.)
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It is also very dependent on the temperature of the phototransistor, the dependence 
being different for each phototransistor. This can be seen from Fig. 6 , where the 
number of pulses registered by ten like collimator photo-pick-up units using 
phototransistors and arranged in a ladder one above the other, is given for various 
temperatures. The number of pulses displayed to each channel was kept the same by 
linearly increasing the amplitude of the incoming pulses applied to the P.H.A. so 
that the beam was displaced up and down the screen in front of the sorting ladder 
with a constant velocity. In this way, each collimator was exposed to the same number 
of pulses corresponding to 1.0 on the ordinate. However, the relative number of 
pulses registered in each channel may be larger or smaller than 1 . 0  depending on 
the setting of the discriminator and the pulse height produced by the photo-pick-up 
unit. Trials were made to stabilize the performance of the transistors with respect 
to temperature. However, the circuitry varied from sample to sample, which was 
considered impractical, and the idea was therefore abandoned.

Only this year the silicon photovoltaic cell became available to us and the first 
preliminary trials immediately showed their superiority. In addition, they are much 
smaller and easier to attach to the light guides with the help of different kinds of 
cement.

A small decrease of the output pulse with temperature was noticed. However, 
one main advantage is that it is possible to combine it with a transistor to make it

sec oc 71 • sec
(0C«5 )

b.
LIGHT PICK-UP CIRCUITS

C 92 CC 
EF91

C. OISCRIMINATOR

Figure 7
Two light-pick-up circuits and the associated discriminator circuit.



independent of ambient temperature variations. Two of the circuits used with solar 
cell 58 C are given in Fig. 7. The common base shown in Fig. 7a is usually used when 
the cell and the transistor have to be connected with a cable. The output pulse of 
this circuit is smaller than that of the common emitter of Fig. 7b, but the former 
allows the use of much higher frequencies. The temperature dependence of the 
common base circuit is given in Fig. 8 , from which we see the improvement with 
respect to Fig. 6 .
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Figure 8
Pulse height versus temperature of the output pulse of photo-pick-up circuit in Fig. 7 a.

In Fig. 9 the amplitude of the output pulse of a 58 C solar cell is shown as a func­
tion of the frequency together with two curves for a phototransistor for comparison. 
It is apparent that the solar cell can' be used for much higher frequencies than the 
phototransistor. The choice of the load resistance of 3.300 ohms was made on the

PH PH

Figure 9
The pulse height versus frequency of photovoltaic cell 58 C compared to that of phototransistor

OCP71.



basis of a measurement, the result of which is plotted in Fig. 10. Here the pulse height 
(P.H.) as well as the decay time (td) of the pulse were plotted as functions of the load. 
The two horizontal lines represent the open-circuit values of respective quantities. 
From the two plots a pulse height to decay time ratio was formed, which shows a 
maximum in the region of 3.300 ohms. The maximum appears at a beam exposure 
time of 17.5 ps, at which value saturation of the solar cell sets in. At 30 ps (see cross 
in Fig. 10) the saturation is complete and an increase in exposure time does not 
increase the amplitude of output pulse at the given load.
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Figure 10
Pulse height and decay time of solar cell 58 C as a function of load resistance when measured as

shown in Fig. 2.

To define the boundaries of a channel the pulse from the photo-pick-up circuit 
must be discriminated. To the right in Fig. 7 a simple yet sensitive (about 20 mV) 
discriminator circuit is schematically shown. The two most important features are 
the constant current tube in the cathode lead of the trigger pair and the use of both 
a positive as well as a negative voltage supply. The former helps to counteract drifts 
in heater current and tube characteristics while the latter permits the input grid to be 
grounded with a grid-leak resistance.

Finally, a short mention should be made of the measurements with different 
C.R.T. screens specially made to test the photo-pick-up yield. The best screen for 
the pick-ups turned out to be the ordinary blue photographic one which has a light 
emission decay of some microseconds. All other (red, green, olive-green, flying spot) 
were for one reason or another less efficient with the photo-pick-up elements tried.

The above-mentioned photo-pick-up arrangement is only suited for cases in which 
the number of counts in each channel is registered by separate counters. If magnetic 
storage is to be used, the problem is simplified, as the use of a matrix arrangement, 
with n columns and m rows, permits the information pulses of mn channels to be 
addressed to the magnetic core memory by way of n +  m discrimination lines. In 
this way it will also be of advantage to make use of a rigid optical lens system instead 
of collimators, with the cells placed in the focal plane of the lens. However, the solar 
cells must then be selected so that they all have the same photoelectric parameters.

Conformity and Stability
The conformity of the pulse height distribution at the output and input of a kick- 

sorter depends, in the first instance, on the linearity of the display electronics and the 
constancy of the channel width of the sorting elements. If the number of channels 
covering a spectrum peak is small, the latter is obviously more important. If, on the
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other hand, an eventual spectrum peak is covered by several channels, a small 
channel-width inconstancy averages out and the former becomes as important. If 
the stability of the apparatus is good, corrections both with respect to linearity as 
well as channel width could be applied, but this is, in general, impractical and there­
fore not permissible.

The display electronics of the system described above has a linearity better than 
0.5 % over 4.5 cm of the screen for the two units constructed. When the P.H.A. was 
tested with known gamma lines in the range from 140 KeV to 1.33 MeV the agree­
ment with the pulse generator test was very good.

As the sorting elements can be mechanically both accurately made and positioned 
on the screen, the linearity and the channel-width constancy are in the first approxi­
mation very good. However, beam-spot variations, photo-pick-up sensitivity and 
pulse discrimination may considerably influence the electric channel width. A typical 
channel pattern of the output pulse of a photo-pick-up element is shown in Fig. 11a

I - 
570

o. OUTPUT OF LIGHT-PICK-UP UNIT 
vs, COLLIMATOR POSITION

b. COUNTING RATE vs. INPUT PULSEHEIGHT 
(FIXED COLLIMATOR)

J

C. CHANNEL WIDT (*) vs. BEAM DISPLACEMENT (FIXED COLLIMATOR IN SEVERAL POSITIONS)

Figure 11
Channel width properties of the arrangement shown in Fig. 2 using a solar cell 58 C. The entrance 

width of the collimator was 1 mm and its length 40 mm.



328 TECHNIQUE DES IMPULSIONS: ELECTRONIQUE CLASSIQUE

where the relative pulse height of the photovoltaic cell is plotted against the position 
of the collimator on the screen, when the beam was kept constant. From the plot 
we may conclude that the sides of the pattern are steep enough and well defined, so 
that a comparatively simple discriminator (see Fig. 7) can be used to define the electric 
width of the channel. In Fig. 1 lb the result is shown of a recording made by linearly 
decreasing the input pulse height when the electronic width was set at 1 mm and the 
collimator was fixed.

To check the constancy of the channel width across the C.R.T. screen, the test was 
repeated at different positions of the collimator on the screen. The result is shown in 
Fig. 11c where the channel width in millimeters is plotted against the position of the 
channel (the s-unit in the abscissa is the coordinate of position on the screen and is 
equal to 0.05 mm). It can be seen that at the edges of the screen the channel width 
varies somewhat. In the region of linearity (4.5 cm) the channel width deviates by a 
maximum of 4% at two points only and at the central part of the screen by approxi­
mately one percent or less. This must be considered a very satisfactory result. It 
should be mentioned however, that care should be taken in the focusing of the beam 
spot as this influences the channel width considerably. It is sometimes customary to 
astigmatize the beam in order to obtain a narrower line for a better resolution. How­
ever, this is not advisable as astigmatization of the beam has a different effect off- 
centre than in the middle.

Special measures were taken to stabilize the display electronics against drifts 
which in an ordinary C.R.T. may be disregarded. The beam was protected against
A.C.-ripple, affecting both position as well as intensity, by feeding the heater with 
D.C. current. The same was done with the heater current for the EAA 91 (Fig. 3) 
which is used to hold the dynode of the EFP 60 at a sufficiently high voltage in order 
to keep the amplification factor larger than one. The C.R.T. unit had a separate 
power supply so as to eliminate A.C. noise due to transformers. The C.R.T. was 
surrounded by the usual mumetal shield which in this case is indispensable.

In order to assure stability of the beam and fix its position the display electronics 
was D.C.-coupled throughout. This, however, was not sufficient, as the beam still 
kept shifting slightly with time. A considerable improvement in this respect was 
reached by the introduction of a reference voltage (L-line of Fig. 3) which defined 
the grid tensions at the input and the output. Test runs for several days showed that 
the position of the beam did not change more than some 2,-units. However, at in­
put rates higher than 4.500 pulses per second the beam deflection declines. This is 
due to the slowness of the electronics of some of the auxiliary circuits. They had 
been designed for use with the phototransistor which has a much lower time re­
solution than the photovoltaic cell, as can be seen from Fig. 9.

Application Facilities
As the equipment is mainly intended to be used with scintillation detectors, auxiliary 

circuitry specially adapted to nuclear spectrometry were incorporated in the P.H.A. 
Two units were built utilizing the sorting principle here described.

The first one, mainly constructed for the experimental test purposes described 
above, was fitted with a vertical precision screw across the C.R.T. screen (see Fig. 12). 
The motion of this screw can be time synchronized to a pen recorder. The position 
of the collimator can be determined with a precision of 0 . 0 1  mm with the help of a 
numerator.

The same unit has also been successfully used as a single channel pulse height 
analyser. The P.H.D. is obtained either in an analogue form by feeding the light-
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Figure 12
View of experimental unit which can be used as a single-channel P.H.A. The photo-pick-up and dis­
criminator circuits are housed in the shielded can to the left with two coaxial plugs showing. At the 
centre of the screen the photo-pick-up holder is shown uncovered. The temperature of the pick-up 
unit can be varied with the help of pipes for cooling or heating. They are attached to the cover which

is not shown.

pick-up pulses to a ratemeter connected to a recorder or by stepwise shifting the 
collimator and counting the number of pulses with a scaler at each setting. This 
latter procedure can be either manually or automatically performed with the help 
of a preset count and/or time unit developed for the purpose. Automatically, this 
takes place with a printer constructed for the purpose. It prints out the information 
contained in two five decimal ElT-tube scalers, giving both the number of counts 
as well as the time.

The second C.R.T. photo-pick-up unit is a combined dual multi-channel 
P.H.A. suited for coincidence work. Two separate spectra may be analyzed, one 
along the vertical axis and the other along the horizontal one. They may work in­
dependently of each other or in coincidence. Facilities also exist for photographing 
the display on the screen.

Separate collimated photo-pick-up units are mounted on adjustable arms for 
positioning at any point on the screen. There also exists an experimental ten-channel
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unit arranged in a linear array. Each channel of the unit is followed by a scale of 
one hundred and a numerator, all electrically resettable by a relay.

The coincidence possibilities provide for nanosecond and tenths of a microsecond 
coincidence resolution. Both pulse equalized coincidence2) as well as sum-coincidence 
(Ho 58) techniques may be used. The slower coincidence unit reacts on pulses from 
point K in Fig. 3 and thus it treats only those pulses which have entered the pulse- 
stretcher, but stretching takes place only on coincidence or if an external gate pulse 
triggers the stretcher unit. The signal from the fast coincidence unit may be combined 
with the slow one for triple coincidence.

At present, the dual multichannel P.H.A. is being used for angular correlation 
measurements. On the photographically-determined photopeaks in the xy-plane of 
the screen as many collimator photo-pick-up units are placed as there are well- 
defined photopeak combinations of interest. The use of the P.H.A. is, in this 
case, very much simplified, as it is not necessary to define the channel width with 
absolute accuracy as we are only interested in the relative angular distribution of the 
different photopeak combinations.

A very fast single-channel P.H.A. can easily be made if an old discarded photo­
multiplier, of which there are several at most laboratories, is used as a photo-pick-up 
element to sort pulses off a flving-spot C.R.T. The collimator unit can then be fixed 
at the centre of the screen, while at the input of the pulse stretcher a window amplifier 
is placed to give the desired energy scale for the P.H.D. The C.R.T. unit then simply 
serves as a very fast and accurate differential discriminator. It should certainly be 
possible to analyse in this way random counting rates of some hundred thousand cps 
with not too great a loss.

Finally, it is necessary to point out that the most suitable application of this sorting 
technique would be the use of a collimator system arranged in the form of an n x m 
matrix. A magnetic core storage system could then be employed. This would very 
much simplify the problem of addressing if selected solar cells were used for the job. 
However, with regard to these cells, several improvements are to be desired, particu­
larly as far as higher sensitivity and faster pulse response is concerned. Until now, 
the manufacturers have not provided the market with such photovoltaic cells.

A very brief summary has been given here of the problems connected with this 
type of sorting principle. A complete report will appear in the very near future, 
including the auxiliary equipment. However, it can already be concluded that the 
stability problem has been solved, including the temperature variation difficulty. 
It is hoped that improved solar cells for fast pulsed work will appear soon, so that 
the matrix P.H.A. could be applied to nuclear spectroscopy as well as to mathematical 
machines.
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CONTROLE DES  RE A C T E U R S :  M E S U R E S  

REACTOR CONTROL:  ME A S U R E ME N T S



ORIENTATION DU CONTROLE DES REACTEURS 
CONTROLE UNIQUE PAR LA TEMPERATURE

J. W eill  - D epartement d ’E lectronique , C entre d ’E tud es  N ucleaires de
Saclay  (F rance)

Les techniques du controle des reacteurs nucleaires ont ete sans cesse perfection- 
nees au cours de ces dix dernieres annees. Plutot que de faire le point sur l’etat actuel 
de ces techniques nous envisagerons quelques voies d’avenir permettant d’ameliorer 
les performances techniques et economiques, ainsi que la securite des reacteurs.

La mesure de la puissance d’un reacteur se fait encore et partout par la voie neu- 
tronique, de nombreux types de chambres d’ionisation ont ete realises ainsi que les 
amplificateurs associes a ces chambres. La mesure du flux neutronique est en fait 
un element annexe dans un reacteur energetique, elle n’est preferee a la mesure de 
puissance thermodynamique que parce que cette derniere est affligee de deux defauts 
graves qui sont:

(a) Une grande constante de temps due a l’inertie thermique de la grande masse du 
milieu multiplicateur.

(b) Une possibility de mesure sur un nombre de decades trop reduites.
Aussi l’ingenieur charge du controle d’un reacteur nucleaire pense-t-il avec raison 

que seule la mesure de la puissance neutronique lui permettra de controler le demarrage 
du reacteur et d’effectuer les mesures de periodes indispensables au maintien de la 
securite.

Quelles que soient les performances actuelles des chambres d’ionisation, il est 
cependant assez deconcertant d’employer des appareils de ce type dont la puissance 
de sortie est de l’ordre de 1 0 ~ :3 watts au maximum pour controler un ensemble 
dont la puissance peut atteindre quelque 108 watts. Cet enorme ecart qui necessite 
la presence d’amplificateurs toujours delicats doit faire reflechir les chercheurs. 
Nous nous devons done d’examiner s’il n’est pas de moyens d’augmenter con- 
siderablement le courant donne par les chambres d’ionisation ou encore d’envisager 
de nouveaux instruments ayant les performances d’etendue de mesure et de rapidite 
des chambres d’ionisation mais delivrant des puissances plus importantes susceptibles 
d’actionner des amplificateurs plus simples et surs de fonctionnement.

Quelques voies sont sans doute susceptibles d’etre examinees dans ce sens en consta- 
tant qu’une chambre d’ionisation actuelle n’utilise qu’une fraction infime de l’ioni- 
sation qui se produit dans le reacteur. L’utilisation de chambres d’ionisation de volume 
considerable est peut etre possible si l’on songe a l’inclure dans la construction, ce 
qui serait peut etre particulierement aise dans les reacteurs refroidis au gaz. Pour 
donner un exemple, on pourrait chercher a utiliser le courant qui circule entre une 
barre d’uranium et son support (Fig. 1). D’autres idees de ce genre devront evidem- 
ment etre envisagees, en particulier dans les reacteurs refroidis par l’eau lourde ou 
legere.

Dans les voies plus classiques on pourra faire des recherches sur l’utilisation des 
semi-conducteurs ou encore augmenter la duree de vie et l’efficacite des compteurs a 
etincelles dont la puissance de sortie est des maintenant pres de 1 . 0 0 0  fois plus im- 
portante que celle des chambres d’ionisation.

Une autre solution consisterait a se passer completement de la mesure du flux 
neutronique. Nous allons en examiner la possibility. Le reglage de la puissance du 
reacteur se fait par des barres absorbantes et parfois par mouvement d’elements
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combustibles ou moderateurs. Ce reglage se fait automatiquement ou manuellement 
a partir des indications de puissance, de periode ou de temperature; parmi ces trois 
variables la seule qui contienne implicitement les deux autres est la temperature. 
La temperature des elements combustibles ou du fluide de refroidissement est a 
debit de ce fluide constant une indication des plus precieuses dont la mesure est 
plus simple que celle des chambres d’ionisation, malgre les puissances encore tr£s 
faibles delivrees par les differents modules de sondes de temperature.

L’inertie thermique des elements combustibles est generalement suffisamment 
faible dans un reacteur heterogene pour permettre d’envisager meme une mesure de 
periode a partir des indications de temperature. Les seuls problemes qui subsistent 
sont le demarrage du reacteur et le controle de la periode durant ce demarrage. 
Nous allons essayer de demontrer qu’il est possible de demarrer un reacteur sans 
controler ni la puissance ni la periode, et ceci en utilisant les proprietes cinetiques du 
reacteur lui-meme.

Controle par la temperature
Le reacteur devra pouvoir atteindre la puissance compatible avec une mesure 

possible de la temperature sans etre le siege, soit d’une divergence prompte, soit 
d’une montee trop rapide de la temperature, ces deux criteres permettant d’assurer 
la bonne tenue du reacteur.

Le premier de ces criteres, la divergence prompte, sera facilement ecarte si l’on 
s’arrange pour obtenir la criticalite dans le seul domaine ou les mesures de tempe­

Figure 1
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rature sont possibles. Autrement dit il faudra augmenter la puissance du reacteur en 
restant aussi longtemps que necessaire en regime sous-critique.

Sans refaire les calculs correspondants pour lesquels on pourra se reporter a 
l’article «Probleme de la vitesse des barres de controle dans un reacteur nucleaire» 
a paraitre dans Control Engineering et para dans Automatisme(l), on peut de- 
montrer que la puissance no de divergence d’un reacteur est de la forme

( 1)

ou a est la vitesse des barres de controle supposees ici retirees a vitesse constante et

A =  - ° *1° caracterisant le reacteur a l’arret, no etant la puissance residuelle, p0  

V  T R;
l’antireactivite totale des barres de reglage et de securite et x =  r 0  +  X f  la vie■A-i
moyenne tenant compte des neutrons retardes. On voit d’apres la formule (1) que 
la puissance de divergence sera d’autant plus grande que la vitesse des barres sera 
elle-meme plus faible; en choisissant convenablement cette vitesse on pourra obtenir 
une divergence uniquement vers une puissance donnant un accroissement mesurable 
de la temperature c’est-a-dire pour un reacteur energetique chaud a partir d’une

puissance de l’ordre de si le refroidissement est totalement supprime durant

cette phase de demarrage. Ceci nous donne d’apres (1)

d’ou pratiquement
a <

jr A2 . 108
(2 )2 (nm a x ) 2

a <
A2 . 10»

(3)
(nm a x ) 2

A titre d’exemple, si on examine un reacteur de 100.000 KW ou t  serait de 10—1, 
po de 6.10— 2  et n0  de 100 watts, on a pour «a» d’apres (3) une valeur de 4.10- 6, valeur 
relativement convenable mais necessitant neanmoins 4 heures environ pour rendre 
le reacteur critique.

On a done pu ici demarrer un reacteur en «aveugle» sans neanmoins diverger en 
«aveugle» uniquement en prenant les precautions suivantes:

1) Assurer une puissance residuelle de 100 watts au moyen eventuel de sources 
de neutrons.

2) Assurer une vitesse tres faible de retrait des barres absorbantes.
3) Assurer l’absence de refroidissement avant la divergence.
De plus, il faut accepter des temps de demarrage assez longs et avoir la possibility 

de continuer la montee en puissance en faisant intervenir le refroidissement pro- 
gressivement, d’ou un asservissement du refroidissement a la temperature.

Aucune de ces conditions n’est prohibitive, elles jouent au contraire dans le sens 
de la securite; seul le temps de demarrage est discutable — encore qu’il s’agisse ici 
de reacteurs energetiques, c’est-a-dire destines a marcher de nombreux mois sans 
arret et pour lesquels ce temps de demarrage est done negligeable. De tels temps 
sont d’ailleurs deja le fait des reacteurs anglais de Calder Hall et des reacteurs G2 
et G3 de Marcoule. Sur la courbe de la Figure 2 on peut pour chaque reacteur trouver 
la puissance de divergence en fonction de la vitesse des barres.

22
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Ajoutons que cette faible vitesse de barres est compatible avec une bonne securite. 
11 est en effet parfaitement possible de limiter la vitesse des barres par l’emploi, par 
exemple, de moteurs a vitesse maximum limitee par la frequence d’alimentation. 
II reste a examiner le cas ou le mouvement de retrait des barres n’obeit plus a l’ope- 
rateur ou au programmeur et continue a se produire au dela de la divergence. Ici 
encore on peut montrer (voir pour les calculs le rapport cite plus haut ainsi que 
H. W. Newson O.R.N.L. 1957) que la periode atteinte par le reacteur sera au passage 
a la puissance maximum

T > V: io

2 a log -
n0

(4)

ou r 0  est la vie moyenne des neutrons prompts.

L’application a notre exemple precedent avec r 0  =  10“ 3  sec et ---- - =  104

no
donnera pour une vitesse de barres de 4.10- 6  une periode maximum de 5 secondes,
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comme on peut le constater sur la Figure 3. Ceci revient a dire que meme en cas 
d’absence ou de panne du systeme mesurant la periode, la puissance maximum sera 
atteinte et depassee avec une periode encore suffisante pour que le seul declenche- 
ment des barres de securite par exces de puissance ou de temperature suffise dans 
tous les cas a provoquer un arret convenable du reacteur sans depassement notable 
de la puissance ou de la temperature nominale.

II est cependant evident que les variations du debit de fluide de refroidissement 
peuvent, surtout dans le cas d’un reacteur a grand coefficient de temperature, pro­
voquer des efrets d’augmentation de la reactivite. II conviendra done de rendre ce 
phenomene suffisamment lent meme s’il est accidentel pour que les vitesses d’intro- 
duction de reactivite par seconde soient du meme ordre que les vitesses calculees 
pour le retrait des barres.

Ajoutons que les faibles vitesses de barres ainsi que celles de variation de debit 
traduite en unites equivalentes de reactivite par seconde constituent une bonne 
protection des barreaux de combustible dans les reacteurs heterogenes.

On peut en effet demontrer (voir calculs dans le rapport cite precedemment) que 
la variation maximum de temperature des barreaux est liee a «a» par la formule
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ou a est le coefficient de temperature du combustible seul. Toujours dans l’application

que nous avons envisagee on trouve que pour a =  4.10—6, sera inferieur a 0,25
d t

degre par seconde, valeur qui satisfait les metallurgistes.
Nous venons ainsi de mettre en evidence trois raisons qui non seulement militent 

en faveur de faibles vitesses des barres, mais qui permettent egalement d’envisager 
un controle de reacteur uniquement a partir de la temperature du combustible.

II y a la une possibility d’avenir particulierement interessante pour des reacteurs 
de production de grande serie dont le controle et l’appareillage seraient grandement 
simplifies. Le reacteur sera ainsi comparable a une chaudiere ordinaire.

Les courbes de la Figure 4 montrent l’influence de la vitesse d’injection des barres 
sur 1’evolution de la puissance par rapport au temps, on peut y voir que la vitesse 
d’injection est moins importante que l’antireactivite injectee et que cette derniere 
ne fait plus gagner grand chose a partir d’une valeur de l’ordre de 6 .10 2. Sur la 
Figure 5 on peut voir les elevations de temperature correspondante sur les barreaux 
d’uranium pour differents accidents de refroidissement. La encore on peut voir
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Iteration de temperature o' /a suite dun accident do refrigeration

que les retards au declenchement (courbes C" C "‘ D " D '") sont plus nuisibles 
que les temps d’injection et ces retards doivent done etre reduits autant que possible.

Les retards au declenchement dus a la seule mesure de la temperature nous indi- 
quent que pour limiter l’augmentation de temperature a une valeur de l’ordre de 
30° C a la suite d’une diminution de 80 % du refroidissement, il faudra et suffira 
d’injecter (C") 6 .10— 2  d’antireactivite en 2/10emes de seconde avec un delai de 
2 / 1 0 emes de seconde.

Toutes ces valeurs sont compatibles avec les possibility de la mesure des tempe­
ratures au point de vue du temps de reponse. Ceci indique egalement que les barres 
ultrarapides sont inutiles, mais que la chute libre en 1 sec. risque d’amener des 
depassements de temperature superieurs mais souvent tolerables.

Un gros effort merite done d’etre fait du cote de la mesure des temperatures et 
dans la conception du reacteur afin de reduire les operations et le materiel de con- 
trole, d’ou une economic du reacteur. Encore nous n’avons expose ici qu’un aspect 
de cette question.

II peut paraitre paradoxal d’entendre a notre epoque ou regne l’electronique, 
proposer des solutions reduisant considerablement l’appareillage electronique des 
reacteurs; mais un simple regard sur les monstrueuses installations de controle
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de nos reacteurs nous montre que nous devons tendre vers la simplification, et 
demander a nos reacteurs plutot une securite intrins£que qu’une securite basee sur 
des appareils de controle, aussi bons et aussi nombreux soient-ils.

B IB L IO G R A PH IE
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Introduction
It has been found desirable and practical, in designing automatic control devices 

for starting nuclear reactors, to measure flux transients at extremely low flux levels, 
using the output from neutron-counting circuits. In general, a logarithmic count- 
rate circuit is used, and the logarithmic indication of flux thus obtained is differen­
tiated electrically to yield an indication of the period of the reactor flux.

The special problem that arises when a period meter is built around a logarithmic 
count-rate meter is random fluctuation of the meter output, or noise. This noise 
is inseparably associated with the quantity being measured, for it arises in the 
randomness with which neutrons are detected in a fission counter or equivalent 
device. To reduce this noise requires, in general, measurement over a larger number of 
neutron detections, which means measurement over a longer time, i.e., slower 
transient response, assuming that counter sensitivity cannot be increased. It is possible, 
however, to achieve a good compromise between quick response and low noise, and 
the procedure for achieving such a compromise has been discussed in earlier 
papers( 1 ), (2 ).

This paper cannot easily be studied by one who is wholly unfamiliar with its 
predecessors. To write it otherwise would have required long repetitions that no 
editor could accept. This paper begins, therefore, where the others ended. Several 
classes of differentiating networks are analyzed in connection with the general 
problem of differentiating a signal while filtering out undesired wide-band noise. 
An indication of the relative quality of performance is given, and confirmed quan­
titatively for the log-diode period meter. Experimental measurements of transient 
performance are reported, and these confirm the predictions from theory. The 
experiments involved both a simple log-diode circuit and an entire period meter. 
Transient inputs were obtained from an exponential-current generator and, later, 
from a reactor simulator operated with various reactivity inputs.

Differentiating-Network Design
A. General Properties

At least two types of logarithmic count-rate circuits have been used in period meters. 
The first of these, the log-diode circuit, consists essentially of a logarithmic diode 
(usually a vacuum diode operated in the logarithmic region of its current-voltage 
characteristic) in parallel with a capacitor. An electric charge is dumped on to this 
capacitor each time a neutron is detected, and the current leak through the diode 
causes a voltage that is more or less proportional to the logarithm of the counting 
rate. The important properties of this circuit are known (2).

The second type of logarithmic count-rate circuit consists of the parallel com­
bination of a number of diode pump circuits with staggered time constants. Cooke- 
Yarborough and Pulsford have published an admirable study (3), both theoretical 
and experimental, of this circuit, but the results do not include expressions for,

Now on leave with the SHAPE Air Defense Technical Center, the Hague.
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for example, transient response or bandwidth of the randomly fluctuating output 
signal. An analysis in depth for these properties seems to be quite difficult, though 
it would be of considerable value to the designer of period meters.

It is clear, however, that the behavior of the two circuits is similar, qualitatively, 
in two important (and related) respects — both circuits have faster transient response 
at higher count-rates, and both circuits exhibit more rapid fluctuations in measured 
counting rate when operating at higher count-rates.1) A differentiating network 
used with either type of logarithmic count-rate circuit to measure period must 
therefore perform a dual function — it must differentiate the low-frequency portion 
of the voltage output of the count-rate circuit, and it must suppress the high-frequency 
fluctuations or noise. Various differentiating networks and their relative effectiveness 
in this dual role are discussed in what follows.

B. The Ideal Differentiator
The complex-frequency function of a perfect differentiator is

Hid (s) =  s (1 )

where s represents complex frequency (ja> +  c). If j<o is substituted for s in Equation 1, 
the result expresses the fact that a perfect differentiator has a phase response of 
+90° for all frequencies, and an amplitude response that is proportional to fre­
quency. Such a device is not physically realizable, for no circuit can continue to 
maintain output proportional to frequency, regardless of how much the frequency 
is increased. On the other hand, for the reasons noted above, it is desirable that the 
differentiating network used in a period meter differentiate only low frequencies, 
and attenuate high frequencies. Such networks are physically realizable.

C. Practical Differentiating Network
Let us therefore consider the following functions representing realizable differentiat­

ing networks, listed in increasing order of complexity:

Hi(s) =  ais/(s +  a,) (2)

H2(s) =  a22s/(s +  a2) 2 (3)

H3(s) =  (a32 +  b32)s/[(s +  a 3)2 +  b̂ 2] (4)
H4(s) =  (a42 +  b42)cs/(s +  c) [(s +  a4)2 +  b42] (5)

The a's, b's, and c are real constants. Each function, at low frequencies, is that of a 
differentiator. This may be seen by letting s approach zero. Except for the first, 
each offers attenuation at high frequencies, as may be seen by letting s increase 
without limit.

The function of Equation 2 is that of the simplest realizable differentiating net­
work, which may be built from one resistor and one capacitor (see Fig. 4a). Physical 
realization of the other functions is discussed below. The differential equation cor­
responding to Equation 3 is of second order, critically damped. Those corresponding 
to Equation 4 and 5 are of second and third order, respectively, somewhat under­
damped.

*) In the log-diode circuit the amplitude of the fluctuations in the voltage output remains constant as counting rate 
varies. At the same time the bandwidth of the frequency spectrum of these fluctuations remains proportional to the counting 
rate. In the multiple-pump circuit the amplitude of the fluctuations in voltage output decreases somewhat with increasing 
counting rate. At the same time the fluctuations become more rapid, since the short-time-constant pumps dominate at 
high counting rates.
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D. Choice of Parameters
To compare the different types of analog differentiators defined by Equations 2 

through 5, some arbitrary criteria had to be set up. First, it was decided to set a 
15-second solution time (defined as the time required for the output of the network 
to reach within 1 0 % of steady-state value when the input is a ramp, i.e. a quantity 
that increases linearly with time). This is sufficient to fix a, and a2. The ramp response
corresponding to Equation 2 is

fi(t) =  1 — exp(—axt) ~ (6 )

and the constraint of 15-second solution time requires that

ai =  0.153/sec. (7)

The ramp response corresponding to Equation 3 is

f2 (t) =  1 — ( 1  +  a2 t) exp(—a2 t) (8 )

and the constraint of 15-second solution time sets

a2  =  0.259/sec. (9)

The ramp response corresponding to Equation 4 is of the form

f3 (t) =  1 -f (a3 2 /b3 2  +  1 ) *exp(—a3 t) sin(b3t — t a n - ^ / —a3) (1 0 )

Here we must place two constraints to define the constants. If f3 (t) is allowed an 
overshoot of no more than 1 0 %, then we get, by solving for the first maximum of
f3 (t),

—a3 rr/b3 =  In 0.1 =  —-2.30 (11)

The further requirement of a 15-second solution time sets

a3 =  0.0916/sec. (12a)

b3 =  0.125/sec. (12b) .

To fix the constants in Equation 5 it was decided to choose for analysis a differentiat­
ing network corresponding to a Butterworth (4) low-pass filter. Such a network has 
an amplitude response at low frequencies that is extremely linear (the second through 
the sixth derivatives of | H^jco) | are zero at the origin). This choice implies the 
constraints:

c2  =  a4 2  +  b 4 2  =  4a42, (13)

which, when applied to Equation 5 give

H4(s) =  (s +  c) (s2  +  cs +  c2)

The ramp response corresponding to Equation 14 is

f4 (t) =  1 — exp(—ct) — 1.155 exp(—ct/2) sin(0.866 ct),

(14)

(15)

and the requirement of a 15-second solution time sets

c =  0 .2 2 0 /sec. (16)
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Figure 1
Transient-response functions of various differentiating networks with ramp input suddenly applied; 

parameters chosen for 15-second solution time.

The four ramp-response functions are shown together in Fig. 1. This figure gives 
a clear comparison of the transient response properties of the four types of networks. 
If, for any application, a solution time other than 15 seconds is desired, it is only 
necessary to multiply the above constants by 15/x, where x is the desired solution 
time, in seconds.

E. Amplitude Response of Various Differentiating Networks 
The amplitude-response functions of the four types of networks are shown in 

Fig. 2. For each case the straight-line asymptotes are also given. The curves are 
obtained by setting j2jrf in place of s in each of Equations 2,3,4 and 5, and by taking 
the absolute value of the result.

All four cases are seen to approach the response of the ideal differentiator, 2nf, 
at low frequencies. The function of Case 1, H^f), derived from Equation 2, offers 
no attenuation to high frequencies. The “breakpoint” frequency, at which the high- 
frequency and low-frequency asymptotes cross, is 0.024 c/s.

The function of Case 2, derived from Equation 3, attenuates high frequencies in 
inverse proportion to the frequency. This curve is symmetric about its maximum 
(0.0168 or —17.8 db), at a resonant frequency of 0.041 c/s.
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f-MILUCYCLES/SECOND

Figure 2
Frequency-response functions of various differentiating networks, together with straight-line asymp­

totes.

Comparison with the function of Case 3, derived from Equation 4, is interesting. 
The latter function is also symmetric about its maximum (0.0173), and this maximum 
is almost exactly equal to that of Case 2. It occurs, however, at 0.025 c/s, a much 
lower frequency. It is clear that the filter of Case 3 provides noticeably better dis­
crimination than does the Case 2 filter against interfering signals at higher frequencies. 
The function of Case 4, derived from Equation 5, on the other hand, resonates at a 
slightly higher frequency (0.031 c/s), and has a higher peak value. A filter of this type 
will, therefore, be somewhat inferior to a Case 3 filter, even though the high-frequency 
portion of the response curve falls off faster, i.e., as 1 /f2.

When making comparisons of this type from Fig. 2, it must be remembered that 
the logarithmic scales tend to give a distorted picture. The response of the various 
filters to wide-band noise would be more easily seen if the frequency-response 
curves were plotted with linear axes. Such a plot would show the advantage of the 
low resonant frequency of Case 3, and the comparative unimportance of the rapid 
high-frequency cutoff of Case 4 when this is obtained together with a higher resonant 
frequency.

The conclusion that Case 3 is the best of those examined here is valid in general 
when a differentiating network is to be used to reject high-frequency interference as 
well as to differentiate. It therefore applies whether a log-diode circuit or a multiple- 
pump circuit is used to precede the differentiating network.

F. Performance with Log-Diode Circuit
The performance of the various differentiating networks when operated with a 

log-diode circuit can be judged by examining the output fluctuations in indicated 
period at various steady-state counting rates. To describe these fluctuations, due
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entirely to the random nature of the neutron-detection process, it has proved con­
venient to work in terms of the growth factor, a variable that is proportional to the 
reciprocal of the period. The magnitude of the fluctuations may be determined in 
each case by solving the integral

var (y)

(

- /

C O

nQ2

n
1/C2

cu2  +  (nQ/AC) 2

I Hi (jcu) | 
A2

d cu, (17)

where var(y) denotes the variance (mean-square fluctuation about the mean) of the 
measured growth factor. The factor nQ2/jr is the power density spectrum of the 
input to the log-diode circuit, a series of short current pulses, each of charge Q, 
occuring randomly at an average rate of n pulses per second. The second of the three 
factors in the integrand is the squared magnitude of the frequency-response function 
of the log-diode circuit, or, rather, of its linear approximation, which varies with n. 
The last of the three factors involves Hj(jto), the frequency-response function of a 
differentiating network, and A, the log-diode constant, which is needed for calibration. 
If A is expressed in volts/neper, then y, the growth factor, will be expressed in 
nepers/second, and will be equal to the period reciprocal. The whole integrand gives 
the power density spectrum of the output from the period meter (the measured 
growth factor), and integrating over all frequencies gives the variance. "The derivation 
of Equation 17 and its physical significance have been discussed in more detail 
in an earlier paper( 1 ).

The integral of Equation 17 has been solved for each of the types of differentiating 
network considered above. Hj(jto) is obtained by setting jto for s in each of Equations 2 
through 5. For Case 1, the simple differentiating circuit of Equation 2,

vari(y) =  ai2QN/2AC(ai +  N), (18)

where for convenience the count-rate variable

N =  nQ/AC (19)

is introduced. For Case 2, second-order differentiating network, critically damped 
(from Equation 3),

var2 (y) =  a2 3 QN/4AC(a2  +  N)2. (20)

For Case 3, a second-order differentiating network, underdamped (from Equation 4),

var3 (y) =  (a3 2  +  b3 2 )2 QN/4a3AC(a3 2  +  2a3N +  N 2  +  b32). (21)

For Case 4, a third-order, Butterworth-type differentiating network (from Equations 5 
and 13),

var4 (y) =  c3 QN(2c +  N)/6 AC(c +  N)(c2  +  cN +  N2). (22)

Fig. 3 shows plots of the standard deviation (square root of variance) of measured 
growth factor as a function of count-rate, for each of the above cases. Here AC/Q 
has been taken equal to 2 0 , a practical value for a well designed period meter (2 ). 
Fig. 3 confirms, for the log-diode period meter, the deductions made from Fig. 2.

The differentiating circuit of Case 3 is seen to be the best, both because the peak 
of the random interference occurs at a lower counting rate and because the inter­
ference at all counting rates is less than for the other cases.
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Figure 3
Standard deviation of indicated growth factor vs count rate, for log-diode period meters using

various differentiating networks.

G. Realizability of Differentiating Networks
The above analysis is of use only if the mathematical functions of Equations 2 

through 5 can be realized in practical networks. Figure 4 shows the essential elements 
of various differentiating networks having response functions (except for constant 
multipliers) discussed above.

The simple differentiating circuit of Fig. 4a has the transfer function of Equation 2. 
It is the simplest and most common differentiating network, and is of use wherever 
the filtering of high-frequency interference is not important.

The network of Fig. 4b realizes the function of Equation 3. It can be built with no 
difficulty. Drift in amplifier gain will, of course, affect period-meter calibration.

The network of Fig. 4c would realize the function of Equation 4, but the LC-product 
required to achieve the low resonant frequency (0.025 c/s) is hardly practical. Nor 
do mechanical filters offer an elegant solution at such low frequencies, though one 
could certainly be built. An active RC filter, on the other hand, is a possible solution. 
One such filter, which realizes the function of Equation 4, is shown in Fig. 4d. This 
network has the disadvantage, when compared with that of Fig. 4b, that drift in 
gain affects not only the calibration of the period meter, but also the shape of the 
frequency-response curve and the value of the resonant frequency. These effects 
are not pronounced, however, in a circuit that is as well damped as this one, and the
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RC; l/o, »g,5 sec RC = 1 /□ 2 = 3,9 sec

(c) (d)
Figure 4

Possible circuit configurations for various differentiating networks.

difficulties with calibration probably remain the most serious. Furthermore, the low 
gain 5.5 may be realized with an amplifier that uses some feedback itself. An adjustable 
cathode resistor, for example, would provide both gain stabilization and a convenient 
means of correcting for long-term drift. Many other active RC filters could be 
designed to realize the function of Equation 4. A general study of various types and 
of the practical design problems has been made by Sallen and Key (5).

Experimental Measurements of Transient Response
A. Experimental System

In order to observe the transient response of a physical period-measuring circuit, 
and to confirm, if possible, earlier conclusions regarding period meter design, an 
experimental period-measuring system was constructed on an analog computer. 
A log-diode circuit was used, followed by a differentiating network with a frequency 
function of the type given in Equation 3. An exponential generator was used to 
provide various exponential inputs of current. A reactor simulator was also used, 
in place of the exponential generator, in order to study the response of the period­
measuring system to ramp disturbances of reactivity.

The experimental system is illustrated schematically in Fig. 5. When used with 
a pulse input (from neutron-detecting device) the log-diode circuit is preceded by a 
50-pf “bucket” capacitor, and the input pulses are 30 volts in amplitude. As a result, 
0.0015 microcoulomb is dumped on to Q  for each neutron detection (this is the 
charge Q, introduced in Equation 17). For the experimental study of transients, the
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Figure 5
Experimental system used for transient-response studies.

bucket capacitor was by-passed, and a continuous-current input, i(t), was provided 
to simulate the desired counting rate, according to the relation

i(t) =  nQ. (23)

The current-voltage relationship of the log diode is given by

eb =  A In Bib, (24)

and the constant A, so defined, was equal to 0.1 volt/neper. Other system parameters 
are listed below:

Ci =  0.5 microfarad 
ACi/Q =  33.3

R2  =  1.33 megohm 
C2  =  3 microfarads 
R 3 =  10 megohms 
C3 =  0.4 microfarad.

The two amplifiers shown in Fig. 5 were elements of the analog computer. They 
had extremely high gain (about 1 0 8), high input impedance, and negligible output 
impedance in this application. When connected as shown, each provided a voltage 
transfer function that was the quotient of the impedance in the feedback loop divided 
by the series input impedance. The amplifier in the count-rate meter thus provides a 
simple voltage gain of 46.6. The differentiating network has a transfer function that 
reduces to

Eout (s) /E;n (s) =  R 3 C2  s / (R2 C2  s +  1) (R3 C3 s +  1), (25)

which is the expression of Equation 3 with a numerator constant equal to 30 volts 
output per volt/sec input. The ramp response function of the differentiating network 
was measured and found to agree very closely with Equation 8 , with a2  =  0.25/sec.

The growth-factor output, y(t), is a voltage, and may be displayed on a volt­
meter or used as a control signal in a feedback-control loop. The diode voltage 
resulting from an input growth factor of one neper/sec (period of one second) is a 
ramp with a slope of 0.1 volt/sec. Therefore, the output of the CR meter is a ramp 
with a slope of 4.66 volts/sec, and output from the differentiating network is 140 volts, 
corresponding to a growth factor of one neper/sec. This is the required calibration 
constant.



352 CONTROLE DES REACTEURS: MESURES

B. Transients in the Log-Diode Circuit 
Exponential-current inputs of the type

i (t) =  i0  et/T (26)

were impressed on the log-diode circuit. Measurements were made with the para­
meter K (defined as i0T/CiA) equal to 0.1, 0.5, 1, and 10. Fig. 6  shows test data

superposed on theoretical curves taken from Reference 2. The confirmation of the 
theory appears to be quite satisfactory.

C. Transients in Entire Period-Measuring System
A series of measurements was made to determine how well the entire period­

measuring system would respond to exponential inputs, suddenly imposed. For 
example, a current input corresponding, by Equation 23, to

i.e. to a 15-second period (growth factor 0.067 neper/sec) initiated at 4 counts/sec, 
was imposed. The experimental record of this test is shown in Fig. 7. One observes 
that the output transient (in measured growth factor) has decayed to within 1 0 % 
of final value by the time n has reached 90 counts/sec. The overshoot in growth 
factor reaches a maximum of only 0.086 neper/sec ( 1 1 -second period), far from 
saturation. This response indicates considerable improvement over period meters 
built' previously.

In the experimental system, spurious noise limited the largest detectable period. 
Response to a 100-second period could, however, be measured, and in this case 
only about 30 seconds was required to reach steady state.

To check short-period performance a current input corresponding to

Figure 6
Response of log-diode smoothing circuit to exponentially increasing currents.

n =  4 et,is, (27)

n =  4 et / 3 (28)

i.e. to a 3-second-period transient, was used.
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Figure 7
Transient-response curves recorded for experimental system; period of 15 seconds.

The experimental result is shown in Fig. 8 . The three recordings are, from top 
to bottom, the exponential current input, the amplified log-diode voltage (the para­
meter K equals 0.36 for this case), and the differentiating-network output (measured 
growth factor). The exponential generator was limited to about two decades, but 
measured growth factor reached 90% of steady state within these two decades, 
i.e. within 14 seconds. It is also clear from the measured curve that overshoot would 
be very small — less than it was with a 15-second period. This happens because the 
curve of diode voltage, though more distorted, approaches the straight-line asymptote 
more quickly (in only 9 seconds), and because the very distortion, with an excessive 
slope for a short time, shortens the differentiating-network transient. It is clear that 
periods somewhat shorter than 3 seconds could be accurately measured.

Although the effect of distortion in the diode-current transient can be beneficial, 
K should not be allowed to become less than unity (approximately) for periods of 
the order of the differentiating-network solution time. If, for example, a 12-second 
period is initiated from 1 count/sec, the form of the diode transient will be as above 
(K equal to 0.36). From Fig. 6  it appears that a too steep slope in diode voltage will 
persist for longer than one period, i.e. for longer than 12 seconds. A much too high 
growth factor will thus be indicated by the period meter, and “scram” may be called 
for when all that was needed was patience. To avoid this type of response when 
operating with a reactor, a bias current, equivalent to two to four counts per second, 
should be kept on the diode.

23
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TIME-SECONDS

Figure 8
Transient-response curves recorded for experimental system; period of 3 seconds.

D. Transients with Reactor-Simulator Input
Determining the response of the period measuring system to exponential inputs 

is useful for the basic insight it gives into the working of tfie system. Since period

1
%

Figure 9
Growth of reactor flux following step increase in reactivity.
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control is often effected by control rods that either remain stationary or move at 
constant speed, according to some control signal, it is of considerable practical 
interest to study the response of the period meter to ramp inputs of reactivity, 
8 k/k, to the reactor. Here the effect of prompt neutrons is found to play an important 
part in overcoming the delay introduced by a period-measuring system.

Fig. 9 shows the flux response to an input step of reactivity. The instantaneous 
growth factor (cp/cp) is initially very large, then becomes small and finally assumes 
a nearly constant value as the flux begins to grow exponentially. The effect is to 
give the period-measuring system a hard “push” somewhat in advance of the ap­
pearance of the period that will shortly be present.

A series of measurements was made, accordingly, with the exponential-current 
generator replaced by a reactor simulator. For these tests the diode was fed a constant 
bias current of 0.006 pa, the equivalent of 4 counts/sec, to ensure that transient 
response of the log-diode circuit would not be too sluggish. Fig. 10 shows test data 
simulating a start for a reactor just gone critical. Reactivity is inserted at 1 %/minute 
for 17 seconds. Thus 0.28%8k/k is inserted. Power level in the simulator, which is 
recorded also, eventually begins to increase with a stable 15-second period. In the 
third record the output of a fast period meter is shown, giving a nearly instantaneous 
record of the growth factor of power level. This meter lacks the time delays needed 
in a practical system to smooth out the noise from the neutron counting. According 
to this measurement, the “true” growth factor rises to a peak of about 0.13 neper/sec 
(period of 8  seconds) before settling down to a steady value of about 0.067 neper/sec 
(period of 15 seconds).

The measured growth factor, given last, rises to a peak of about 0.10 neper/sec, 
and requires about 2 0  seconds after the “true” growth factor has settled down to 
reach an accurate steady-state measurement. This is not alarming, however, for the 
power level increases by only a factor of four during the spurious overshoot, and this 
is not important when several decades of increase in flux level are to follow.

Reactivity was similarly inserted at rates of 0.5% and 1.5% per minute and the 
results were evaluated as above. There were no remarkable variations.

Finally, a test was run to see how quickly the period-measuring system would 
trip a 5-second-period alarm for various rates of shim-rod withdrawal. When re­
activity was inserted at a rate of 6 %/min, the system signaled alarm after only 1.5 de­
cades increase in power level.

Conclusions
The analysis of linear differentiating networks given above rounds out the earlier 

work published on this subject, at least as applied to period-meter design. The curves 
given make it possible to judge whether, where electrical differentiation of a signal 
obscured by wide-band noise is required, the improved filtering performance of the 
more complicated differentiating networks justifies their increased complexity. While 
a quantitative analysis is given only for period meters using a log-diode circuit, the 
relative advantages of the various types of differentiating networks would be nearly 
the same for a period meter using a multiple-pump circuit for its logarithmic element. 
Though the theory given is basically a theory of analysis, the formulas are simple 
enough to make practical a cut-and-try procedure of synthesis.

The experimental study was, in fact, a check of just such a “synthesis” procedure, 
which had indicated that a log-diode circuit with AC/Q equal to about 30, followed 
by a differentiating network with a solution time of 15 seconds, would have adequate 
transient response for use in controlling startup on 15-sec period. Transient response
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REACTIVITY INPUT-<fk/k

O 20 40 60

TIME-SECONDS

FAST PERIOD-METER OUTPUT

Transient-response curves recorded for experimental system operated with reactor simulator.
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for a 3-second period and for longer periods was measured and found to give good 
confirmation of the theory, both for the log-diode circuit itself and for the entire 
period meter. It appears that periods as short as half a second would produce a 
satisfactory “scram” indication (not steady-state) if initiated at a count-rate lower 
than 1 0 0 /sec.

The set of experiments with a reactor simulator are of particular interest, for they 
show that a period meter designed to have good response to suddenly imposed inputs 
of constant period will also respond well to the more complicated transient periods 
that are met when control rods are moved in a manner appropriate for an actual 
startup. The ability to detect short periods in a reactor is surprisingly good, because 
the prompt rise of reactor flux due to any disturbance of reactivity supplies a lead 
characteristic that tends to counter the time lags of the period-meter filters. Even 
when reactivity is inserted at a rate several times faster than normal, the “scram” 
indication provided by the period meter comes early enough for safety.
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TECHNIQUES USED TO EVALUATE THE DYNAMIC  
PERFORMANCE OF A NATURAL RECIRCULATION 

BOILING WATER REACTOR
J. A. D e Sh o n g , J r . - A rgonn e  N ational  L aboratory, L emont, Illin o is  (U.S.A.)

Nuclear power plant operation differs from that of fossil fired plants in at least 
two major areas. One of these is, of course, the fuel cycle which is very long for the 
nuclear plant. As a consequence of this long cycle the bulk of fuel required for the 
nuclear plant as compared to a fossil-fuel plant is greatly reduced, and fuel trans­
portation and storage requirements are vastly different.

Another major area is that of plant control. As reactors have progressed to ever- 
higher flux and power levels, strong interactions have developed between plant 
power parameters and the firing rate or power output of the reactor. In other words, 
reactor internal feedback mechanisms develop which affect the ability of the plant to 
produce power(l). Measurement and evaluation of such effects are necessary to 
permit proper reactor control system design since the reactor represents a complex 
minor loop in the system (2). Some of the problems encountered in making measure­
ments of this type on a natural recirculation boiling water reactor will be discussed.

Power Reactor Kinetics
The dynamic performance of a power reactor is essentially that of the critical 

assembly or zero-power reactor modified by power feedback effects(2). The kinetics 
of the zero-power reactor have been explored in considerable detail. They have been 
expressed in transfer function form which is particularly convenient in stability 
studies (3). The transfer function as used here describes the amplitude and phase

—
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Figure 1
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relation of the sinusoidal variation in flux or power output with respect to a sinusoidal 
reactivity input driving function. Frequency is the variable. Fig. 1 shows the calculated 
zero-power transfer function or frequency response for the EBWR. This response 
was calculated using the constants of Table 1(4). The experimentally determined zero 
power function matches the calculated curve within a few tenths of a decibel and a few 
degrees (5).

TABLE I

NUCLEAR CONSTANTS OF EBWR AT ZERO POWER

Delayed Neutron Constants: Xi *1

0.01246 0.00025

0.0315 0.00166

Mean Effective Neutron 0.1535 0.00213
Lifetime U ’ >: 6  x 10"5 sec

0.456 0.00241

1.612 0.00085

14.3 0.00025

The way in which internal power-to-reactivity feedback takes place is shown 
schematically in Fig. 2 where G represents the zero power function and H] is the

N ET REACTIVITY

POWER
• REACTIVITY 

E FFECTS

0  FLUX OUTPUT
m i i i  i “  ' I™ im (1)

I ♦ GH, REACTIVITY INPUT

OR M, “  P, *' * O ' 1 (2)

POWER-TO-REACTIVITY FEEDBACK SCHEMATIC

Figure 2

reactivity feedback function. The reactor power transfer function (Pi) is described 
by Equation (1) in the figure which is the generalized form of the feedback Equa­
tion, Ref. (3), (6 ). Equation (2) in the same figure is simply Equation (1) rewritten in 
another form. It demonstrates a method for obtaining power reactivity effects by 
subtraction of the reciprocals of the experimentally determined zero-power and 
power transfer functions.
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The Hi function for a natural recirculation boiling water reactor is shown in 
simplified form in Fig. 3. The reactivity feedback consists basically of direct power

RVERRGE
POWER,

SIMPLIFIED REACTOR MODEL

Figure 3

void effects from steam generation within the core. From this are subtracted the 
flashing and boundary void terms which occur as a result of pressure variation. The 
general forms of the transfer functions representing these effects are shown in the 
figure along with heat transfer and pressure vessel representations (7), (8 ).

Two typical power functions obtained by measurement of a reactor whose feed­
back is similar to that of the model are shown in frequency response form on Fig. 4. 
Power void effects predominate above about 1 rad/sec with pressure effects limited 
to lower frequencies. The total feedback becomes very small at frequencies above 
20 radians, and the power function becomes equal to G as GH becomes small with 
respect to 1. The magnitudes of the peaks which occur in the vicinity of 7 'rad/sec 
are related to open-loop gain and phase (3), (6 ). Raising reactor power will increase 
open-loop gain and lower the phase margin. This produces a higher resonant peak 
as shown by the 20 MW curve whose peak is higher than that of the 5 MW curve.

Signal-to-Noise Ratios in the Experimental Boiling Water Reactor
Considerable measurement accuracy is required if the power transfer function is 

to be used for reactor stability analysis, particularly where H function coefficients 
and time constants are to be determined (8 ). This is especially true where G and P 
are nearly equal. Accuracy is limited by the necessity for maintaining low reactivity 
input amplitude in order to prevent system-linearity resulting from excessive flux 
or .power variation. Generally, the peak value of the sinusoidal output flux pertur-
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power effects
ON P AT 550 psi «

Figure 4

bation is limited to about 10 percent of the average flux value. In some cases it may 
be less than 5 percent, particularly in the low gain region around 1 rad/sec shown 
on Fig. 4. Such signal magnitudes do not in themselves degrade measurement ac­
curacy. However, the boiling reactor flux output contains a large amount of “boiling” 
noise which results from the random nature of the void production in the core. The 
statistical variation in voids results in corresponding reactivity changes which produce 
the flux noise. The magnitude of such variations is dependent upon operating power, 
increasing as power is raised. A typical set of conditions is shown in Fig. 5. The top 
trace shows only boiling noise with a peak-to-peak variation of about 1 0  percent. 
This would lead to a signal-to-noise ratio of one for the low gain case mentioned 
earlier where the peak sinusoidal flux variation was 5 percent. The middle set of 
traces in the figure demonstrate an actual measurement condition. The flux signal 
is about 1 cm p-to-p and the superimposed noise is as high as 1.5 cm p-to-p, which 
leads to a signal-to-noise ratio less than one. Note that the flux output signal is 
approximately in phase with the reactivity input at the frequency shown. The bottom 
traces in the figure display a typical flux signal and the reactivity input perturbation. 
The frequency is about four times that of the middle set of traces.

Graphical analysis of wave forms of the type just discussed did not produce the 
high measurement accuracies required for the analytic work. Various methods for 
making measurements in the presence of noise were reviewed. A scheme utilizing 
correlation of the output flux signal with respect to the reactivity input signal 
showed the greatest promise, and a wave analyzer incorporating this principle was 
developed.



REACTOR CONTROL! MEASUREMENTS 363

IN THE EXPERIMENTAL BOILING WATER REACTOR
Figure 5

The Wave Analyzer
A block diagram of the analyzer is shown in Fig. 6 . The ion chamber produces a 

current proportional to the average reactor flux plus the cosine flux variation and 
passes it to the correlator. In the correlator the ion chamber current is multiplied 
by a cosine function whose amplitude and phase are correlated to the reactivity input 
function. The resulting signal is passed to a detector which contains a filter and oscillo­
graph recorder. The proper phase and amplitude correlation are selected by mani­
pulation of the correlator controls to reduce the detector output magnitude to the 
smallest possible value, leaving only some residual second harmonic and noise.

The correlator is shown in detail in Fig. 7. The ion chamber current (i;n) is fed 
to the arm of the input potentiometer (Rin). The setting (a) of R;n is made with iin
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Figure 6

CORRELATOR SCHEMATIC DIAGRAM

Figure 7

equal to i0. The cosine potentiometer (r) is set to its nominal position and R2  to a 
reference value, (a) is then adjusted to make eo equal to a reference value. This 
procedure simply standardizes the error signal magnitude at the correlator output, 
and the measurement of iw/io is independent of (a).
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Basically, the correlator operates as a variable gain amplifier or multiplier whose 
multiplication is determined by the feedback network composed of r, R2, R3 , Ri, 
and Rin. (r) is mechanically coupled to the reactivity input function generator 
through a differential so as to generate a cosine resistance variation whose phase (d>) 
is adjustable with respect to reactivity input. The setting of R2  together with the fixed 
peak value of r determine the peak magnitude of the feedback variation. Amplifier 
forward gain (Aj) is made high so that amplifier gain with feedback is essentially the 
reciprocal of the feedback. Therefore, amplifier output (eo) is simply a voltage pro­
portional to input current (iin) multiplied by a cosine gain function which is correlated 
to the reactivity input function.

e0 CONSISTS OF THE FOLLOWING TERMS :

d - c  t e r m :

term :

<-io> ( - ^ - )  (R2 + R3 + T>

[Mo> (n^-)(-£)] e0* <"T+*'

-  |u « ')  ( •^L) (R2 + R3 + cos (I»T + 8)

cos2 term: ( ! „ )  ( | ^ - )  [c o s  ( « ,T  +  [cos ( « T  -I- $ ) ]

WHEN 8 = tf> , TH E Im TERM IS :

COS ( « T  + $ ) [ i 0 | -  Im (R2 Rj +  j l ]  

FOR BALANCE:

>0 i  ■ ( r 2 + r3 +5 )
iM _ ______ r______

'o 2( R2 ■*" Rs T- 2 )

CORRELATOR ANALYSIS

Figure 8

The composition of e0  is shown in detail on Fig. 8 . It consists of three terms, the 
first of which is a d-c term consisting of (a io) multiplied by the mean value of feed­
back. The second is the fundamental or first harmonic term which is the important 
one. It is equal to the difference between two cosine waves, one of which can be 
varied in magnitude and phase. The third is a cos2  term which contributes a small 
d-c component plus a second harmonic. It may be neglected if im is made small.

The first harmonic term can be reduced to a simple cosine by making the phase 
shifts of the two cosine components equal. This is accomplished physically by ad­
justing the mechanical differential driving r so as to make the phase shift (<f>) of the 
correlator equal to the phase shift (0 ) of the reactor flux variation. The peak magnitude 
of the resulting cosine is equal to the difference between two components, one pro­
portional to io and the other to im. The value of im/io can be determined if the dif­
ference between the components is reduced to zero by adjustment of R2. It should
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be noted that the measurement is independent of (a) as indicated earlier. The d-c 
component of e0  could also be used as a measure of i j i 0, but it has the disadvantage 
of dependency on both (a) and the d-c component of the second harmonic term. 
A typical calibration for iro/i0  in terms of R2  is shown in Fig. 9. The d-c component 
of eg is also shown as a matter of interest.

CORRELATOR CALIBRATION

Figure 9

The correlator adjustments are made in much the same manner as in balancing 
an impedance bridge. The accuracy of balance is therefore a function of signal-to- 
noise ratio, since the null signal becomes buried in noise. In order to achieve the high 
measurement accuracy required in the boiling reactor tests, it was necessary to dis­
criminate against the boiling noise present in Co. This was done by means of the 
detector shown in Fig. 10.

The correlator output (eo) is passed through a bucking circuit to the input of a 
bandpass filter. The bucking circuit was inserted to buck out the second harmonic 
generated by the correlator multiplication process. This was done by generating a 
second harmonic whose amplitude and phase could be adjusted with respect to the 
reactivity input function. The bucking device was difficult to balance when making 
measurements, and it was seldom used. Instead, i(J) was kept small to limit the second 
harmonic term in eg. The bandpass filter shown is an essential part of detector 
operation. Its purpose is to remove all noise and frequency components of e0  except 
the fundamental or first harmonic which is being balanced to zero. Perfect filtering 
obviously is not possible. However, a standard commercial filter with adjustable cut- 
olf frequencies was adapted to the detector and proved satisfactory. Its attenuation 
slopes are 80 decibels per decade above and below the high and low cutoff frequencies,
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DETECTOR SCHEMATIC DIAGRAM

Figure 10

respectively. The cutoff frequencies in practice were set at 0.7 and 1.4 times the fre­
quency of the fundamental being measured.

The output of the filter is amplified by means of the operational amplifier (A2 ), 
passed through a limiter and then displayed on an oscillograph whose frequency 
response is adequate for the highest frequencies to be measured. The gain of A2  may 
be reduced by a factor of ten while a rough balance is being obtained. The limiter 
keeps the oscillograph pen on scale and prevents burnout of the pen motor. The 
trend information obtained by means of the recorder materially improves accuracy 
by enabling the operator to distinguish between noise and the signal he is attempting 
to null. In addition it reduces the time required to produce a balance. This is especially 
true at low frequencies.

Fig. 11 is a photograph of the racks containing the input function frequency 
controller and the wave analyzer. The operational amplifiers used in the analyzer 
are at the top of the right rack. The amplitude adjustments (R2  and R;n) and the 
phase adjustments are directly below. Next is the null recorder or oscillograph with 
the bandpass filter at the bottom. The remote portions of the analyzer are mounted 
on a servo plate and geared to the reactivity amplitude selector shaft as shown in 
Fig. 12. The (im) and zero potentiometers are geared 1/1 through a differential. 
The zero potentiometer is geared 1/1 to the shaft of the reactivity amplitude selector 
which drives the control rod to produce the desired sinusoidal reactivity input. 
A Selsyn system is used for remote control of the differential to produce phase cor­
relation of the (im) potentiometer with respect to the reactivity input.
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Conclusion
Operation of the analyzer under laboratory conditions, using noise-free input 

signals generated by the zero potentiometer, produces measurement accuracies of 
better than ±  0.5% for the amplitude and ±  0.5 degree for the phase of im/io. The 
accuracy in the presence of noise, is less. In general, measurement accuracy under 
actual operating conditions is better than +  5 % in amplitude and + 2 degrees in 
phase, with signal-to-noise ratios greater than one. For lower signal-to-noise ratios 
the measurement accuracy is correspondingly reduced.

The analyzer is recommended for use in any situation requiring high measurement 
accuracy in the presence of noise.
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THE CHANGING PHILOSOPHY OF REACTOR 
SAFETY CONTROL

F r a n k  L a r in  a n d  A lb er t  B. V a n  R e n n es  - B e n d ix  A v ia t io n  C o r po r a t io n  
R esea rc h  L a b o r a t o r ie s , D e t r o it , M ic h ig a n  (U .S .A .)

United States reactors built in the 1940’s generally were large graphite moderated 
reactors or small experimental units. The graphite reactors, often high power reactors, 
were docile machines with small excess reactivities, long neutron lifetimes, and large 
negative temperature coefficients. Transients were quite slow and control did not 
present a particularly difficult problem. The experimental reactors which were built 
during this period usually were located in remote areas and operated at low power. 
The control of neutron flux in these early days was accomplished with laboratory 
type instruments which performed adequately. The difficult problem was the develop­
ment of reliable process instrumentation to assure proper reactor cooling.

In the early 1950’s, the United States built a large tank reactor to operate at 
30 megawatts, using highly enriched uranium in a small core. This reactor shown in 
figure 1!) was called the Materials Test Reactor or MTR. In parallel with the reactor 
design effort at Oak Ridge National Laboratories (ORNL), an effort was begun 
to design a reactor instrumentation system that would be safe with large excess 
reactivity, high power density, and much shorter neutron lifetime than had been 
encountered in the graphite piles. The instrumentation system used vacuum tubes, 
a self-monitoring warning system and incorporated “fail safe” circuits extensively. 
These Oak Ridge designs have become the standard for a majority of reactors built 
in the United States since that time. Other national laboratories, however, have 
designed and built their own equipment, and some military applications have re­
quired special purpose designs.

The MTR and the many subsequent research, test, and experimental reactors were 
designed expressly to conduct a wide range of experimental investigations requiring 
instrumentation unique to the experiment. A large number of experiments usually 
operate in the reactor at any one time, and the experiments may require as much 
instrumentation as the reactor itself. Since these experiments can have significant 
effects on the reactor, the experimental instruments must be connected to the reactor 
control equipment, thereby creating a complex reactor control system. The fact 
that these reactors are capable of sustained operation is evidence of the reliability 
that instrument designers have been able to build into their equipment.

There were a number of new problems in the design of controls for the large 
power and naval reactors scheduled for operation in the late 1950’s and early 1960’s. 
The research, test, and production reactors in the United States and Canada dumped 
the heat generated in the reactor, and there was no incentive for increasing coolant 
temperatures. Power reactors, on the other hand, are designed for operation at 
reactor outlet temperatures since reactor plant efficiency is strongly dependent on 
the temperature attained. At the same time, the versatility required for power reactors 
was less. Relatively constant operating conditions imply added reliability. Because 
power reactors operate at high power levels, the inventory of toxic fission products
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Figure 2
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is large. This increase, coupled with the desire to locate power stations near large 
urban areas, has created new demands on the safety of these reactors. Pressure- 
tight containment has been one step to prevent release of fission products to the 
neighboring area.

Power reactors also introduced strong economic motivations into the reactor 
design. These machines require huge investments (often between $50 and $100 mil­
lion), which makes it imperative to avoid unnecessary shutdowns without preventing 
shutdown when necessary. This need is in contrast with research and test reactors 
where inadvertent reactor shutdowns are less expensive, and even expected.

For many power reactors, this situation is complicated further by the thermal shock 
to structural members from a sudden decrease in reactor power level and consequent
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Figure 3

change in temperature gradient through the core. This restriction to low rates of 
temperature change also increases the time required to return the reactor to service 
after shutdown. The thermal shock problem in the sodium cooled SRE and the 
Enrico Fermi Atomic Power Plant constitutes the primary reason for avoiding a 
sudden reactor shutdown.
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These problems have caused wide difference of opinion among reactor control 
designers on. the protective system requirements. All agree on- the need for increased 
reliability but differ on the complexity required to achieve it and the relative impor­
tance of the operational versus safety reliability.

There are four methods or techniques employed by reactor designers to improve 
control system reliability. These are the use of:

1. Failure-to-safety circuits
2. Redundancy and coincidence circuits
3. Monitoring and test circuits
4. Reliable components.

Let us examine these techniques and illustrate some of the approaches made to 
improve reliability.

Failure-to-safety has been the traditional technique to obtain safety reliability. 
This method provides for a safe output condition in the event of failures in essential 
components of the safety circuit(l). There are two disadvantages to this technique. 
In practice it may not always be possible to obtain the same output response for all 
gross failures, such as opens, shorts, or grounds. This is even more true for changes 
in gain, resistance, capacitance, etc. Secondly, failure-to-safety for all component 
failures provides safety reliability at the expense of operational reliability which, 
for psychological reasons, can create an unsafe condition. If a design incorporates 
fail-safe features which result in unnecessary shutdowns, operations personnel may 
tend to alter the equipment and jeopardize the reactor safety. However, fail-safe 
circuits are very important in reactor instrumentation design.

The second technique, the use of redundant and coincidence circuits, is commonly 
used in reactor control (2). Redundancy as applied to safety instrumentation means 
that more than one independent channel measures the same variable and has a similar 
output signal. An example of redundant circuits is shown in Figure 2. Redundancy 
is necessary whenever a dangerous situation could result from a failure in an infor-

Figure 4
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mation channel. Coincidence circuits require that the output of two or more redundant 
channels agree before causing a safety response. This circuit arrangement is used to 
increase the operational reliability by allowing reactor operation when a channel has 
failed in a manner to cause reactor shutdown. A typical two-out-of-three coincidence 
arrangement is shown in Figure 3.

A third technique, the use of monitoring and test circuits, has the widest variety 
of applications, and every designer has his own favorites. The MTR instruments 
used monitoring extensively to check continuity and vacuum tube plate current. 
Continuity and amplifier operation are checked in instruments developed by the 
Brookhaven National Laboratory by introducing a 120-cycle a.c. signal at the ion 
chamber and determining that the a.c. signal is present at some point near the out­
put (3). Another monitoring method, shown in Figure 4, compares the highest of 
three channels with the lowest and sounds an alarm if the variation is beyond limits. 
Monitoring systems are also used to determine the presence of minimum current 
obtained by a fixed resistor across ion chamber terminals.

In the past, the use of test circuits has been restricted generally to simple pre­
opera tional tests. The general lack of enthusiasm has been due to the complexity 
of most proposed systems and to the difficulties encountered when testing during

i

Figure 5



operation. The increased use of coincidence circuits and simplified “go-no go” 
tests make test circuits more attractive.

The fourth technique, the use of highly reliable components, has received a great 
deal of attention as the basic method of improving the instrumentation reliability. 
The availability of low leakage solid state diodes has made magnetic amplifiers 
with high gain and short response time a practical substitute for vacuum tube 
amplifiers. These have been used extensively in power range channels and for switching 
circuits. The transistorized instrumentation for a number of reactors being built 
includes pulse circuits, logarithmic and linear power channels, and logic circuits. 
Figure 5 is an example of a typical plug-in transistor circuit.

Of the various methods for achieving reliability, failure-to-safety, redundant, 
and monitoring circuits emphasize safety reliability and have been the most common 
techniques. However, the requirements of power reactors have now placed greater 
reliance on coincidence circuits, test circuits, and the use of solid state components.

With the changes in instrumentation design have come changes in attitude to­
ward the function of the reactor control system(4). The designer’s interest has 
broadened to include control of the primary coolant system, the steam system, and 
turbine as problems interrelated with the control of the reactor.

Attention has shifted from neutron flux levels only to the other plant variables 
which can affect reactor safety, such as temperature, flow, and pressure. Such con­
siderations have led to automatic start-up equipment to free the operator from the 
routine tasks and allow him to direct his attention to the entire plant.

We have followed some of the control design philosophy from the past to the 
present. What can we say about the future? With the expected increase in reliability, 
instrumentation failures causing inadvertent shutdown should be measured in events 
per year rather than weeks or months. There are indications that the present solid 
control rods will be replaced by homogeneous control schemes with better control 
of neutron flux distribution. Recent work on fluid poisons and spectral shift are 
examples(5), (6 ).

Because of the reliability that already has been achieved in the digital computer 
field, we can expect more extensive use of digital computer techniques in reactor 
control systems. Increased component reliability should allow a greatly simplified 
instrumentation by a reduction in the monitoring now required. We should soon 
arrive at the point where the simplest system will also be the most reliable.
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DETECTEURS DE NEUTRONS THERM1QUES A 
HAUTE TEMPERATURE

J. P. D u c h e n e , L. K o c h , J. T a c h o n , S. T a r a s s e n k o e t P . z a l e sk i - C en t r e  d ’E t u d e s  
N u c l e a ir e s  d e  Sa c la y  (F r a n c e )

On va decrire un certain nombre de detecteurs de neutrons thermiques de type 
conventionnel: chambre d’ionisation a fission et detecteurs a activation, et d’un 
type nouveau base sur une mesure de radioactivite des atomes de fission. Ces detec­
teurs ont ete mis au point pour resoudre les problemes lies au controle des reacteurs, 
au controle des concentrations critiques de plutonium, au trace des cartes de flux de 
neutrons dans un reacteur.

I. D e te c teu r s  pa r  A c t iv a t io n

La mesure de la distribution spatiale du flux des neutrons dans un reacteur est 
directement liee a son etude physique.

En particulier, l’etude de cette distribution au niveau de certaines solutions de 
continuity s’est revelee interessante pour evaluer, par exemple:

Les contraintes thermiques dans les elements combustibles.
Le facteur d’utilisation thermique d’un reseau heterogene.
La deformation de la distribution du flux cree par la presence dans le reseau de
corps etrangers (canal d’eau, barres de controle, etc. . . .).
La mesure de telles repartitions spatiales de flux doit tenir compte en particulier, 

de trois remarques suivantes:
1°) La presence du detecteur de neutrons ne doit pas perturber la distribution a 

mesurer. La methode de detection basee sur le principe de l’activation de detecteurs 
metalliques semble assez bien s’adapter a cette exigence.

2°) Les distributions a mesurer peuvent presenter un gradient assez eleve. Pour 
les mesurer convenablement il est necessaire d’avoir un positionnement relatif de 
detecteurs aussi precis que possible au moment de l’irradiation. La solution consistant 
a utiliser un detecteur continu semble seduisante. II faut alors posseder un appareil 
de detection de l’activite de ce detecteur, avec un bon pouvoir de resolution.

3°) Souvent le flux de neutrons disponible pour de telles mesures est relativement 
faible; d’autre part, pour des facilites de manipulation du detecteur et de son support, 
il est souhaitable qu’il ne soit pas trop actif. L’appareil de detection doit done pos­
seder une bonne sensibilite.

L’appareil que nous presentons ici tient compte de ces remarques. II a ete etudie 
d’abord pour utiliser des detecteurs d’or se presentant sous la forme de bandes de 
2/1006me de mm d’epaisseur, de 6  a 7 mm de largeur et jusqu’a 30 cm de longeur.

Quand une telle bande a ete soumise a un flux de neutrons de valeur convenable, 
son activite dans chaque tranche (dont la largeur peut etre variable) est determinee 
a partir de la detection du rayonnement |3 qu’elle emet. Cette detection s’effectue de 
la maniere suivante: la bande d’or se presente entre deux systemes, scintillateur, 
photomultiplicateur, dont Fun regoit le rayonnement total emis par la tranche, 
l’autre ne recevant que le rayonnement y emis par cette tranche (le rayonnement (1 

etant absorbe par un ecran convenable).
Par soustraction des deux reponses moyennant certains ajustements prealables, 

nous obtenons le seul rayonnement {3 emis. Suivant la collimation adoptee pour 
ce rayonnement et definissant la tranche exploree, le pouvoir de resolution est
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different. La collimation realisee par des diaphragmes interchangeables est rendue 
necessaire par le compromis qui se presente entre la quantite de flux de neutrons 
disponibles pour l’irradiation et la resolution de l’appareil de mesure.

L’avancement de la bande irradiee devant les diaphragmes est realise a l’aide d’un 
systeme mecanique de pas a pas.

Le critere de precision sur l’activite de chaque tranche de bande exploree conduit, 
compte tenu de l’irradiation maximum utilisable, a une duree de comptage par 
tranche souvent assez grande. Pour eviter 1’immobilisation d’un personnel important 
dans l’exploitation, cet appareil est congu de telle sorte que tous les reglages pre- 
alables etant effectues, la valeur relative de l’activite d’une tranche a une autre 
tranche de largeur definie qui sont separees par un pas predetermine, s’enregistre 
automatiquement sur une machine a ecrire.

Description de la partie electronique
A) L’ensemble comprend:

Deux photomultiplicateurs (P.M.) DARIO-53 AVP, leurs alimentations et leurs 
preamplificateurs. Ils sont equipes de petits scintillateurs «plastiques» minces pour 
rayonnement J31).
Deux echelles de comptage a grande capacite (106), vitesse de comptage 
200—250 KHz,
Un groupe electronique de commande.
Une minuterie electronique donnant deux temps preregies l’un dit «temps de 
comptage», l’autre «temps d’arret».
Un decodeur electromecanique et une machine a ecrire destinee a frapper les 
resultats.

B) Fonctionnement:
Cette partie electronique doit assurer l’automatisme et enregistrer le resultat du 

comptage (f3y.— 7 ) de chaque tranche de la bande irradiee defilant devant les P.M. 
Le deroulement des operations, predetermine a l’avance, entierement automatique, 
est controle par une minuterie electronique. Sur cette minuterie, deux comptes pre­
determines sont disponibles, le premier reglant le temps de comptage, le second le 
temps d’arret. Un oscillateur pilote par quartz sert de base de temps et, convenable- 
ment demultiplie, alimente les deux comptes de la minuterie. Le depart de celle-ci 
delivre une impulsion dite de synchronisme qui commande le demarrage des echelles 
de comptage et du compte predetermine du «temps de comptage».

Les informations en provenance des deux P.M. vont s’accumuler sur leur echelle 
correspondante pendant tout ce temps. La fin du compte predetermine du temps de 
comptage est commandee par une impulsion de synchronisme delivree par la minu­
terie; cette meme impulsion declenche le compte du «temps d’arret» et demarre le 
groupe electronique de commande.

Ce groupe a pour fonction:
1) Avancer la bande irradiee pour la placer dans les positions necessaires au comp­

tage suivant.
2) Operer la soustraction d’informations accumulees sur les 2 P.M.
3) Imprimer le resultat de cette soustraction sur une bande de papier.

II se divise en deux commandes;
0  L’dpaisseur de ces scintillateurs est ajustee sur l’6nergie du rayonnement (3 6mis par Ie d6tecteur utilise.
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1°) Commande mecanique: Elle comprend:
— L’avance de la bande irradiee par l’intermediaire d’un pas a pas commande par 

des impulsions recurentes a 0,5 Hz.
— La notation du nombre de pas effectues pour passer d’une tranche a une autre 

tranche, deux tranches successives ne pouvant pas etre separees par une distance 
superieure a celle correspondant a 40 pas.

— La notation du nombre de mesures effectuees depuis le debut de l’operation.
— La remise a zero de l’ensemble du groupe.
2°) Commande soustraction: L’impulsion servant a arreter le comptage sur les 
deux echelles est utilisee pour declencher cette operation; cette derniere s’effectue 
par la methode de complement. On utilise a cet effet des impulsions mises en forme 
en provenance d’un oscillateur libre (multivibrateur). Elies alimentent simiiltanement 
les echelles correspondant aux P.M. (donnant des reponses |3 +  y et y) par l’inter­
mediaire d’une entree auxiliaire. Ces impulsions sont envoyees jusqu’a ce que 
l’echelle liee au P.M. y ait atteint sa capacite maximum; elle affiche alors zero et le 
signal epuisement du compte de l’echelle stoppe le comptage des impulsions sur les 
deux echelles. Le nombre d’impulsions indique sur l’echelle liee au P.M. ([3 +  y) 
correspond au resultat de la soustraction desiree.

Le signal d’epuisement du compte de l’echelle y est egalement utilise pour com­
mander le depart du decodeur electromecanique. Ce decodeur analyse le compte 
indique par l’echelle liee au P.M. (j3 +  y), decade par decade et actionne la frappe 
sur la bande de papier. En fin d’impression, un signal de remise a zero est applique 
aux deux echelles et 1’ensemble complet est pret a regevoir l’impulsion de synchronisme 
qui commande le demarrage des echelles de comptage et du compte predetermine 
du «temps de comptage».

Performances
La valeur de l’installation depend essentiellement de la precision de tout l’ensemble 

mecanique. Dans un flux de 106  neutrons par cm2  et par seconde, une precision de 
3% peut etre obtenue pour un temps de comptage de 1 minute et une resolution 
spatiale de 0,5 mm.

II . C h a m bres  d ’I o n is a t io n  a  F is s io n

1°) Chambres pour le controle des concentrations critiques de Pu.
De grandes precautions ont ete prises tant pour le niveau des concentrations en 

plutonium des solutions traitees ou stockees que pour le compartimentage des bacs 
contenant ces solutions afin d’eviter toute accumulation de plutonium pouvant 
conduire a une masse critique divergente dangereuse.

La possibility d’un tel phenomene a ete souvent contestee et il ne nous appartient 
pas ici d’affirmer que de telles concentrations, peuvent apparaitre. Signalons simple- 
ment que des precipites parasites ou une mauvaise homogeneite des solutions sont 
toujours possibles, et il n’a pas paru inutile d’equiper les points les plus sujets a de 
tels phenomenes d’un dispositif de mesure des neutrons, susceptible de mettre en 
evidence toute approche de la criticalite dans les bacs ou les decanteuses.

Etant donne l’importance aux points de mesure des rayonnements gamma, qui 
depassent plusieurs milliers de Rcentgen/heure, le seul detecteur possible est la 
chambre a fission a impulsions.



380 CONTROLE DES REACTEURS: MESURES

(a) Chambres a fission
Ce detecteur contient un depot d’uranium enrichi a 46% en U235. Les fissions 

provoquees par les neutrons lents sont susceptibles de liberer dans les gaz de la cham- 
bre une energie moyenne de 70 MeV, ce chiffre tenant compte de Tangle solide et de 
l’epaisseur du depot qui est de 3 mg/cm2.

L’uranium est depose sous forme d’oxyde par un procede d’electrolyse a tempera­
ture et acidite controlees. La surface totale du depot est de 200 cm2. Le gaz contenu 
dans la chambre est a pression atmospherique et est constitue de 96% d’Argon 
et 4% d’Azote. Les deux cylindres concentriques porteurs du depot sont en alu­
minium, Tenveloppe exterieure de la chambre etant en acier inoxydable.

Le diametre des chambres etant de 50 mm on peut aisement les mettre en place 
dans des canaux de mesure de diametre 50 mm plongeant dans les bacs et les decan- 
teurs au sein meme des solutions. La sensibilite aux neutrons est de 0,07 choc/sec. 
dans un flux de 1 n/sec./cm2. Les amplitudes des impulsions correspondant aux 
fissions sont comprises entre 5 et 12 millivolts dans les conditions d’utilisation, 
c’est-a-dire pour une capacite de chambre de 40 pF et une capacite de cable de 
liaison du meme ordre.

L’insensibilite aux empilements des impulsions gamma a pu etre cOnstatee dans 
un flux gamma de 3.104  R/heure obtenu en pla^ant les chambres au voisinage im- 
mediat des barres d’uranium sorties fraichement du reacteur EL.2.

Figure 1

Un second type tie chambre a fission a haute sensibilite a ete mis au point recem- 
ment (Fig. 1); de meme diametre que la precedente, sa partie utile est constituee de 
cinq cylindres coaxiaux en aluminium recouverts d’un depot d’oxyde d’uranium 
enrichi a 90% en U235.

Les parois.exterieures sont en acier inoxydable.
La surface sensible est portee a 1200 cm2.
Sa chambre est remplie a une pression de deux atmospheres avec un melange 

argon-azote.
La sensibilite aux neutrons est de l’ordre de 1 choc/sec. dans un flux de 1 n/cm2 /sec.
Les essais en temperature ont ete effectues pour Tinstant jusqu’a 400° C.
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(b) Chaine de mesure
La chambre est fixee a l’extremite d’une sonde en acier inoxydable dont la longueur 

varie entre 1 metre et 3 metres suivant les points de mesure, la sonde contient les 
cables coaxiaux resistants a de forts flux gamma et est suivie d’un preamplificateur de 
gain 8  relie par l’intermediaire d’un cable classique au tableau de controle oil se 
trouve I’electronique de comptage. Cette electronique comprend: un amplificateur 
de bande passante 2 MHz ayant un gain maximum de 10.000, un discriminateur 

* d’amplitude correspondant a une gamme d’impulsions comprises entre 5 et 50 volts, 
un integrateur a constante de temps reglable et permettant de mesurer pour toute 
l’echelle de 0,5 choc/sec. a 150 chocs/sec.

La lecture s’effectue sur un enregistreur potentiometrique equipe de contacts 
d’alarme. L’electronique comprend de plus une haute tension stabilisee fournissant 
la tension necessaire au bon fonctionnement de la chambre. Le bon fonctionnement 
de l’ensemble peut etre verifie a chaque instant en reduisant le seuil de discrimination 
et en procedant a un compfage des particules alpha emises par le depot d’uranium, 
un bon fonctionnement en «alpha» assure un bon fonctionnement en «neutrons».

2°) Chambres a fission de tres petites dimensions
Le Service de neutronique experimentale a etudie et a realise des chambres a 

fission de petites dimensions afin de reduire les perturbations dans le cas de certaines 
experiences (Proserpine, experiences en neutrons rapides).

Parmi la quinzaine de modules realises, nous citerons quelques exemples types.

Chambre spherique. Type C (Fig. 2)
De diametre exterieur 4 mm, elle a ete congue pour etre insensible a l’anisotropie 

du flux.
• Sur ce module, un des premiers realises, l’isolant est en teflon et le joint se fait par 
serrage d’une piece de teflon sur un si6 ge et sur l’anode. On remplit par un tube 
capillaire.

CHAMBRE A  FISSION TYPE C

Figure 2
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C H A M B R E  A FISSION TYPE E

2. perle de verre soudee oux deux tubes de plofine
3. anode

4. cathode (tube de plotine 2,5 x 3 mm)
5. perle de verre soudee a la cothode

Figure 3

Chambre verre —■ platine. Type E (Fig. 3)
Cette chambre a ete congue pour resister a des temperatures elevees (jusqu’a 

400° C).
La cathode (un tube de platine de diametre 2,5 x 3 mm, de 15 mm de long) 

porte le depot fissile. L’anode (egalement un tube de platine de diametre 0,4 x 0,6 mm) 
sert de capillaire pour le remplissage. Les 2 perles sont en verre ordinaire.

Le systeme de remplissage par capillaire est fragile, en particulier pour cette chambre, 
oil le capillaire sert egalement d’electrode.

Nous avons cherche supprimer le capillaire dans une premiere etape (type D ci- 
dessous) et, dans une seconde, les soudures (type BZ 1).

C H A MB R E A FISSION TYPE D

1. sortie de I'anode
2. perle isolaite soudable d I* etoin, «Micromonotub 11 A, Doloyo
3. isoloteur en teflon (ou silice)
4. anode, 0  2,5 mm, recouverte de matiere fissile

5. cathode, 0  exterieur 4 mm
6. isolateur en teflon
7. bouchon  de remplissage, so u d e  dans / ’argon

Figure 4
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Chambre type D. Diametre exterieur: 4 mm (Fig. 4)
Les isolants, d’abord en teflon, sont maintenant en quartz. L’etancheite est 

assuree par une perle de verre soudee a Fetain. Le bouchon de fermeture est 
place et soude, dans un appareil special rempli d’argon. La fusion de Fetain s’eflectue 
par une resistance. Ce type de fermeture donne satisfaction, et elimine les capillaires.

Chambre type BZ 1 (Fig. 5)
Cette chambre est a 4 surfaces de depots. Elle est done plus complexe. Nous utilisons 

depuis plusieurs mois la fermeture apres remplissage par un pointeau, avec contact 
acier sur nickel. Le corps de cette chambre etant en acier inoxydable, nous avons un 
contact acier sur acier. On envisage de donner une forme spherique a la vis pointeau 
afin d’eliminer certains cas defectueux.

II n’y a pas de soudure, la fermeture se faisant par des joints metalliques ecrases 
entre acier et quartz. Ce joint est actuellement en aluminium. On utilisera de l’or 
afin de pouvoir utiliser cette chambre a haute temperature.

Resultats. Essais des chambres
Le bon fonctionnement de la chaine chambre a fission-amplificateurs est verifie en 

relevant le spectre des impulsions. Ce dernier nous renseigne sur le bruit de fond 
electronique, le bruit de fond a, et le spectre des fissions.

On reduit au minimum les capacites de liaison (cannes et coaxiaux courts et de 
faibles capacites) et on utilise un etage d’entree a faible bruit de fond (avec ECC 84). 
On a pu fonctionner correctement avec 7 m de cables coaxiaux avant la premiere 
lampe (Fig. 6 ).

Essais de temperature
Cet essai est conditionne par la tenue des soudures. La chambre verre-platine a 

ete essayee a 100, 300 et 400° C. Elle fonctionne a peu pres correctement jusqu’a 
300°. Mais a 400° C le spectre des impulsions est nettement deforme. II est probable
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que cette deformation du spectre est due, non a l’effet de la temperature sur les iso- 
lants, mais a l’augmentation de la pression du gaz.

Efficacite des chambres a fission
Elle est proportionnelle a la surface du depot.
Celle-ci est de 0,2 cm2  pour la chambre spherique (type C), de 0,25 cm2  pour la 

chambre verre platine (type E), de 0,7 cm2  pour la chambre type D, de 9,8 cm2  

pour la chambre type BZ 1.
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Pour cette derni^re chambre, avec un depot de 1,2 mg/cm2  d’uranium enrichi 
a 90% en 235, l’efficacite est d’environ 1,2% pour un spectre de neutrons thermiques, 
soit 0 , 0 1  impulsion par neutron, par cm2  et par seconde.

I I I .  N o u v e l l e  m e t h o d e  d e  m e s u r e  d e s  d e n s i t e s  d e  n e u t r o n s

DANS LES REACTEURS ATOMIQUES

En examinant le fonctionnement des detecteurs de rupture de gaine dans les reac- 
teurs, nous avons constate que l’on pouvait realiser, sur le meme principe, des appareils 
pour mesurer les densites de neutrons.

Ces appareils presentent des proprietes interessantes qui peuvent peut-etre les 
faire preferer, dans certains cas, aux detecteurs conventionnels tels que les chambres 
ou les compteurs a ionisation utilisant les composes du bore.

1°) Principe de l’appareil:
II consiste a placer, a l’endroit oil l’on veut mesurer la densite de neutrons dans le 

cceur d’un reacteur par exemple, un depot mince d’un produit fissile, tel que l’uranium, 
et a entrainer a l’exterieur par un courant de gaz les atomes de xenon et krypton 
emis a l’etat de reculs de fission. On mesure alors en un point commode du circuit 
l’activite du gaz, qui est proportionnelle a la densite de neutrons a l’endroit ou se 
trouve le depot, et a la surface de ce depot.

fonction du debit d 'air D.
Figure 7

25
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L’experience montre que le debit du courant de gaz influe peu sur l’activite mesuree, 
tout au moins lorsque ce debit est superieur a un litre par seconde environ, ainsi 
qu’on peut l’observer sur la Fig. 7: on peut faire varier le debit d’un facteur 2 sans 
que l’activite varie de plus de quelques pour cent. Cette stabilite est due au fait que 
si le debit de gaz augmente, le temps necessaire aux produits de fission pour atteindre 
le compteur diminue, mais en meme temps leur temps de sejour devant le compteur 
diminue. La distance entre le point ou se trouve le materiau fissile et celui ou se 
trouve le detecteur de rayonnement peut atteindre plusieurs dizaines de metres, 
l’affaiblissement du signal d’activite detecte lorsqu’on accroit la distance etant de 
l’ordre de 2  % par metre d’augmentation de cette distance.

Les gaz utilises pour transporter les isotopes du xenon et du krypton peuvent 
etre assez varies: l’air, par exemple, qui a 1’avantage de pouvoir etre utilise en cir­
cuit ouvert convient bien tant que les flux de neutrons thermiques a mesurer restent 
assez faibles: inferieurs a 1 0 1 0 n/sec/cm2  environ; au dela, en effet, les activites 
parasites dues a l’argon 41, a l’azote 16, au neon 23 et a l’oxygene 19 masquent 
l’activite due a une surface d’uranium de dimensions raisonables. Pour les flux plus 
importants, on peut envisager d’utiliser l’helium circulant en boucle fermee avec 
un reservoir de decroissance et un filtre a charbon absorbant pour les xenon et 
krypton et leurs parents a longue periode. Les periodes des differents xenons et
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kryptons qui sont les principaux atomes volatils utilises dans la mesure, sont in- 
diques sur la Fig. 8 . Leurs abondances sont indiquees sur la Fig. 9.

Pour eviter l’accumulation au voisinage du detecteur des produits solides cesium 
et rubidium ainsi que strontium et baryum qui ont pu se former dans le conduit par 
disintegration de certains xenons et kryptons, on dispose devant le detecteur un 
filtre a fibres fines, qui a un rendement tres important pour les atomes isoles d’ele- 
ments- solides.

2°) Performances:
a) La sensibilite d-’un tel dispositif, equipe d’un compteur de Geiger a paroi 

mince (0,1 mm d’aluminium) type LCT 10 B12 est de l’ordre de grandeur de 10 im­
pulsions par seconde pour un flux de neutrons thermiques de 1 0 3 n/sec/cm2  lorsque 
la surface du depot fissile est de 1 0 0  cm2  (le depot etant en oxyde' d’uranium enrichi 
a 70% en U 235, et ayant une epaisseur moyenne de 2 mg/cm2).

b) Insensibilite aux rayons y: l’appareil est extremement insensible a Faction 
des rayons y, ce qui le rend interessant pour commander le redemarrage d’un 
reacteur.

Par exemple, un appareil de ce type place dans un flux de neutrons thermiques de 
1,3.106  cm“ 2 s_ 1  accompagne d’un filtre de rayons gamma de 2.105 R/8 h de rayonne- 
ment (ces condition, par exemple, sont celles qu’oh obtient dans la pile EL.2, 6  jours
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apres l’arret de celle-ci) donnait un cont'raste supirieur ou igal a 1.500 entre l’elfet 
des neutrons et celui des rayons y; ce dernier effet est done nigligeable. Une chambre 
d’ionisation compensee produisant une attenuation de l’effet y d’un facteur 1 0 0 , 
placee dans les memes conditions, aurait donni un courant du au rayonnement y 
2,5 fois plus important que le courant d’ionisation du aux neutrons: toute mesure 
aurait done i t i  impossible avec cette chambre; seule une chambre a fission aurait 
i t i  utilisable (jusqu’a 106  R/8 h environ).

c) Tenue en temperature: Une qualite interessante de ces appareils est leur pos- 
sibilite d’avoir leur surface emettrice portee a une temperature tres ilevie.

Des mesures de flux de neutrons a des temperatures de 1.000° C sont possibles 
avec ce detecteur. Les fluctuations de sensibilite en fonction de la temperature, dues 
aux fluctuations des vitesses de diffusion des produits de fission dans l’imetteur 
et a son voisinage ont ete etudiees jusqu’a une temperature de 750° C: a tres faible 
debit (inferieur ou egal a 30 1/mn), le taux de comptage augmente avec la temperature 
a partir de 500° C, il passe de 250 disintegrations par minute a 500° C, a 400 d i­
sintegrations par minute a 750° C, et il reprend sa valeur initiale quand la tempi- 
rature dicroit. Pour des dibits plus ilevis, supirieurs a quelques litres par seconde, 
les premiires expiriences effectuies n’ont montri aucune variation du taux de comp­
tage entre 25 et 300° C, des expiriences complimentaires sont en cours pour atteindre 
1.000° C. L’allure du phinomene est reprisentie Fig. 10: le maximum des courbes 
taux de comptage — dibit se diplace vers les faibles dibits et augmente a mesure 
que la tempirature croit; pour les dibits ilevis toutes les courbes sont pratiquement 
confondues. Tout se passe comme si la pseudo-constante radioactive X; diminuait

Allure de la variation isotherme 
de I'activite en fonction du debit

Chocs/minute T 1 < T 2 < T 3 < T 4

Figure 10
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quand la temperature augmente, ee qui est du a la diminution du temps de diffusion 
des atomes a travers la couche de gaz situee au contact du depot fissile. Le pheno- 
mdne ne presente pas de remanence, ce qui permet un etalonnage de l’appareil 
meme a faible debit.

d) Mesure ponctuelle de flux. Enfin, lorsque les flux sont forts, un autre avantage 
de ces appareils est qu’il suffit d’une surface emettrice extremement petite:

Par exemple: dans un flux de 101 2 neutrons thermiques (cm_ 2 s_1), une surface 
de 1 / 1 0  mm2  d’oxyde d’uranium naturel est suffisante (elle donne 1 0 0  impulsions 
par seconde avec le dispositif cite plus haut). On peut ainsi tracer des cartes geogra- 
phiques de la densite des neutrons avec une precision geographique nettement 
superieure a celle que l’on peut avoir avec les plus petites chambres d’ionisation. 
D’autre part, la quantite de materiau fissile introduite a l’endroit ou l’on veut mesurer 
le flux est ainsi tres faible: 1 0  microgrammes pour un detecteur de 1 mm2, et perturbe 
ainsi tr&s peu le flux.

La precision d’un tel dispositif est de l’ordre de 3% pour des.flux superieurs a 
1 0 0  cm- 2 s— 1 et de 1 0 % pour des flux inferieurs a 1 0 0  neutrons par cm_ 2 sH ; cette 
precision est liee aux fluctuations statistiques du taux de comptage et aux derives 
de l’electronique (on suppose que le fluide gazeux est de l’air en boucle ouverte ou 
de l’He purifie cycle — au cas ou le flux depasse 101 0 n/cm2 /sec). Le temps de reponse 
a une variation de flux de neutrons est limite par le temps de transit du gaz entre 
l’emetteur de produits de fission et le detecteur. Dans les conditions actuelles les 
pertes de charges limitent ce temps de transit a quelques dizaines de millisecondes 
par metre de distance entre emetteur et detecteur.

Comparaison des indications du detecteur de neutrons et 
des puissonces retevees ou tableau de commande du reacleur P2

Puissance P i f Mesuree arec des chambras d'ionisahon a BU-C 
Radioactivite des <70z de fission ( zss cps correspondent 6 -1000 Kw )

Figure 11
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sance. On realise cet enregistreur de maniere a avoir un 0 central au milieu de l’echelle 
et une amplitude de variation correspondant a —-520 et a +520 kW. On l’equipe de 
contacts de fin de course que l’on regie de maniere a ce qu’ils se declenchent sur 
■—520 kW ou +520 kW. L’arrivee en fin de course basse de cet enregistreur declen- 
chera une des deux bobines du commutateur pas a pas, l’arrivee en fin de course 
haute l’autre bobine, provoquant ainsi le passage du contact mobile sur le plot 
superieur ou inferieur suivant les cas. Le residu de tension A P se trouve alors ramene 
a la valeur +480 kW.

c) Mesure de p (Fig. 2)
La quantite p (analogue a la reactivite) est obtenue par la methode du potentio­

metre automatique deja utilisee sur la pile EL 2. Cette methode, on le sait, consiste 
a alimenter le potentiometre d’asservissement de l’enregistreur destine a afficher et 
enregistrer la reactivite par la tension en provenance de la mesure de puissance lineaire. 
On differencie, grace a un condensateur, cette tension et on l’injecte a l’entree de 
l’amplificateur d’asservissement de l’enregistreur. On renvoie egalement a l’entree 
de l’enregistreur la tension prelevee sur le curseur du potentiometre d’asservissement. 
A l’equilibre, ces deux tensions sont egales. Si la tension differentiee est de la forme:

k . dP
dt

ou k est une constante, et si la tension sur le curseur du potentiomitre est de la forme 
x P, x representant une fraction de la puissance proportionnelle a l’angle de rotation 
du curseur, on a l’egalite:

' . d px P  =  k .  —— ou
dt

k dP 
X ~  P ’“dT

c’est dire qu’elle est proportionnelle a ^  ou T est la periode de la pile. En fait, on

s’arrange pour disposer d’un enregistreur a point milieu, le milieu de l’echelle cor­
respondant a une reactivite nulle, c’est-a-dire a une periode infinie et les extremites 
de l’echelle correspondant a une reactivite elevee, c’est-a-dire a une periode courte 
(quelques secondes). De meme que pour la puissance P et la puissance fine A P, on 
equipe cet enregistreur d’un potentiometre cale sur l’arbre de l’enregistreur et destine

a fournir au signal de pilotage la quantite p (ou ^)-

2°) Affichage de la puissance desiree Po +  A Po
Pour afficher la puissance desiree Po, l’operateur dispose au pupitre d’un com­

mutateur a 21 positions lui permettant d’afficher les milliers de kW de 0 a 20, et d’un 
potentiom6 tre a variation continue gradue de —500 kW a +500 kW lui permettant 
d’afficher la puissance fine A Po. Sur les bornes du commutateur a 21 positions sont 
cablees 2 0  resistances egales et l’ensemble de ce pont de resistances est alimente 
par une tension alternative de 60 V 400 Hz. Sur chacun des plots on dispose done 
d’une tension donnant la puissance desiree en milliers de kW. Sur le potentiometre a 
variation continue on dispose d’une tension correspondant a la fraction de la puis­
sance desiree comprise entre —500 et +500 kW.
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3°) Elaboration de A (P — Po) — Bp, A' (A P — A Po) — B p

ENREGIETREUR 

POT. P
- 'W W W W V W -

"FT
--------I w v i w ^ w ^ w v l .  ■ I ■-

A (P-Po) 
, Po

PUPlTRf 
C* MANUELLE 

Po (MW)

l  ’•
-A V W W W ------- ,

A

Iml .
I '^ lu O v  400 H i

H g n a l  £  (p -Po)
Po

Figure 3

A
a) Elaboration de —  (P — Po) (Fig. 3)

Voyons maintenant comment a partir des differents termes P, Po, p on batit les 
termes de 1’equation donnant le signal d’erreur.

On alimente par la meme tension alternative 60 V 400 Hz le potentiometre P et 
le pont de resistances Po. Pour obtenir la quantite P — Po on opere d’une maniere 
extremement simple. On reunit les 2 bornes de sortie du primaire d’un transformateur 
respectivement au curseur du potentiometre donnant P et au contact mobile du 
commutateur pas a pas donnant Po. En fait, de maniere a pouvoir regler le niveau 
du signal d’erreur, on introduit dans le circuit d’alimentation commun a P et Po 
un premier potentiometre ajustable qui prend la fraction A de la tension alternative 
60 V d’alimentation et, en serie avec ce dernier potentiometre, on dispose un attenua- 
teur a plots dont le but esc de maintenir le niveau du signal u a peu pr6 s independant 
de la valeur Po. Pour cela le contact mobile de cet attenuateur est cale sur le meme 
axe que le commutateur Po. On obtient done a peu pres une attenuation en 1/Po. 
Finalement, on obtient sur le secondaire du transformateur un terme de la forme

^ ( P - P o ) .

b) Elaboration de A' (A P — A Po) (Fig. 4)
On opere de la meme fagon pour obtenir le terme A' (A P — A Po), a cette dif­

ference pres que l’on connecte cette fois-ci le primaire d’un transformateur au cur­
seur des 2 potentiometres A P et A Po alimentes par une tension alternative 60 V 
400 Hz a travers un potentiometre ajustable donnant le coefficient A'. On obtient 
alors sur le secondaire du transformateur un terme de la forme A' (A P — A Po).
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c) Elaboration de — Bp, — B'p (Fig. 5)
Pour obtenir le terme en p on alimente le potentiometre cale sur l’axe de l’enregis- 

treur de reactivite par une tension alternative 60 V 400 Hz attenuee, soit a travers 
un potentiometre ajustable B, soit a travers un potentiometre ajustable B'. On obtient 
au secondaire du transformateur un terme de la forme Bp ou B'p.

a
d) Elaboration de u =  —  (P — Po) — Bp (Fig. 6 )

Pour former u ou u ' on connecte en serie les secondaires des transformateurs dont 
nous avons parle et l’on obtient entre les bornes extremes le signal desire u ou u'. 
Ce signal est alors envoye a l’entree des amplificateurs de commande de barres qui 
appliquent eux-memes aux moteurs d’entrainement de barres la tension de commande 
dans un sens ou dans l’autre.

4°) Commutation pilotage fin — pilotage gros
II reste un probleme a resoudre: le passage du pilotage gros (signal u) au pilotage 

fin (signal u'). Ceci peut etre evidemment effectue manuellement a l’aide d’un inter- 
rupteur, mais on a cherche a obtenir une commutation enticement automatique que 
lorsque la valeur en milliers de kW de la puissance actuelle de la pile est devenue 
egale a la valeur affichee Po commute le signal de commande de pilotage gros u dans 
le signal de pilotage fin u'. On a done: A '(A P — A Po)— Bp. Ceci est realisable 
au moyen du dispositif suivant (Fig. 7): on place la bobine d’un relais sensible entre 
des contacts mobiles de deux ponts de resistances. L’un de ces ponts est cable sur 
une galette du commutateur de puissance desiree Po, l’autre sur une galette du com- 
mutateur pas a pas utilise dans la mesure de puissance fine P. Lorsque les tensions 
prelevees sur ces 2  contacts sont differentes, un courant circule dans la bobine et le 
signal utilise pour le pilotage est le signal u. Lorsque les contacts sont sur des plots 
correspondants, la bobine n’est plus excitee et un systeme de relais commute sur le
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pnrm^rmrj 
S I G N A L  U  u= ^ (P-Po)-Bf

u ’= A’ (AP-APo)-Bf

Figure 6

primaire d’Un des transformateurs servant a l’elaboration du signal les connexions P 
en connexions A P, Po en A Po et Bp en B'p. Le signal u au secondaire se trouve 
alors remplace par le signal u'.

III. L a  c h a In e  d e  c o m m a n d e  

1°) Amplificateur electronique
Le signal de commande u ou u ' est done obtenu sous la forme d’une tension 

alternative a 400 Hz. Cette tension est injectee a l’entree d’un etage amplificateur 
basse frequence absolument classique qui en eleve le niveau avant de l’envoyer a 
l’entree de l’amplificateur magnetique de commande de barre.

2°) Amplificateur magnetique
L’amplificateur magnetique de commande de barre est un amplificateur du type 

amplistat a 3 etages qui a ete decrit en detail dans une des annexes de la notice sur 
la pile EL 3 publiee conjointement par le C.E.A. et les Chantiers de l’Atlantique.
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La puissance de sortie de cet amplificateur est de l’ordre de 100 W. Elle est appli- 
quee a un moteur diphase 400 Hz d’importation americaine Diehl. C’est ce moteur 
qui actionne directement la barre de reglage.

3°) Pilotage simple — Pilotage double
La pile EL 3 est equipee de 2 barres de reglage qui represented environ 300 pcm 

chacune.
En pilotage automatique on peut choisir, soit le pilotage simple (pilotage auto- 

matique sur une seule barre), soit le pilotage double (pilotage automatique sur les 
deux barres). D’autre .part, on dispose de deux chaines de mesure lineaires.

Des inverseurs permettent d’elaborer le signal u, soit au moyen de la puissance 
fournie par la premiere des chaines lineaires de mesure, soit par la seconde en pilotage 
simple. Un autre systeme d’inverseurs permet d’envoyer le signal de commande, 
soit sur la chaine de commande de la barre de reglage 1 , soit sur la chaine de com­
mande de la barre de reglage 2 .

En pilotage double, le signal de commande est envoye simultanement sur les deux 
chaines de commande de barre.

4°) Compensation automatique
L’appoint de reactivite fournie par le retrait d’une barre de reglage est insuffisant 

pour assurer une montee en puissance dans la gamme demandee. Aussi doit-on 
adjoindre au dispositif de pilotage precedemment decrit un systeme dit «de com­
pensation automatique» qui assure la mise en mouvement automatique des barres 
de compensation.

Ces barres de compensation ont une reactivite de 3.000 pcm environ et sont au 
nombre de 6 .

Leur dispositif de mise en marche repose sur les principes suivants: on definit 
pour les barres de reglage une zone dite «efficace» qui s’etend approximativement 
a + 40 cm au-dessus et au-dessous du plan moyen du cceur du reacteur. On munit



REACTOR CONTROL: MEASUREMENTS 399

les barres de reglage de butees dites «efficaces» aux points baut et bas et au point 
milieu de la course «efficace». Lorsqu’au cours de son mouvement ascensionnel 
une barre de reglage atteint, par exemple, la butee efficace haute, elle declenche une 
barre de compensation en montee. Le signe du signal d’erreur se trouve alors inverse. 
La barre de reglage descend et en arrivant a sa butee efficace milieu elle arrete la 
barre de compensation. La barre de reglage monte a nouveau et le cycle recommence. 
L’arrivee d’une barre de compensation en fin de course haute declenche une autre 
barre de compensation qui prend la relive et monte a son tour. Un systeme relative- 
ment complexe de pre-selection permet de choisir l’ordre dans lequ'el les 6  barres de 
compensation peuvent ainsi etre automatiquement mises en marche.

II est evident que lorsqu’on a affaire a une diminution de puissance, le processus 
est inverse par utilisation des butees efficaces basses et de descente des barres de 
compensation, l’ordre de descente des barres etant alors inverse de celui qui a ete 
choisi comme ordre de montee.

IV. R esultats obtenus

Examinons maintenant les resultats obtenus sur la pile en fonctionnement et tout 
d’abord voyons les resultats obtenus lorsqu’on cherche a stabiliser la puissance pile 
a une valeur donnee.

Les fluctuations naturelles de la puissance pile autour de sa valeur moyenne sont 
accrues dans le cas d’EL 3 par les oscillations dues aux legeres variations du plan 
d’eau lourde dans la cuve. En effet, dans EL 3, l’eau lourde est utilisee a la fois 
comme moderateur et comme refrigerant primaire. II s’ensuit que la circulation 
d’eau lourde le long des barreaux avec retour dans le cuve produit un certain remous 
qui affecte legerement le niveau de la cuve. La couche d’eau lourde situee au-dessus 
du cceur constituant une partie du reflecteur, le flux neutronique est affecte par ces 
memes variations et il s’ensuit des oscillations de puissance qui, si elles ne depassent 
pas 1 % de la puissance pour des valeurs de l’ordre de quelques centaines de watts, 
augmentent tres notablement lorsque la puissance s’eleve vers 10.000 kW et que 
les pompes principales Sont mises en marche.

Une premiere amelioration sensible a ete obtenue en elevant le plan d’eau lourde 
dans la cuve. Un resultat encore meilleur est attendu d’une modification du dessin 
des futures cellules qui constitueront le prochain chargement.

Dans les conditions actuelles de fluctuations, l’introduction du pilotage automatique 
a puissance elevee a pour effet:

1°) De donner une excellente stabilisation dans le temps de la valeur moyenne de 
la puissance.

2°) De diminuer sensiblement l’amplitude des fluctuations, mais celles-ci restent 
neanmoins importantes et represented toujours une fraction notable de la 
mesure AP.

Au point de vue des variations de puissance, les resultats obtenus sont encore assez 
limites. II semble que les coefficients actuellement utilises et regies en vue d’une 
bonne stabilisation donnent une trop grande amplitude au moment des montees 
ou des descentes en puissance et aboutissent a des vitesses trop rapides de variations. 
Par ailleurs, la presence des fluctuations de la mesure P rend assez aleatoire le fonc­
tionnement correct de la commutation pilotage gros — pilotage fin.

Le C.E.A. etudie actuellement un programmeur a vitesse variable qui remplagera 
dans le systeme de pilotage gros le commutateur Po par un potentiometre a variation 
continue entraine plus ou moins vite par un moteur. On espere ainsi obtenir auto­
matiquement des vitesses de montee en puissance de l’ordre de 1 a 6  MW par heure.
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Conclusions
Pour conclure, je dirai que les premiers resultats obtenus sur EL 3 dans le domaine 

de la stabilisation de puissance venant aprds ceux deja obtenus dans le pilotage de 
la pile EL 2, confirment la validite des principes utilises, en particulier le valeur de 
l’equation du signal de commande.

. II reste neanmoins que les problfemes de pilotage pile sont encore tres ouverts et 
que, en particulier, la maniere d’engendrer le signal de commande sans utiliser les 
enregistreurs peut donner lieu a de nouvelles etudes.
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Le reacteur G2 est un reacteur a uranium naturel, modere au graphite et refroidi 
au gaz carbonique sous pression. Ce reacteur etant un reacteur plutonigene, le but 
du pilotage automatique est de maintenir constante la puissance neutronique au 
voisinage de sa valeur maximum a 2,5 pour mille pres. Le reglage du flux est obtenu 
en deplaqant deux barres absorbantes en carbure de bore dans le reacteur — anti- 
reactivite totale 240 pcm environ. Le deplacement des barres est asservi a la puis­
sance du reacteur par un signal d’erreur de la forme

e - _ A 8 P - A ^
C _  A 6 F  P d t '

8 P signal puissance fourni par le vernier de puissance (mesure fine de la puissance) 
dont l’echelle est de + 10 MW, ce qui permet une meilleure precision de pilotage,

derivee logarithmique de la puissance.

I. Boucle  d ’asservissement

Nous allons examiner rapidement les elements de la boucle d’asservissement. 
Nous trouvons (Figure 1):

1°) Le reacteur
2°) Les barres de pilotage
3°) Le moteur d’asservissement et le tambour d’enroulement des cables auxquels 

sont suspendues les barres 
4°) L’amplificateur d’asservissement
5°) Le signal derivee logarithmique de la puissance, introduit par une boucle 

secondaire
6 °) Le signal puissance dans la boucle principale.

Pour etudier la stabilite de 1’asservissement il est interessant de determiner la fonc- 
tion de transfert des elements et la fonction de transfert globale.

1°) Le reacteur
Le reacteur est defini par les equations cinetiques suivantes:

dP
dt

8  k — ft
T P +  2 ) , Q

dC
dt

Pi P — ki Q, i =  1 , 2 , 3, 4, 5, 6 ,
(1)

en utilisant six groupes de neutrons retardes.
P puissance du reacteur,
8 k reactivite,
r temps de vie d’une generation de neutrons,
(3 fraction totale des neutrons retardes,
Q concentration des emetteurs des neutrons retardes du ie groupe,
Xi constante radioactive des emetteurs des neutrons retardes du ie groupe, 
Pi fraction des neutrons retardes du ie groupe.

26 401
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e = -A6P - 1  ! P
P dt

Figure 1

Autour d’un etat d’equilibre on peut, en negligeant les termes du second ordre, 
obtenir un systeme d’equations lineaires ne faisant intervenir que les variations.

Etat stable P0, Q 0

P =  P0  4- 8 P

Ci =  G„ +  6 Q

Appliquant la transformation de Laplace on en deduit une fonction de transfert du 
reacteur nu.

8 P  =  p  ___________________________? n ( p  +  X Q ___________________________

8  k ° p (a0 p6  +  axp5 +  a2p4  +  a3p3 +  a4 p2  +  a5p +  a6)

Mais on constate en introduisant les valeurs numeriques que pour notre cas on 
obtient une precision suffisante en prenant une fonction de transfert reduite, ne 
faisant intervenir qu’un groupe de neutrons retardes moyen.

Expression simplifiee

SP P0  p +  0,1 
8 k "  r. p(p  +  7,6) (3)
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On ajoute aux equations precedentes une equation representant d’une fagon sim- 
plifiee l’effet de temperature de l’uranium

^ = a P - p T ,  (4)
dt

T temperature moyenne de l’uranium,
[3 coefficient tenant compte du refroidissement.

On definit ainsi autour d’un etat stable une fonction de transfert pour les variations. 
Etat stable P0, T0

T =  T0  +  8  T 
. Sk K

d°u m - sp = - t F T t  <5)
D’ou le quadripole equivalent au reacteur, l’effet de temperature etant figure par 
une boucle secondaire (Fig. 1 bis).
2°) Les barres

La relation entre l’antireactivite introduite par les barres et leur deplacement 
est consideree comme lineaire dans la zone d’utilisation (Fig. 2).

3°) Le moteur
Le moteur est un moteur diphase d’asservissement Diehl 60 FIz utilise a 50 Hz et 

pouvant fournir une puissance de 500 W. Le moteur etant dans une enceinte sous 
pression, on est oblige d’utiliser un moteur sans balais, le contact graphite — metal 
etant mauvais en atmosphere seche et necessitant un entretien frequent.

4°) Amplificateur d’asservissement
Le moteur demandant une puissance electrique importante, il paraissait necessaire 

d’utiliser au moins pour l’etage de sortie un etage magnetique qui permette d’allier
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la robustesse a la securite. Nous avons done choisi la constante de temps de l’am- 
plificateur comme parametre.

L’etude de la stabilite des differentes boucles et de l’ensemble montre que, compte 
tenu du gain necessaire a la precision et de la marge de phase donnant une stabilite 
suffisante, on peut utiliser des etages magnetiques a reponse rapide — constante 
de temps 10 a 20 ms pour une porteuse a 50 Hz.

Connaissant la fonction de transfert globale on en deduit par application de la 
transformation inverse de Laplace les regimes transitoires pour de petites pertur­
bations.

Figure 3: Echelon de puissance 

Figure 4: Echelon de reactivite

/ *  Vo/e

. 2 ' Vo/e

A m p lifica teur c/asservisstmen/'

Figure 5 Figure 6
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Figure 5: Variation lineaire de reactivite. 8 kd represente le mouvement des 
barres.
Tous ces resultats furent ensuite verifies par une simulation sur calculateur ana- 
logique.

I I .  R e a l is a t io n  d e  l ’a m p l if ic a t e u r

Le probleme de la stabilite etant resolu, on a envisage l’amplificateur d’asser- 
vissement sous l’aspect gain et puissance. On a ete ainsi conduit au schema de la 
figure 6 .

1°) Preamplificateur electronique
Constitue de deux voies en paralleles, chaque voie comportant deux etages. La 

presence de deux voies en paralleles est necessitee par les conditions de securite 
maximum, la destruction d’un tube ne perturbant pas le fonctionnement de l’asser- 
vissement, celui-ci pouvant fonctionner avec une seule voie. Pour deceler un defaut 
d’amplification, on amplifie la tension qui apparait entre les deux cathodes non 
decouplees des seconds etages. Cette tension attaque un relais signalant le defaut.

2°) Demodulateur
Du type classique a diodes, fournit deux tensions une alternance a phase reversible. 

Chaque tension correspond a une alternance de la porteuse.

Cliche 1
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Le cliche I montre l’aspect du cablage du preamplificateur et un amplificateur 
de recalage dont nous parlerons a propos des securites.

Cliche II

Le cliche II montre ces deux amplificateurs dans leur tiroir; on distingue entre 
eux la platine de melange des signaux d’erreur.

3°) Premier etage magnetique
Constitue par deux voies, composees chacune par un etage donnant une tension 

une alternance a phase reversible. Chaque voie est attaquee par le demodulateur et 
attaque un enroulement de controle de Fetage suivant. La constante de temps de 
cet etage est de 1 0  ms.

Le cliche III1) represente un des tores en Rectimphy utilise (materiau magnetique 
a cycle d’hysteresis rectangulaire).

Le cliche IV montre le premier etage magnetique dans son tiroir; on distingue 
au milieu le transformateur d’alimentation de Fetage encadre par les redresseurs 
du circuit de puissance de Fetage. A Farriere les prises de test.

*) For technical reasons it has not been possible for the publisher to reproduce the cliches III, V, VI, VIII, X; the reader 
may however obtain a photo-copy of these figures at cost price, by writing to: The International Atomic Energy Agency, 
Karntnerring, Vienna I, Austria.
Pour des raisons d’ordre technique, il n’a pas et6 possible k  l’6diteur de reproduire les clich6s III, V, VI, VIII, X; le lecteur 
peut toutefois se procurer une photo-copie de ces tableaux, au prix coutant, en 6crivant 4: l’Agence international© de 
l’&nergie atomique, Karntnerring, Vienne I, Autriche.
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Cliche IV Cliche VII

4°) Etage de puissance magnetique
Constitue par deux voies, composees chacune par un etage dormant une tension 

une alternance a phase reversible. Les sorties des deux voies sont mises en parallele 
sur la phase de controle du moteur; on obtient ainsi sur le moteur une tension deux 
alternance (pleine onde) a phase reversible. Chaque voie est attaquee par une voie 
de l’etage precedent. La constante de temps de cet etage est de 20 ms. La puissance 
fournie est d’environ 1 KVA pour tension de sortie de 200 V.

Le cliche V1) montre le circuit magnetique utilise et son bobinage.
Le cliche VI1) montre un des redresseurs silicium utilises dans le circuit de puissance 

de l’etage, la cigarette donne l’echelle.
Le cliche VII montre les quatre transducteurs de Fetage; chaque transducteur est 

dans un carter etanche rempli d’huile. Une voie est constituee par l’association 
de deux transducteurs. On distingue a l’arriere les redresseurs montes sur une ailette 
commune; Pisolement est obtenu par des rondelles de mica et le contact thermique 
est assure par de la graisse silicone.

Le cliche VIII1) montre le moteur d’asservissement.

5°) Alimentations
Le cliche IX montre Falimentation des amplificateurs electroniques avec deux 

minuteries de temporisation. Ce tiroir fournit aussi les tensions de reference a 50 Hz.
Le cliche X1) montre le transformateur Scott alimentant l’etage de puissance, la 

phase fixe du moteur, ainsi que des dispositifs annexes: ventilation du moteur, etc.
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Cliche IX

III. C i r c u i t s  d e  s e c u r i t e s

En fonctionnement normal l’asservissement des barres peut etre utilise de deux 
fa?ons:

1°) En pilotage manuel
Les barres sont asservies en position par une chaine de selsyns en synchro-detection 

degrossissage-precision, le selsyns precision faisant un tour par metre de deplacement 
des barres. Une manivelle placee sur le pupitre de commandejpermet a l’operateur 
de commander le deplacement des barres (Figure 7M).

u______
Figure 7 M
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2°) En pilotage automatique
Les barres se deplacent de fagon a maintenir constante la puissance du reacteur.

Figure 7 A

Un commutateur place sur le pupitre de commande (Figure 7 A) permet a l’opera- 
teur de choisir le type de fonctionnement. En pilotage automatique un petit asser- 
vissement recale en permanence la commande manuelle des barres sur la position 
qu’elles occupent. Cet asservissement est commande par le signal d’erreur provenant 
de la chaine de synchro-detection inutilisee par ailleurs. Ce dispositif permet de 
passer rapidement du pilotage automatique au pilotage manuel sans que les barres 
se deplacent; un voyant s’allume si le recalage ne s’effectue pas.

En fonctionnement normal un certain nombre d’incidents sur l’asservissement des 
barres sont susceptibles de perturber gravement le fonctionnement du reacteur. 
Une chaine de securites permet d’eviter ces perturbations. Chacun des incidents 
possibles est materialise par l’ouverture d’un contact normalement ferme; tous ces 
contacts en serie permettent de declencher une alarme et d’immobiliser les barres 
dans la position ou elles se trouvent.

Un commutateur place sur le pupitre de commande permet de passer sur une 
position «secours» qui elimine Famplificateur et permet ainsi dans certains cas, 
par le jeu de deux boutons poussoirs, de deplacer les barres a faible vitesse.

Apres une alarme, la remise en service du pilotage n’est possible qu’apres rearme- 
ment du systeme de securite par Foperateur.

Les incidents devant provoquer une alarme sont (Figure 8 ):
1° Les barres ne sont plus asservies
Meme si elles restent immobiles (cas le plus frequent), au bout d’un certain temps 

la puissance du reacteur risque de croitre rapidement. Un contact place sur le vernier
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de puissance a +5  MW de la puissance pilotee s’ouvre si la puissance du reacteur 
atteint cette valeur (D.P.).

2° Disparition de la haute tension du preamplificateur
Un relais alimente par celle-ci retombe. Lorsqu’elle est coupee intentionnellement, 

le contact est court-circuite (H.T.P.).

3° Une barre se coince dans le canal
Un dynamometre ouvre un contact en cas de surtension ou soustension du cable 

de suspension des barres (B.C.).

4° Arret de la ventilation du moteur
Un dispositif a maximum et minimum de courant permet de deceler si le ventila- 

teur est en fonctionnement. Son arret pouvant amener rapidement la destruction 
du moteur par echauffement exagere (A.V.M.).
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5° Arrivee des barres en butee
La course utile des barres est limitee a une zone ou le pilotage conserve une effica- 

cite convenable. Les fins de course utile font l’objet d’une simple signalisation. 
Comme il n’y a pas de compensation automatique, les barres risquent en pilotage' 
automatique de venir se deplacer dans une zone ou leur efficacite est pratiquement 
nulle, tout se passe comme si le pilotage ne fonctionnait plus. L’arrivee des barres 
dans cette zone ouvre un contact, c’est une butee que les barres ne peuvent pas 
depasser; elles sont situees a 50 pcm environ des fins de course (B.B. et B.H.).

Cette chaine de securites en alertant 1’operateur suffisamment tot, lui permet 
d’agir efficacement pour eviter une chute des barres de securites.

Cliche XI

Le cliche XI montre l’ensemble des circuits de securite groupes dans un tiroir.



L’ELECTRONIQUE DANS LES DETECTEURS DE 
RUPTURE DE GAINES

J. G o u p il , J. P. G r a ftiea u x  - C en tre  d ’E t u d e s  N u c l e a ir e s  d e  Sa c la y  (F r a n c e )
et

J. M. Ser v en t  - L ’E l e c t r o n iq u e  A p p l iq u e e , P a r is  (F r a n c e)

Generalites
Dans les reacteurs atomiques heterogenes refroidis par circulation de gaz, la 

rupture de la gaine d’un element combustible presente de tres graves inconvenients 
et doit etre rapidement detectee.

Lorsque la gaine est fissuree, les produits de fission superficiels s’echappent de 
Furanium et sont entraines par le gaz de refroidissement. Le signal caracteristique 
sera done la concentration en produits de fission gazeux (xenons et kryptons) a la 
sortie de chaque canal.

Pour effectuer cette mesure, une fraction du gaz est prelevee a la sortie de chaque 
canal. Un detecteur examine successivement les differents canaux, la commutation 
des prelevements etant realisee par des electro-vannes (Figs. 1 et 2).

Figure 1
Pile G 1. Une fraction des 2.700 electro-vannes de prelevement.

413
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Figure 2
Pile E L 2. Les electro-vannes et l’armoire de commande.

Pile G 1
G 1 comporte 2.700 canaux environ et son refroidissement est assure par de Fair 

non cycle, a la pression atmospherique. De ce fait, l’activite induite est faible et il 
suffit de plonger un compteur G.M., type 3 G 3 dans le courant gazeux pour ob­
server une augmentation notable du taux de comptage lors de l’apparition d’une 
fissure. II y a 20 ensembles detecteurs affectes chacun a 135 canaux. Ces detecteurs 
appeles «Prospecteurs» testent Fensemble de la pile en 45 minutes. Tout canal 
suspect provoque sur l’enregistreur un depassement de niveau entrainant une alarme. 
Le canal est alors mis en surveillance permanente sur un groupe special appele 
«Suiveur». Si une evolution dangereuse de la fissure se manifeste, la pile est arretee 
et le canal decharge. L’electronique, tres classique, se compose essentiellement d’un 
mesureur de taux de comptage (Integrateur), d’une haute tension pour GM et d’un 
enregistreur speed o m a x  (Fig. 3).
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Figure 3
Pile G 1. Chaines electroniques des detecteurs.

w

l = 1 w m w m a m h

----------------- r M — jjj L  L t o t  *

m a r *

Figure 4
Pile EL 2. Detecteur a collection electrostatique Les ions Rb, Cs sont produits dans le volume

precedanl le detecteur.
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Pile EL 2
EL 2 comporte 136 cellules et son refroidissement est assure par du C 0 2  a 10 kg/cm2, 

cycle en 10 s. Par suite du cyclage et de la pression du gaz, l’activite induite est elevee. 
Par contre, une fissure appreciable (10 mm2) donne par ses Xe et Kr moins de 1 % 
de l’activite parasite. Sur une mesure globale de l’activite, les fluctuations statistiques 
masqueraient totalement ce signal utile. Une separation physique est possible: les 
Xe et Kr de fission, en se desintegrant, donnent des Cs et Rb radioactifs, solides a 
la temperature ambiante, et ionises positivement. Ces ions peuvent etre collectes 
par une electrode portee a un potentiel negatif (Fig. 4).

Un scintillateur [3 et un photomultiplicateur mesurent l’activite des ions adsorbes. 
La mesure se fait en deux temps: electrode a la masse pendant 35 s, puis sous tension 
pendant 25 s.

Le signal utile est la difference des taux de comptage apres et avant collection. 
Cette variation est extraite d’un etage electronique special (Fig. 5). La pile est

M esurr de
$ c in t r P re a m p lif  A m p ltf D e c a d e s  v a p o tn de com pte

i
V e rs  changem ent de c e llu le  
A rm o ire  d es rotocon tocteu rs

de rep on se constant C a d e n c e  T H T

Figure 5
Pile EL 2. Bloc diagramme et etage detraction  du signal utile.
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surveillee par un groupe prospecteur et un groupe suiveur (Figs. 6  et 7).

Figure 6
Pile EL 2. Detecteurs, Preampli, Debitmbtre.

Pile G 3
G 3 comporte 1.200 canaux. Le C 0 2  cycle en 40 s, est a 15kg/cm2. L’activite 

induite est 10 fois plus grande que dans EL 2.
Le principe du detecteur est le meme, mais il est necessaire de rendre l’electrode 

mobile pour reduire encore l’activite parasite due au gaz. La mesure reside egalement 
en une comparaison d’activite avant et apres collection.

Alin de reduire le temps total de prospection, les canaux sont groupes par faisceaux 
de 5. Un prospecteur et un suiveur sont affectes a 20 canaux. Afin de suivre avec le 
maximum de sensibilite 1’evolution des fissures dans le temps, un dispositif de mise en 
memoire a ete etudie (voir plus loin Evolumetre).

L’automatisme de l’ensemble est assez pousse (passages sur suiveur, tarage des 
memoires, changements de gamme et pilotage en fonction de la puissance).

Etudes et realisations futures
1° Un dispositif de commutation des prelevements entierement electrostatique 

est concevable (Fig. 8 ), les ions etant precollectes dans toutes les voies sauf 
une qui les laisse passer vers le detecteur.

27
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Figure 7
Pile EL 2. Ensemble electronique.

2° Des etudes sur la repartition matricielle des prelevements sont en cours (re­
duction du nombre d’electro-vannes). Le traitement des resultats se faisant 
evidemment grace a l’electronique.

3° Enfin des solutions entierement digitales sont a l’etude: echelles additives et 
soustractives, memoire ferrite et tambour magnetique, transcription des re­
sultats sur tele-imprimeuse.

E volumetre

Generalites
Lorsqu’une fissure se produit dans une gaine, elle s’ouvre d’abord tres lentement 

et ce n’est en general qu’apres quelques heures, voire quelques jours, que son evolution 
s’accelere, atteignant meme parfois des allures explosives.

II est done utile de pouvoir comparer a tout instant l’activite en produits de fis­
sion d’un canal avec sa valeur anterieure. L’alarme sera donnee lorsque l’ecart 
atteindra un niveau maximum fixe a l’avance.

L’activite des produits de fission etant fonction de la puissance de la pile, il est 
necessaire de corriger l’amplitude du terme comparatif mis en memoire.
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V (sous THT on permanence)

PRI NCI PE

Les Xe et Kr en provenance des 
canaux Cj C2 . . .  Cn so desinte* 
grent dans les reservoirs Rj Rj 
. . .  Rn donnant des ions radioac* 
tifs solides Rb et Cs. Ces ions 
sont normalement collectes sur 
les electrodes centrales des re* 
servoirs, portees a des potentiels 
V1 V0.. .  V .1 2  n
Si, pendant un temps t on annule 
le potentiel V., les ions, non col* 
lectes, sont entraines par le gaz, 
et se font collector par une elec* 
trode E situee face a un detecteur. 
Le detecteur voit alors une montee 
d'activite caracteristique de I* ac­
tivity en produits de fission du 
canal C. (variation aN.)

Figure 8
Schema de principe de la vanne ionique.

Description de l’evolumetre G 3
L’evolumetre est, dans cette realisation, aflfecte a un groupe prospecteur (20faisceaux 

de cinq canaux) et a un groupe suiveur (cinq canaux). 11 met en memoire 25 tensions 
sur 25 potentiometres rendus successivement solidaires d’un serVo-moteur par 
l’intermediaire de petits embrayages magnetiques. Un amplificateur d’asservissement 
agissant sur le servo-moteur diphase permet le tarage de l’ensemble des potentio­
metres lors d’un cycle de mesure pris comme reference (Figs. 9 et 10). Des relais 
d’adresse permettent de selecter le potentiometre affecte a un faisceau donne, lorsque 
ce faisceau est prospecte.
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Figure 9
Evolumfetre. Schema de principe.
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Figure 10
Evolum etre E .L.A . Les relais d ’adresse, le bloc mem oire, l’amplificateur.

Schema d'un etage 6l^m entoire du 
Simuloteur Analogique

Figure 11
Schema d ’un etage elem entaire du sim ulateur analogique.
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Figure 13 
T iroir unitaire.
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Les potentiometres sont alimentes par une tension proportionnelle a l’activite 
moyenne de la pile en produits de fission. De cette fagon, la valeur mise en memoire 
est compensee, et l’ecart reste nul, pour un canal sain, lorsque la puissance varie.

L’etude mecanique et la mise au point de cet appareil sont dues a l’«Electronique 
Appliquee» (E.L.A.).

T r a i t e m e n t  a n a l o g i q u e  d e s  f i l i a t i o n s  r a d i o a c t i v e s  

Principe
L’etude theorique de l’activite des produits collectes dans un detecteur conduit 

a des calculs longs et complexes, une quinzaine de filiations du type Xe — Cs — Ba 
ou Kr — Rb — Sr ayant lieu simultanement avec des constantes radioactives tres

Figure 14
Sim ulation de la m ontee en pollution du  detecteur EL  2.
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Figure 15
Superposition des courbes de decroissance experimentale et analogiques.

variables et des amplitudes dependant du reacteur, des fissures, du temps de transit 
du gaz, etc. Nous avons realise un dispositif permettant la simulation des differentes 
filiations grace a des circuits RC. La constante de temps est ajustable par amplifica­
tion Miller, l’amplitude par des ponts diviseurs, et la filiation est realisee en inter- 
posant un etage du type cathodyne entre deux circuits RC (Fig. 11).

Le cycle de collection est simule par une base de temps speciale agissant en tete 
de la filiation. Dans notre utilisation, 1’echelle des temps est contractee dans un 
rapport 15. L’ensemble se compose d’une baie electronique (Fig. 12) et d’un en- 
registreur Speedomax. Chaque tiroir unitaire du simulateur permet d’afficher 
trois corps qui peuvent etre, ou non, en filiation (Fig. 13). La constante de temps 
affichee peut varier de quelques 1/10 s a 550 s sans contraction d’echelle.

Resultats
Ce dispositif nous a permis en particulier de:
1° Simuler la montee en pollution du detecteur utilise sur EL 2 (Fig. 14).
2° Determiner le temps de diffusion des produits de fission dans EL 2 (Fig. 15). 
3° Rechercher les caracteristiques d’un detecteur a electrode mobile (Fig. 16).
4° Prevoir le fonctionnement de ce detecteur sur la pile G 3 (Fig. 17).
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Recherche des caracteristiques 
d ’un detecteur a electrode tournante dans le cas de EL2

Duree du cycle en minutes

Figure 16
Recherche des caracteristiques d ’un detecteur a  electrode tournante  (A N  =  signal utile, N  =  pol­

lution limite).
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Figure 17
Montee en pollution du detecteur G 3.



CONTROLE DE LA PILE MELUSINE
P. Jover - C entre d ’E tud es  N ucleaires de Saclay  (F rance)

La pile-piscine du Centre d’Etudes Nucleaires de Grenoble est devenue critique 
pour la premiere fois, au debut du mois de juillet, 1958. La montee en puissance n’etant 
pas encore faite, l’installation de controle n’a pas encore ete compl&tement mise a 
l’epreuve. Aussi, je me contenterai de vous en faire une description sans insister trop 
sur les performances, notamment en ce qui concerne le pilotage automatique qui 
fait appel a une technique nouvelle dans l’instrumentation nucleaire.

Description generate
Les caracteristiques de la pile-piscine sont les suivantes:
Type: piscine a deux positions de travail,
Puissance normale: 1.500 kW,
Flux thermique: 101 3  n/s/cm2,
Combustible: uranium enrichi a 20 pour cent,
Moderateur: eau demineralisee,
Refrigeration: circulation forcee d’eau ou convection naturelle.
La piscine est un reservoir parallelepipedique en beton qui peut etre divisee dans 

le sens de la longueur en trois compartiments, a l’aide de batardeaux. Le cceur est 
constitue par un assemblage d’elements d’uranium (type MTR) fixes sur une plaque de 
base en aluminium, qui est suspendue au pont du cceur par une armature verticale.

En position dans les deux compartiments extremes, le coeur peut fonctionner 
a 1.500 kW, le refroidissement en convection forcee etant possible. A cet effet, un 
entonnoir fixe sous la plaque de base peut etre verrouille sur une canalisation d’as- 
piration.

En toute position, le cceur peut fonctionner a puissance reduite, le refroidissement 
etant assure par la convection naturelle. La puissance est alors limitee a 100 kW par 
l’echauffement et par la remontee en surface d’azote radioactif. Le deplacement 
longitudinal du cceur est obtenu grace a un pont roulant qui repose sur deux rails 
situes sur les bords de la piscine.

Le circuit de refrigeration comprend:
Trois pompes de 100 m3/h dont 2 en service normal,
Un echangeur ramenant la temperature de l’eau de 35° C a 30° C.
Le controle du flux neutronique est fait par une barre de reglage et trois barres de 

compensation. Ces quatre barres jouent en meme temps le role de barres de securite. 
Elies peuvent coulisser dans des elements combustibles evides en leur centre, qui 
peuvent etre places en un point quelconque du cceur.

Les mecanismes des barres de controle et les supports des chambres d’ionisation 
et de la chambre a fission sont fixes au pont du cceur. Toute l’instrumentation (con­
trole et securite) est rassemblee a la salle de controle. Les commandes, ainsi que cer- 
taines indications, sont reportees sur un pupitre separe du tableau de controle.

Mesures neutroniques
Les mesures de flux neutronique indispensables au controle et a la securite sont 

donnees par quatre chaines principales (Fig. 1):
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BLOC D I A G R A M M E  DU C O NT R O L E

Figure 1

Chaine de chambre a fission,
Chaine logarithmique,
Chaine lineaire avec vernier de puissance,
Chaine lineaire du calculateur de pilotage.

(1) Chaine de fission 
Elle comprend:
Une chambre a fission suivie d’un preamplificateur; l’ensemble place dans un 

tube etanche a proximite du coeur; un systdme electro-mecanique permet de deplacer 
cet ensemble verticalement de fa?on a l’eloigner du cceur lorsque le flux est important 
(1 0 6  n/s/cm2).

Une electronique comprenant un tiroir d’entree amplificateur, un discriminateur 
pour eliminer les impulsions, d’amplitudes trop faibles dues a d’autres causes que les 
neutrons, un integrateur logarithmique.

Un enregistreur sur le tableau et un microamperem^tre indicateur au pupitre. 
Les caracteristiques de l’ensemble sont les suivantes:
Sensibilite: 0,07 c/s par neutron/s/cm2,
Bruit de fond: 0,5 c/s,
Linearite: 0,1 a 104 c/s.
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(2) Chaine logarithmique 
Elle comprend:
Une chambre d’ionisation a depot de bore compensee aux y avec uu prdamplifi- 

cateur logarithmique (1,4. 10~ 1 4  A/n/s/cm2).
Un amplificateur a courant continu dormant une tension proportionnelle au 

logarithms de la puissance neutronique P.
Un enregistreur. ^
Un differentiateur donnant l’inverse de la periode stable — -  —.
Un enregistreur. “ at
Les caracteristiques sont les suivantes:
Amplificateur logarithmique: tension de sortie proportionnelle au courant d’entree 

de 10~ 12 a 10~ '6  A.
Differentiateur: donne une indication de 10 s a l’infini ou de 100 s a l’infini suivant 

le choix de la sensibilite.
Des securites reglables permettent d’envoyer des ordres de chute de barres lorsque 

la puissance ou la periode depasse un certain niveau.

(3) Chaine lineaire et vernier de puissance.
Elle comprend:
Une chambre d’ionisation compensee avec son preamplificateur lineaire a tube 

electrometre comportant deux resistances de 1 0 1 0 et 1 0 7  ohms commutables depuis 
le pupitre (1,4 10— 1 4  A/n/s/cm2).

Un amplificateur a courant continu a contre-reaction totale.
Un enregistreur potentiometrique qui compare la tension de sortie de l’amplificateur 

a courant continu a une tension de reference, choisi sur un potentiomdtre calibre, 
dont le curseur est commande par les butees fins de course de l’enregistreur.

Cet ensemble realisant un vernier de puissance donne deux indications:
Une indication grossiere de la puissance par paliers de 100 (W ou kW) de 0 a 

2.500 (W ou kW).
Une indication fine de la puissance, lisible sur l’enregistreur qui comporte un zero 

central (+100 W ou kW).

(4) Chaine lineaire du calculateur de pilotage.
Cette chaine est prevue principalement pour le pilotage automatique, mais donne 

aussi des indications proportionnelles a la puissance et a la periode sur des cadrans 
gradues places sur le pupitre.

Elle comprend:
Une chambre compensee suivie de son preamplificateur a tube electromdtre.
Un modulateur 400 Hz delivrant une tension modulee proportionnelle au signal 

d’erreur.
Un premier etage amplificateur 400 Hz.
Un integrateur a servomecanismes entrainant un potentiometre de tres bonne 

definition (qui donne une tension egale et opposee a la tension creee par le courant 
d’ionisation dans la resistance de haute valeur du preamplificateur.

Un integrateur a servomecanisme calculant la derivee logarithmique de la puissance
1  d?.
P dt '

Le schema simplifie de ce calculateur est montre dans la Fig. 2.
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La puissance est done obtenue par une double integration du signal d’erreur 
P — Pr, ce qui assure une recopie de puissance sans erreur de vitesse:

v i =  ~  (1 +  KlS) E

la periode est obtenue par une integration done sans erreur de position:

V2
K 2

s e.

Ce calculateur fonctionne de la maniere suivante:
La chambre d’ionisation fournit un courant proportionnel a la puissance de la pile. 

Ce courant traverse une resistance de haute valeur dont l’une des extremites est 
reliee a la grille d’un tube electrometre et 1’autre au curseur d’un potentiometre basse 
impedance, entrainee par le moteur du calculateur de puissance.

La grille du tube electrometre est asservie a rester a un potentiel nul.
Lorsque la puissance de la pile varie, il apparait une tension d’erreur e =  P — Pr 

qui commande les deux integrateurs. Lorsque la tension d’erreur est nulle, le cal-
dPculateur de periode indique une valeur R telle que, PR =  Si 1’evolution de la

pile est exponentielle, la puissance est alors exactement egale a la puissance reelle 
sans retard de vitesse.
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Ce calculateur n’a pas encore fonctionne suffisamment pour permettre de dire que 
les choses se passent ainsi dans tous les cas de figures. II semble deja que l’on aura 
plusieurs difficultes a surmonter:

D’une part, la sensibilite du calculateur ne permet pas d’avoir une recopie correcte 
de periode lorsque le potentiometre d’opposition est en fin de course basse (environ 
5 pour cent de la course totale), (fluctuations dues a la definition de potentiometre).

D’autre part, le risque d’instabilite du au retard de phase du circuit parallel e 
resistance de haute valeur-capacite parasite de la chambre d’ionisation.

Ces difficultes ne condamnent cependant pas definitivement le syst&me qui par une 
mise au point correcte des gains respectifs des deux chaines doit donner satisfaction 
aux niveaux eleves de puissance (on pense l’utiliser sur la gamme des kW entre 
100 et 2.500 kW).

Controle du flux neutronique
(1) Ce controle est fait par quatre barres:

Une barre de reglage dont les caracteristiques sont les suivantes: (i) efficacite 
relative d’environ 15 pcm/cm dans la partie centrale de la pile; (ii) vitesse maximum 
limitee a l,2cm/s.

Trois barres de compensation dont les caracteristiques sont les suivantes: (i) ef­
ficacite relative d’environ 40 pcm/cm, (ii) vitesse: 0,7 mm/s.

Ces quatre barres sont accrochees a des tiges liees aux mecanismes par l’inter- 
mediaire d’electro-aimants permettant leur largage en tout point de Ieur course. 
Barre de reglage

L’entrainement de la barre de reglage est fait par moteur diphase 400 Hz, reduc- 
teur, renvoi conique et vis sans fin. Afin d’eliminer au mieux les couples de frottement, 
le mecanisme est rendu reversible par l’utilisation d’une vis sans fin integrate. De plus, 
pour eliminer le couple du au poids de la barre de controle, un moteur d’equilibrage 
est lie a l’ensemble reducteur de fagon a fournir un couple moteur ou resistant suivant 
le sens de rotation realisant un equilibrage dynamique de l’ensemble.

Deux selsyns renvoient les positions d’angle indispensables a la commande de la 
barre de reglage.
Barres de compensation

Elies sont entrainees par un systeme analogue a celui de la barre de reglage, mais 
simplifie. Ce mecanisme etant alors irreversible.
(2) Deux types de commandes sont prevues:

Commande manuelle,
Commande automatique.

(2) a) Commande manuelle
Cette commande est faite pour la barre de reglage, par un asservissement en position 

ou en vitesse et pour les barres de compensation par une commande individuelle ou 
simultanee par tout ou rien.
(2) b) Commande automatique

La commande automatique a pour but principal de stabiliser la puissance de la 
pile a un niveau determine. Elle doit permettre aussi de faire evoluer la pile, pour 
la mener de P a P0. On fixe done un niveau de puissance P0 par le choix de la position 
d’un potentiometre au pupitre de la salle de Controle; et le moteur d’entrainement de 
la barre de reglage est commande «en vitesse», de telle sorte que l’on ait a chaque 
instant:
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A et B etant des coefficients predetermines,
P0  la puissance fixee par l’operateur,
P la puissance calculee par le calculateur de pilotage,
R l’inverse de la periode calculee.

Les parametres de reglage A et B doivent etre regies de fagon differente suivant le 
type de commande. Le bloc diagramme de la commande est montre dans la Fig. 3.

Circuits de securite
Les differents incidents qui doivent provoquer la chute des barres sont, en plus de 

l’arret d’urgence commande du pupitre ou d’un point particulier:
Excds de puissance chaine lineaire,
Manque d’alimentation chambre d’ionisation,
Exc^s de puissance logarithmique reglable,
Periode differentiateur reglable,
Exces de puissance calculee reglable,
Periode calculee reglable,
Augmentation de l’activite de l’eau de refrigeration,
Augmentation de l’activite donnee par un des appareils de mesure du tableau de 
controle des radiations,
Manque de debit de refrigeration (en kW),
Temperature piscine trop elevee,
Manque de tension secteur.
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Chacun de ces incidents se traduit par l’ouverture simultanee de deux circuits:
a) Un circuit comprenant deux relais communs a tous les incidents.
b) Un circuit comprenant un relais propre a cet incident.
Le premier circuit agit directement sur les circuits des electro-aimants.
Le second circuit agit d’une part sur le premier circuit et d’autre part sur le circuit 

du voyant correspondant. En cas d’incident, le voyant du circuit correspondant 
s’allume et'indique quelle est l’origine du defaut: une cle permet de court-circuiter 
le defaut. Deux cas peuvent alors se produire:

Le defaut persiste, on obtient un clignotement du voyant.
Le defaut a disparu, le voyant reste allume mais en veilleuse, on peut alors rearmer 

la securite manuellement.
Toutes ces conditions sont reunies dans un ensemble embrochable appele relais de 

securite a fonctions multiples. Tous les relais embrochables sont disposes cote a 
cote, sur le pupitre a la disposition du chef de quart.

Voyant Eteint Allume Veilleuse Clignotant

Normal X

Defaut X

Defaut+ court- 
circuit X

Pas de defaut+  
court-circuit X

Rearmement X

Nous ne parlerons pas des dispositifs annexes des mesures de debit (refrigeration 
et epuration), pression, temperatures, resistivite, pH, qui sont classiques. Nous ne 
parlerons pas non plus du controle des radiations (neutrons thermiques, y, neutrons 
rapides, poussieres et gaz) en differents points du batiment de la pile.

L’installation actuellement presque terminee est loin d’etre parfaite, et il est pos­
sible que des modifications soient apportees en cours de fonctionnement.

Nous terminerons en remerciant les principaux artisans de cette installation de 
controle:

La Societe Indatom, qui a joue le role d’architecte industriel, et la Compagnie des 
Compteurs qui a fait le montage des elements.

28



DETECTION DES FUITES D ’EAU LOURDE D ’UN  
REACTEUR DANS L’EAU LEGERE DE SES 

ECHANGEURS
C. J u llio t , A. L ansiart  et D. N ordem ann  - C entre d ’E tud es  N ucleaires

de Saclay  (F rance)

Introduction
Le reacteur nucleaire EL3 en fonctionnement a Saclay est un reacteur a reseau 

d’uranium et eau lourde, de puissance maximum 15 MW, refroidi par une circulation 
forcee d’eau lourde. L’eau lourde de refroidissement traverse deux echangeurs de 
chaleur a tubes de circulation d’eau legere, elle-meme refroidie ulterieurement dans 
un refrigerant atmospherique. Les pompes principales de circulation d’eau lourde 
sont egalement refroidies par l’eau legere.

La realisation soignee de ces organes n’exclut pas completement le risque de fuites 
d’eau lourde, particulierement dans l’eau legere. Aussi a-t’il ete necessaire d’envisager 
l’etude d’un appareillage capable de deceler l’existence de fuites d’eau lourde dans 
l’eau legere. Les performances exigees d’une installation sont les suivantes: possibi­
lity de detecter de faibles fuites, de l’ordre de 2 0  p.p.m. par heure d’eau lourde dans 
l’eau legdre, en moins d’une demi-heure; reponse rapide: quelques secondes pour 
des fuites plus importantes (superieures a 1 0 0  p.p.m., soit 1 0 0  1 . d’eau lourde dans 
les 1 . 0 0 0  m 3 d’eau leg£re de la circulation).

La cuve du reacteur comporte, par ailleurs,. un indicateur de niveau d’eau lourde 
permettant d’observer une variation de niveau de 1 mm, soit 25 1. d’eau lourde 
environ. Cet indicateur de niveau est done inutilisable pour detecter de faibles fuites. 
Notre installation est fondee sur la detection de la presence d’eau lourde dans l’eau 
legdre. Nous avons envisage au debut de 1’etude differentes solutions. Citons en par- 
ticulier:

1° La detection directe de l’eau lourde dans l’eau legere par mesure de densite, 
de transmission optique (spectre infra-rouge), resonance magnetique nucleaire.

2° La detection de corps lies a l’eau lourde, et qui ne se trouvent normalement 
qu’en proportion nettement moindre dans l’eau legere, par le dosage chimique de 
traces de produits de corrosion, ou la detection de produits radioactifs: produits de 
corrosion actives, ou produits d’activation des elements de l’eau lourde.

Pour differentes raisons, en particulier a cause de leur manque de sensibilite ou de 
leur difficulty de mise en oeuvre, les premieres methodes citees n’ont pas ete retenues; 
et nous avons concentre, par la suite, notre attention sur les produits radioactifs 
lies a l’eau lourde.

Mesures spectrographiques preliminaires de la radioactivity y liee a l’eau lourde du 
reacteur EL3 en fonctionnement

La plupart de ces mesures ont ete effectuees avec un spectrographe gamma a un 
canal mobile a scintillateur Nal-Tl de 5 cm x 4,6 cm(l).

Differents resultats sont obtenus a partir des spectres y  traces. Les pics de 6  a 7 MeV 
sont dus a l’azote 16, obtenu principalement par reaction N 15 (n th, y) 0,013 mb. 
Le pic a 1,3 MeV est du a l’argon 41, obtenu par la reaction A 40 (n th, y) 1 barn, 
l’argon etant contenu initialement dans l’azote situe au dessus de la cuve du reacteur. 
Le pic a 0,51 MeV se retrouve sur les spectres obtenus en differents points. II est 
du au fluor 17 (periode 70 sec) (2) obtenu indirectement dans la pile par reaction
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Figure 1
Schema simplifie des circuits d’eau lourde (EL 3). Les mesures de spectrographie gamma de l’eau 
lourde ont ete effectuees en plagant un detecteur le long d’une canalisation (postes 1 et2) etegalement

sur des prelevements (poste 3).

016(d , n), les deutons actifs etant les deutons de recul lies au ralentissement ther- 
mique des neutrons rapides de fission(3), (4). Le pic a 0,2 MeV est du a l’oxygene 19, 
forme par reaction O 18 (n th, y) 0,22 mb.

Des mesures quantitatives effectuees a partir de prelevements ont conduit aux 
resultats suivants:.

La majeure partie de 1’activite y est due au produit caracterise par le pic a 0,51 MeV 
qui est le fluor 17. On arrive, en tenant compte de la decroissance, aux chiffres suivants:
Activite y du pic 0,8 riC/cm3 pour une puissance du reacteur de 2 MW 

„ „ „ 1,4 pC/cm3 „ „ „ . ,, „ de 5 MW
LFne part non negligeable d’activite est egalement due a l’oxygene 19 (periode 

30 sec) pour lequel on trouve une activite, compte tenu de la decroissance de 1 pC/cm3 

a la sortie du reacteur.
Aussi nous a-t’il paru approprie de detecter la presence anormale d’eau lourde 

dans l’eau legere par la mesure de l’activite totale gamma de l’eau legere en circula­
tion, l’eau legere ayant traverse les echangeurs etant normalement d’une activite 
gamma negligeable vis a vis de celle de l’eau lourde.



REACTOR CONTROL: MEASUREMENTS 437

75

50

25

8C K ev
/  /  

n
),2  Mevyi /

0,51 M ev

F IG : L  E a u  lo u rd e  ( E L 3 )

0,1 0,2 0,3 0,4 0 ,5

S p e c t r e  d 'e n e r g ie  d u  

r a y o n n e m e n t

'  E  e n  M e v  _

Figure 2
Spectre des basses energies du rayonnement gamma de l’eau lourde (El 3): la majeure partie de 
l’activite gamma est due au Fluor 17 (pic a 0,51 MeV du a une disintegration p+, periode 70 sec.) 

et a l’oxygine 19 (0,2 MeV, periode 30 sec.).

Les circulations d’eau legere destinees aux controles proviennent de points situes 
en aval des deux echangeurs de chaleur, et des deux pompes principales en service. 
Les debits dans les canalisations destinees a alimenter les detecteurs de rayonnement 
y  doivent etre tels que le temps de transit de l’eau lourde ne soit pas grand devant la 
periode du principal produit actif (70 sec). Ce temps de circulation doit d’autre part 
etre reduit au maximum afin d’augmenter la rapidite de reponse de l’installation.

Description de la partie electronique de Installation
L’installation (5) a done pour but de mesurer l’activite gamma de l’eau legere en 

circulation, en quatre points de mesure. Elle doit permettre, lors de toute montee 
d’activite attribuable a une fuite d’eau lourde dans l’eau legere, de declencher une 
chaine d’alarme avertissant de l’incident les responsables du tableau de commande 
du reacteur.

Afin que notre appareillage ne soit jamais aveugle pendant une partie du cycle de 
mesure, nous avons du equiper chaque point de mesure d’une chaine electronique 
complete, allant du detecteur aux ensembles d’alarme et d’enregistrement: de plus
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Reference Echongeur Pompe Echongeur Pompe
Cuve recKonge Controle Bruit de fond Cosemote 2 Casemote 2 Cosemote 3 Cosewote 3

dans I'eau l^gfere (EL 3) 

- S C H E M A  G E N E R A L -

Figure 3
Schema general de Installation de detection des fuites d’eau lourde dans l’eau legdre (EL 3).

Chaque voie comprend:
10 Une cuve blindee de 5 cm de plomb avec circulation de l’eau legere a analyser.
2° Au centre de la cuve, le detecteur gamma (cristal Nal (Tl) de 4,6 cm x 5 cm associe a un photo- 

multiplicateur 53AVP).
3° Un preamplificateur.
4° Un ensemble integrateur «EDITH« avec un tiroir d’alarme (relais des voyants d’alarme et com­

mutations diverses).

nous avons du adjoindre a ces quatre voies, deux autres voies de mesure dont les 
roles sont les suivants: la premiere voie supplementaire est destinee a fournir un 
niveau d’activite caracteristique du bruit de fond, afin d’obtenir une mesure de l’ac- 
tivite du bruit de fond. Cette activite sera soustraite des activites mesurees dans les 
autres voies afin d’obtenir une mesure differentielle de l’activite specifique due a 
l’eau lourde dans l’eau legdre. La deuxieme voie supplementaire est destinee au con­
trole de toute variation anormale d’activite dans les voies de mesure: par commutation 
automatique d’electrovannes commandant les circulations d’eau legere a analyser, 
chaque installation suspecte est remplacee enticement par l’installation de con- 
trole: Cette installation de contrdle confirme alors la fuite ou si l’activite de l’eau 
initialement suspecte est trouvee normale, permet d’attribuer la variation anormale 
de niveau d’activite a une defaillance possible de la chaine electronique suspecte qui 
s’est trouvee alors remplacee automatiquement.

Un enregistreur MECI a six voies enregistre les activites des quatre voies de mesure, 
de la voie «bruit de fond» et de la voie de controle.
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Figure 4
Cuve de mesure, avec detecteur gamma et pre- 
amplificateur (visible a la partie superieure de la 

cuve).

Figure 5
Detection des fuites d’eau lourde dans l’eau 
legere. L’ensemble electronique comprend les 
integrateurs des sept voies, avec les pupitres des 
voyants d’alarme et des commandes d’electro- 

vannes, et l’enregistreur.
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L’etude de la valeur a donner au seuil des alarmes a ete effectuee theoriquement, 
tenant compte de la gamme de sensibilite choisie, de la constante de temps de l’inte- 
grateur, de la puissance prevue pour la pile (l’activite de l’eau lourde etant comme 
nous l’avons vu, liee a la puissance de la pile), et du taux admissible de fausses alertes 
dues aux fluctuations.

Cet appareillage es't en voie d’achevement et fonctionne lors des divergences ac- 
tuelles du reacteur EL3. Un certain nombre de points restent a regler, notamment 
ceux concernant la soustraction du signal de bruit de fond des differents signaux de 
mesure, avec un coefficient de ponderation destine a tenir compte des rendements 
des differents detecteurs. Des etalonnages, fondes sur la simulation de fuites d’eau 
lourde dans l’eau legere sont effectues actuellement et tendent a confirmer l’obtention 
des performances projetees.
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LE PROBLEME DU DEMARRAGE AUTOMATIQUE 
DES REACTEURS NUCLEAIRES DE PUISSANCE

C. Samuel - In da tom , P a ris  (F rance)

Un reacteur de puissance est un ensemble trop complexe pour qu’il sottt possible 
d’attribuer a l’un quelconque de tous les problemes qui se posent dans sa conception 
ou sa realisation une importance primordiale. Rendre automatique le iemarrage 
d’un reacteur n’est done pas le «probleme fondamental» a la solution duquel le 
developpement de l’energie nucleaire est accroche. II n’en reste pas moin 5 que l’ex- 
ploitation rationnelle d’une centrale nucleaire ou d’un appareil de propulsion a 
puissance d’origine nucleaire necessite, pour etre rentable, des arrets aus si peu fre­
quents que possible (e’est le probleme de la securite) et aussi brefs que poss; ble quand, 
soit volontairement ou accidentellement, ils ont lieu. II importe done qne les ope­
rations de demurrage d’un reacteur soient des operations simples, rapid* s et sures, 
ne necessitant de la part du personnel d’exploitation ni connaissances speciales, ni 
raisonnements compliques: ces conditions de simplicity, de rapidite et 
peuvent se resumer en disant que le systeme doit etre automatique.

L’automatisme bien congu conduit en effet a la simplicity d’emploi, le p
avec une grande simplicity de realisation, permet, par une meilleure cc ordination 
des differentes actions un accroissement de la rapidite et augmente la s icurite par 
elimination des interventions humaines.

Quel est le probiyme qui se pose lors du demarrage d’un reacteur?
Un reacteur nucleaire, meme lorsqu’il est «arrete», e’est-a-dire lorsqu* les barres 

absorbantes qui permettent de faire varier sa puissance sont compiytei lent intro­
duces, ne delivre pas une puissance nulle. La presence volontairement prevue de 
sources de neutrons dans le milieu multiplicateur que constitue le reacteur meme non 
capable de diverger, fait que des fissions y prennent naissance et que, par c onsequent, 
de la puissance s’y degage. Les neutrons absorbes sont constamment rer lplaces par 
ceux introduits par la source et le phenomyne est stationnaire.

Mais la puissance (ayant son origine dans les fissions) ainsi degagee i. 1’arret est 
en general une fraction extremement faible de la puissance normale de 'onctionne- 
ment: de l’ordre de 10— 9  de la puissance maximum de fonctionnement. Ainsi entre 
l’arret et la marche a plein regime la puissance doit evoluer sur 9 decade;, ce qui est 
considerable, meme compare aux possibilites pourtant miraculeuses de; chambres 
d’ionisation qui permettent de mesurer les flux de neutrons sur environ 6  decades en 
operant avec un amplificateur a reponse logarithmique.

Pour faire croitre la puissance du reacteur il faut extraire les barres a isorbantes.
En toute rigueur mathematique, d’apres ce que nous avons dit de la presence de 

sources, un reacteur a n’importe quelle puissance fixe est sous-critique, e’est-a-dire 
que la densite de neutrons ne s’y maintient constante que grace a la presence des 
sources.

Si on designe par 1 le niveau de puissance quand le reacteur est arr:te, e’est-a- 
dire sous-critique, avec une antireactivite de — 1 0 . 0 0 0  pem par exempl*, le niveau 
1 . 0 0 0  correspondra a une antireactivite de — 1 0  pem, le niveau 1 0 6  a une ai itireactivite 
de —0 , 0 1  pem et le niveau 1 0 9  a une antireactivite de —0 , 0 0 0 0 1  pcm.

Plus le niveau de puissance est eleve, plus l’etat d’equilibre se rapproche de l’etat 
critique mathematique au point d’etre physiquement confondu avec lui. II resulte 
cependant de ces considerations que l’on pourrait envisager le demarrage |du reacteur 
de deux fagons differentes:

de surete

us souvent
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Soit par une sortie brutale des barres de —10.000 a la valeur correspondant a la 
puissance desiree, suivie d’une attente de. l’obtention de l’etat d’equilibre. Cette 
procedure est naturellement inacceptable car on ne peut malheureusement con- 
naitre ni la valeur exacte de l’antireactivite au depart, ni l’antireactivite des barres 
en fonction de leur deplacement, et par consequent la quantite exacte dont il faut 
sortir les barres. La methode serait done trhs dangereuse.
Soit au contraire une sortie des barres a vitesse tr£s lente, suffisamment lente 
pour que l’on puisse considerer qu’a chaque instant l’equilibre de puissance est 
atteint. Dans ces conditions on pourrait atteindre n’importe quelle puissance sans 
jamais rendre le reacteur critique.
Malheureusement, une telle methode est, elle aussi, inacceptable, car elle rendrait 

tres long le demarrage du reacteur.
Dans ces conditions, il est indispensable d’une part, de choisir une vitesse con- 

venable d’extraction des barres (ni trop rapide ni trop lente) et, d’autre part, d’accepter 
de rendre le reacteur critique pour faire evoluer sa puissance.

Ce dernier point n’est pas tres grave: depuis le 2 Decembre 1942 beaucoup de 
reacteurs ont ete rendus critiques sans qu’il en resulte des catastrophes! La difficulty 
vient du fait qu’il n’est pas prudent de rendre un reacteur critique k  un niveau ou 
sa puissance n’est pas encore mesuree convenablement. Il est eh effet alors trhs facile 
de depasser largement sans le savoir la criticalite, et comme a partir du moment oh 
le reacteur est critique, la vitesse de croissance de la puissance peut devenir extreme- 
ment rapide, on peut atteindre avant d’avoir pu s’en rendre compte, des niveaux de 
puissance trop eleves. L’accident qui resulte d’une sortie des barres a vitesse constante 
dans les conditions ci-dessus est decrit dans la litterature sous le nom «d’accident de 
demarrage». Les precautions generalement prises consistent d’une part a mettre 
entre les mains de l’operateur charge du demarrage une serie d’instruments de mesure 
(chambres a fission, chambre d’ionisation en echelle logarithmique . . . )  permettant 
de connaitre la puissance du reacteur dhs le niveau de 1’arret et ayant un recouvrement 
suffisant, et d’autre part, a choisir une vitesse d’extraction des barres suffisamment 
lente pour que les consequences de l’accident de demarrage ne soient pas catastro- 
phiques.

La vitesse d’extraction des barres ayant ete choisie, l’operateur, lors d’un demar­
rage, provoque l’extraction des barres en surveillant les comptages donnes par les 
chambres a fission, puis les indications donnees par les chambres d’ionisation et 
arrete la sortie des barres quand une vitesse devolution de la puissance ou plus 
exactement une derivee logarithmique de la puissance ni trop grande, ni trop petite, 
a ete atteinte. Un tel demarrage demande une attention soutenue. La commande 
automatique du reacteur n’est enclanchee que lorsqu’un niveau de puissance suf­
fisant a ete atteint.

Dans ces conditions, comment est-il possible d’automatiser completement les 
operations de demarrage, etant entendu qu’il est, de plus, souhaitable qu’il n’y ait 
aucune discontinuity de fonctionnement entre les operations de demarrage et le 
fonctionnement dans la zone normale d’exploitation?

Considerons d’abord le reacteur dont la puissance est commandee par une barre 
absorbante deplacee par un moteur asservi en vitesse comme represente sur la Fig. 1. 
La puissance est mesuree par une chambre d’ionisation suivie d’un amplificateur 
logarithmique permettant de connaitre la puissance sur 6  decades a partir d’un seuil 
situe par exemple 3 decades au-dessus de la puissance h 1’arret.



REACTOR CONTROL: MEASUREMENTS 443

Figure 1

L’operateur peut en agissant sur le potentiometre de commande du moteur de la 
barre choisir une vitesse d’extraction, etant entendu que de toute m aniC : la vitesse 
maximum possible a ete choisie lors de la conception pour que le demarrag: s’effectue 
en toute securite.

Pendant une premiere partie de l’extraction des barres la chaine de mesu^i 
mique n’est pas assez sensible pour detecter la puissance du reacteur; to 
pour cette ehambre comme si la puissance restait riulle. II est possible d 
signal donne par la chambre en contre-reaction sur la commande vitesse 
Pendant cette premiere partie du demarrage, la contre-reaction etant nullf 
d’extraction n’est commandee que par le potentiomCre. A partir du 
la chaine logarithmique delivre un signal, la vitesse imposee a la barre 
la barre s’arrete quand le signal fourni par la chambre est egal a celui de 
potentiometre. Mais si la position de la barre a cet instant correspond a 
critique du reacteur, la croissance de la puissance continue, ce qui prov^ 
introduction de la barre. Une serie d’oscillations va done prendre naiss; 
qui est possible mais non certain, le systeme est stable, les oscillations vorjt 
et la puissance va atteindre un niveau tel que le signal delivre par la chaii 
mique soit egal au signal delivre par le potentiomdtre, la barre etant a: 
reacteur etant critique a ce niveau.

Pour continuer a monter la puissance il va etre necessaire d’agir sur le curseur du 
potentiometre.

Nous voyons done qu’un tel systeme ne realise pas l’automatisme du demarrage 
et qu’il peut conduire a des oscillations dangereuses.

II est evidemment possible de tenter d’ameliorer le systeme en remplapanjt
d

nn

vn

reaction en log P par une contre-reaction en —  log P obtenue par un

ferentiateur (Fig. 2), mais il est facile de voir, par un raisonnement analogue au 
precedent, qu’un tel systeme ne donne pas encore enticement satisfacti m.
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S’il permet en effet d’assurer la montee en puissance a derivee logarithmique con- 
stante, il necessite le calcul de la derivee logarithmique qui est entache d’une certaine 
constante de temps, ce qui risque de rendre instable le systeme et de permettre une 
periode tres courte au moment ou la contre-reaction commence a entrer en action.

Voyons maintenant ce qu’il est possible de realiser en remplagant la commande 
vitesse de la barre par une commande position.

Avec une commande position des barres, le schema de commande du reacteur se 
presente comme suit (Fig. 3).

T

3 > - © — ‘ ■ -1 1i 1! ! 
! 1 — n—

L~,P

Figure 3

Le servomecanisme de commande de la barre, au lieu de comporter une contre- 
reaction tachymetrique, comporte une contre-reaction de position. Tant que la chaine 
logarithmique ne delivre aucun signal, la position de la barre est imposee par la 
position du curseur du potentiometre de commande. Si ce curseur est fixe, la barre 
est immobile. Pour extraire la barre a vitesse constante, il est necessaire de deplacer 
a vitesse constante le curseur du potentiometre. Cette operation peut etre avantageuse- 
ment mecanisee comme nous le verrons par la suite. Des que la chaine logarithmique 
commence a fonctionner, le signal fourni par elle vient se retrancher du signal fourni 
par le potentiometre, provoquant immediatement une reintroduction de la barre.

Le reacteur qui etait jusque la commande en boucle ouverte est maintenant com­
mande en boucle fermee, et il est facile de voir par l’etude des fonctions de transfert 
de l’asservissement position et du reacteur, qu’il n’est pas necessaire de disposer d’un 
servomecanisme ayant des performances elevees pour obtenir un systeme stable.

Si le deplacement du curseur du potentiometre de commande se poursuit a vitesse 
constante, l’evolution de la puissance s’effectue a derivee logarithmique constante. 
Le choix des echelles de tension sur les differents potentiometres et sur la chaine 
logarithmique permet d’obtenir, d’une part, la sortie des barres a la 'vitesse jugee

Figure 4



REACTOR CONTROL: MEASUREMENTS 445

convenable et, d’autre part, la croissance exponentielle de la puissance avec une 
periode compatible avec la securite du reacteur.

L’emploi simultane dans la contre-reaction d’une chaine logarithmiqufe couvrant 
6  decades et d’une chaine lineaire couvrant les 3 decades superieures (Fig 4) permet 
meme de remplacer automatiquement aux niveaux eleves la croissance ex mnentielle 
par une croissance lineaire plus conforme aux lois de variation de puissanc: souhaitee 
dans la gamme normale d’emploi et a la securite.

Nous avons vu plus haut que pour obtenir d’abord la sortie des barris a vitesse 
constante, puis 1’evolution de la puissance a derivee logarithmique const ante, il est 
necessaire de deplacer a vitesse constante le curseur du potentiometre de (ommande. 
Pour ce faire le curseur peut etre commande a travers la demultiplication ;onvenable 
par un moteur asservi lui-meme, commande en vitesse suivant le sch|ema de la 
Fig. 5.

La commande de mise en route de ce moteur resulte de la volonte del l’operateur 
de commencer le demarrage du reacteur, mais le moteur peut aussi etre c ammande a 
partir de grandeurs fondamentales concernant le comportement du re icteur, telle 
que, par exemple, la temperature mesuree en un point du circuit therm que associe 
au reacteur. La vitesse du moteur est alors proportionnelle a l’ecart qui existe entre 
cette temperature et la temperature de consigne. Dans ces conditions, la emperature 
est maintenue constante quelles que soient les conditions d’extraction de 1 1 puissance. 
Le dispositif decrit permet done non seulement d’assurer le demarrage < utomatique 
du reacteur, mais de commander les evolutions de la puissance dans la jamme nor­
male de fonctionnement et ce conformement aux conditions imposees par l’exploi- 
tation du reacteur (conditions de temperature, pression, etc. etc.). Le passage du 
demarrage proprement dit aux conditions normales d’exploitation peut : ,e faire sans 
aucune discontinuity, ce qui est un element de securite non negligeable et le dispositif 
ne comporte, par rapport aux moyens classiques de commande d’un reacteur, que 
l’adjonction d’un moteur asservi supplementaire.

Le schema propose peut se completer par des dispositifs de securite qu . permettent 
d’accroitre la souplesse d’emploi du reacteur sans accroitre la complex: te.

On comprendra mieux ces differentes securites en se reportant a la F ig. 6 . Sur ce 
schema sont representes un certain nombre de commutateurs qui sont figures dans 
la position normale de fonctionnement.

En agissant sur le commutateur 1 l’operateur a, a tout instant, la possibility de 
commander la reintroduction totale de la barre a la vitesse maximum mposee par 
le moteur de commande de cette barre. Cette security n’exclut naturi Element pas
toute autre security, generalement prevue, d’introduction beaucoup 
par debrayage ou tout autre moyen.

plus rapide
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Par action sur l’interrupteur 2 l’operateur peut, pendant le demarrage, arreter la 
sortie des barres ou arreter la montee en puissance. II a ainsi la possibility de con- 
troler le bon fonctionnement des asservissements et de diminuer la vitesse moyenne 
de montee des barres en provoquant volontairement des arrets temporaires pendant 
lesquels il peut tester le fonctionnement des chaines de mesure de la puissance 
(chambres a fission, chambre d’ionisation etc.).

L’interrupteur 3 en liaison avec le selecteur 4 permet l’arret du reacteur.
Si le selecteur 4 est sur la position representee et si, d’autre part, l’operateur agit 

sur l’interrupteur 3, le moteur d’entrainement du potentiometre va tourner dans le 
sens correspondant a la diminution de la puissance jusqu’a ce que le signal donne 
par la chaine logarithmique devienne negligeable. A ce moment, le moteur s’arretera 
et la barre de commande restera sortie de la quantite juste necessaire pour rendre le 
reacteur critique a cette puissance extremement faible. Par contre, si dans les memes 
conditions, le selecteur 4 est sur la position opposee, l’arret du reacteur se produit 
avec reintroduction complete de la barre, la vitesse de diminution de puissance ayant 
eu lieu a la vitesse maximum permise par le moteur d’entrainement du potentiometre.

II apparait done qu’avec des complications vraiment minimes le schema propose 
se prete bien aux operations de demarrage, de fonctionnement normal et d’arret 
du reacteur. Ces operations peuvent s’effectuer dans des conditions exactement 
prevues lors de la conception de l’installation, et en laissant a l’operateur l’uriique 
role de surveillance du bon deroulement des operations, ce qui est un gage supple- 
mentaire de securite.

Loin d’etre une source de difficultes, l’automatisation des operations de demarrage 
permet done d’en augmenter la rapidite et d’en diminuer les risques.



D I S C U S S I O N

M . de Shong (U .S .A .)
Question de M . Madsen (Netherlands):

Could you conclude, from the measurements carried out with the E.B.W.R., 
which is the main factor determining the stable power threshold ?
Reponse:

The critical point on any feedback system, is at the point where the opeh loop gain 
becomes equal to unity with a total phase shift of 180 degrees of phase lag. In the 
case of the E.B.W.R., this point occurs at a rather high frequency, relativel / speaking, 
around 7 radians per second; this frequency is high enough, so that the tiir e constants 
associated with this portion of the feedback loop, which are mainly t ie pressure 
effects, are no longer operated, so that the important portion of the lo >p includes 
this so-called heat transfer and power void feedback. In others, there ai e two time 
constants associated with the heat transfer and one of them was what we call power 
void, which is related to the time required for the steam to appear wit! in the core 
and then leave the core. The value of V is the void coefficient — in tl is case the 
dynamic value of the slope of the voids versus power curve. The stability then is a 
function of this void curve coefficient and these three time constants.
Question de M . Papoulard {France):

What are the maximum and minimum usable frequencies in the dynamic study 
of reactors and how do they vary according to different reactors?
Reponse:

We have found in the studies of power reactors that a lower frequency limit of 
the order of about . 0 1  radians per second, will include most of the pessure and 
some of the delay time constants. Regarding the high frequency limit, th s is a func­
tion,. again, of a particular reactor. If you are interested chiefly in the po1 rer reactor,
the upper limit would be probably somewhere between 1 0  and 1 0 0 adians per
second. If you are interested in evaluating the zero power frequency res ronse, then 
one might be interested in going much higher in frequency, for reactojs of higher 
than thermal energy neutrons.
Question de M . Cooke-Yarborough {Grande Bretagne):

From the point of view of convenience and speed of operation, how do you con­
sider your null method compares with a system which resolves the ir -phase and 
quadrature components and integrates them separately? I would have thought that, 
-with the null system, balancing in the presence of noise would be a tedious process.
Reponse:

One of the possible advantages is the reduction in the amount of equipment, by 
rather one half, since there is only one multiplier; as regards balancing, the effect 
of the band pass filter is such as to make it comparatively easy to balance. Of course, 
when you go into periods corresponding to . 0 1  radians per second, you must wait 
for a couple of seconds to go by, and that is where we spend most of the time. I 
think that each of these systems shows its own undesirable features.
Question de M . Soret {France):

Peut-on savoir dans quelle bande de frequences «l’analyseur» est susceptible de 
travailler ?
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Reponse:
The upper frequency limit, on the apparatus is set, not by the measuring equip­

ment, but by the rod drives on the reactor. In other words, I mean that we could 
measure rather high frequencies. This is one of the advantages of this system, using 
the operational amplifiers. You get away from the limitations of the input time 
constants associated with ion chambers, for example. I did not show it here but, 
when we were running on zero power experiments, the input circuit was altered by 
changing the feedback resistor, in order to secure considerably higher sensitivities, 
and we still had no trouble at all with the input time constant.
Question de M . Soret (France):

Quelle est la valeur minima du courant de modulation que mesure cet analyseur? 
Reponse:

I answered that partly already. Going to the zero power experiment, we were 
about 10— 8 A, and it would be possible to go somewhat further still, without dif­
ficulties in the input time constant. The depth for modulation is no more than 10%, 
due to the non-linear characteristics of both the reactor and the power system — 
if you deviate further than that. This is strictly a linear type analysis. In other words, 
we were interested in the stability at a particular power and we were now attempting 
to take into account non-linear effects, except in so far as they appear in major 
power changes — as from, say, 5, 10, 20 MW and so forth.

i

M . Van Rennes (U .S.A .)
Question de M . Picard (France):

Vous avez parle de techniques digitales, est-ce que vous pouvez donner un exemple 
de realisation dans les chaines de

(1) Securite
(2) Controle '
(3) Surveillance des installations annexes?

Reponse:
I have no direct experience with digital techniques where what would normally 

be analogue information, is converted into binary or digital form. Several organisa­
tions are, however, studying this — the Ford Instrument Company Division, has just 
about completed their study contract on this topic for the Atomic Energy Commission, 
in the United States. There have been one or two interim reports on this subject, the 
contents of which are not known to us at the moment. A final report, if it has not 
yet appeared, should do so fairly soon. There is one way in which digital techniques 
are appearing in reactor control. Compare the form of the Oak Ridge type of safety 
protective instrumentation with the kind of instruments indicated on my figures. 
The Oak Ridge system is almost 100% analogue in form in that the decision as to 
whether the system is safe or not (the conversion of analogue to discrete information 
—yes or no) does not take place up to the magnets which support the control rods. 
The threshold is the amount of current necessary to retain the control rods, the safety 
rods, against the force of gravity — in other words, this discrimination — occurs at 
the very end of the system. Latterly, control systems place these discrimination 
functions much earlier in the system, and operate with logical functions thereafter 
to combine channels — on a coincidence two out of three basis, or on another basis — 
any one channel being able to shut the reactor down. It should, perhaps, be pointed
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out here that the term auctioneering, which has been used in reactor vjocabulary, 
strictly applies only to analogue types of comparison where the larger of three or 
two or more analogue quantities, governs in the subsequent circuits. T le parallel 
to this, in digital type instrumentation, is the “or”-gate where any one channel which 
says ‘yes’ will accordingly command the subsequent circuitry.

M . Weill (France)
Question de M . Van Rennes (U .S .A .):

Over what range (no. of decades) is it possible to measure inverse pefriod
1 dn 
n dt

with the potentiometer method described, without changing range? Arf there ad- 

vantages of this method over the log n method?

Reponse:
Le nombre de decades couvertes par la methode du potentiometre ahtomatique 

atteint a peine un peu plus de 2. La mesure de la periode a la suite de l’ai lplificateur 
logarithmique couvre, elle, un nombre de decades beaucoup plus els ve qui va 
jusqu’a 6 . La methode du potentiometre automatique a neanmoins ete employee, 
en raison de sa simplicity et de la possibility de ne travailler a grande pu ssance que 
sur des voies lineaires, c’est-a-dire avec une precision beaucoup plus grai de qu’avec 
des voies logarithmiques, tout en appliquant facilement le critere de secujite 2 sur 3.

M . Goupil (France)
Question de M . Madsen {Netherlands):

What is the practical experience with the described burst slug detection systems? 
Reponse:

Sur la pile G l, 1’ensemble detecteur de rupture de gaine est en fondtionnement 
depuis juillet 1956, environ, et nous avons effectivement detecte plusieirs ruptures 
de gaines. Sur EL2 egalement la detection est en place a peu pres depuis le meme 
temps, et nous avons egalement detecte plusieurs ruptures de gaines.
Question de M . Madsen:

How many burst slugs did you detect (Gl, G3) compared with thelnumber of 
false burst signals?
Reponse:

II faut normalement regarder les barres a la radiographie aprds dedhargement; 
bien souvent, on detecte des ruptures qui sont a peine visibles. C’est a nsi que sur 
EL2 on a dernierement detecte une rupture qui etait presque invisible a la radio­
graphie: c’etait un tout petit conduit a l’interieur de la gaine, et il a fallu to nber dessus 
pour s’en apercevoir; malgre tout, la surface qui etait decouverte en dessous, a 
l’interieur de la gaine, faisait que le signal donne par l’appareil etait de ia suffisant. 
Bien sur, nous n’attendons pas que la rupture ait evolue trop nettemen pour nous 
en apercevoir. Je signale qu’un rapport qui est a paraitre a la suite de la Conference 
de Geneve donne quelques exemples devolutions qui ont ete constat :es sur Gl. 
II est difficile de dire exactement le rapport du nombre de ruptures reellei au nombre 
de barreaux decharges; je pense qu’effectivement dans tous les barreaujx decharges 
il y avait une rupture.

29
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M . Jover (France)

Question de M . G. J. R. Mac Lusky (Grande Bretagne):
Does not the use of recorder servos as a part of the control loop involve additional 

time-constants which give stability troubles?
Reponse:

Je ne peux repondre a la question qu’en ce qui concerne la pile Melusine. En elfet, 
dans le systeme de pilotage automatique de Melusine, nous n’avons justement pas 
utilise les enregistreurs asservis comme elements de la boucle de controle; nous avons 
par contre conpu specialement un calculateur de pilotage a servomecanismes, en 
esperant que les performances dynamiques seraient ameliorees. Jusqu’a present; 
ce calculateur n’a fonctionne que sur simulateur, et nous pensons que les resultats 
seront meilleurs que dans le cas de l’utilisation d’enregistreurs pour la commande 
automatique.

M . Di Giacomo (France)

Question de M . G .J .R .  Mac Lusky:
In both equipments the control rod is position controlled, not velocity — does this 

not mean that a separate reactivity disturbance can only be overcome by a finite 
power error — if so, how big is this at its worst?
Reponse:

L’asservissement des barres de pilotage est plutot un asservissement de vitesse, 
parce qu’on applique a l’entree de l’amplificateur un signal tel que la vitesse du 
moteur soit proportionnelle a ce signal;, celui-ci comporte un terme puissance et un 
terme derivee logarithmique.

M . Nordemann (France)

Question de M . Bailey ( Grande Bretagne):
Using the method described it is possible to detect leakage only when the reactor 

is working. How is leakage detected at other times?
Reponse:

Notre methode effectivement ne convient pour detecter des fuites que lorsque le 
reacteur est en marche, mais c’est le probleme pose et etant donne la grande sensibilite 
necessaire, nous n’avons pu resoudre le probUme qu’en utilisant la methode que 
j ’ai indiquee, c’est-a-dire avec un produit qui a une vie relativement courte (superieure 
a une minute); a l’origine nous avions pense pouvoir utiliser un produit actif lie a 
l’eau lourde et de plus grande periode, a savoir le tritium, dont la periode est supe­
rieure a un an, et la la methode aurait convenu pour le reacteur arrete; mais EL3 
sur lequel nous avons monte notre installation est un reacteur jeune dans lequel 
l’eau lourde a ete jusqu’ici relativement peu activee en tritium; la methode ne con- 
venait done pas. De plus, je pense que ce n’est pas un grave inconvenient pour nous 
de ne pouvoir detecter les fuites d’eau lourde que lorsque le reacteur est en marche, 
car les principals causes de fuites d’eau lourde peuvent resulter soit de contraintes 
dues aux variations de temperature a l’interieur des echangeurs de chaleur, soit de 
mouvements vibratoires provenant de tourbillons a l’interieur des circulations d’eau 
lourde ou d’eau legere qui peuvent deteriorer des soudures a l’origine mal faites, 
par exemple; or ceci ne peut se produire que lorsque les circulations d’eau lourde et
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d’eau legdre sont en fonctionnement, done lorsque le reacteur fonctionne. Enfin, 
je peux signaler que l’observation- du niveau d’eau lourde lu sur l’indicateur de 
niveau est precise lorsque le reacteur ne fonctionne pas, justement parce qu’il n’y 
a pas de circulation, done pas de remous a la surface de l’eau lourde.

Mme. L. Koch (France)

Question de Leslie Johnson (U .S .A .):
What type of ceramic is used in your high temperature chamber. Is it metallized 

and alloy brazed; if so, what is the alloy and what is the material used in contact 
with the ceramic for correct coefficient of thermal expansion matching?
Reponse:

Dans la chambre haute temperature, le type de ceramique est de l’alumine frittee; 
l’alumine frittee est metallisee par un alliage argent-cuivre ou titane-cuivre, et elle 
est brasee sur l’enveloppe en acier inoxydable de la chambre.

Pour les premieres chambres dont j ’ai parle, chambres miniatures, les essais de 
temperature ont ete effectues jusqu’a 400° C; la chambre fonctionne correctement 
jusqu’a 300° C, mais a partir de ce moment le spectre des impulsions est deforme et 
le probleme n’a pas encore ete resolu; il est probable que cette deformation est due 
a l’augmentation de la pression du gaz, la pression initiale etant de 15 kilos d’argon 
par centimetre carre — mais nous ne pensons pas que la cause en soit l’effet de la 
temperature sur les isolants.
Question de M . Van Rennes ( U .S .A .):

What time delay is experienced in passage of the activated gas from the irradiation 
point to the measuring point 1 0  or 2 0  m away?
Reponse:

Les vitesses de passage du fluide utilisees ont ete jusqu’a present telles que pour 
1 0  metres de distance entre l’emetteur de produit de fission et le detecteur de radio- 
activite, le temps qui s’est ecoule etait d’une seconde, mais il est possible d’aug- 
menter cette vitesse, le temps pouvant etre reduit, je pense, a quelques dixiemes ou 
meme a 1 / 1 0  de seconde.

Commentaire de M . Van Rennes (U .S .A .):
Mr. Samuel’s talk which we have heard on various concepts for reactor control 

systems, had a lot of familiarity, because one system now under construction for the 
research and test reactor of the National Advisory Committee for Aeronautics 
contains some of the ideas he discussed. This system is now on construction and will 
be operating, we expect, about the middle of next year. I thought you might like to 
see a bit about it. We are talking now about operating control. In the reactor there 
are two ion chambers being used for the operating control system — each one feeds 
a log amplifier; you have two parallel systems for reliability. The output can be se­
lected from either, and then becomes the measured signal, which is compared against 
a reference power demand; the error amplifier drives one or the other of two regulat­
ing rods. These rods have not the usual electro-mechanical type of drive systems, 
but are hydraulically driven, through hydraulic pistons and cylinders, from under­
neath the reactor. The amplifiers are not the usual type of log amplifier embracing a log 
device — such as a thermo-ionic or semi-conductor diode — rather these are electro­
mechanical amplifiers. Electro-mechanical feedback systems, in which the output
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from each is basically the shaft position — attached to this shaft then, can be any 
number of potentiometers for transmitting the log-power signal to other functional 
devices. Since the shaft in each of these amplifiers has an angle proportional to the 
amount of power, the shaft velocity represents the reciprocal period and one can 
measure period, or indicate it, through a tachometer connected to the shaft; in these 
actual units, the speeds are such that at operating periods of 5 to 20 seconds, the 
tachometer signal is not useful for indication; it is, however, quite useful for tripping 
purposes, in case the growth factor becomes excessive. The system is basically 
intended to provide, first, the stability of reactor power level for experimental pur­
poses — to as high a degree as possible in view of the non-constant and non-specific 
calibration factor of the ion chamber current with respect to reactor power; secondly, 
it is intended to provide for the manoeuvring of the reactor power, at constant 
period — because the power of demand signal is obtained again from a potentio­
meter driven by a constant speed set in this motor, so that when this shaft rotates 
at constant speed, if the reactor follows that demand closely, it will in fact be moving 
on a constant period. So the operator will, in this control, punch in a new level of 
power, to which the reactor has to move — the motor then will turn the shaft to 
the demand potentiometer at constant speed, so that the reactor moves with a constant 
period to the power level and is stabilized there. There are two others systems. One 
compares the output of the two log amplifiers, to assure that they are within agree­
ment to a certain percentage, and sounds a local warning alarm in case there is dis­
agreement. The other is a system which monitors the error between the power 
demand and the power measured and sounds a response in four different manners, 
depending upon the error of system.

The second level will be such as to stop the motion of the hydraulically operating 
regulating rods. The third degree of response in this operating control system, not 
safety, is to cause extreme association of the regulating rod under control, and the 
fourth response will cause a full scram of the safety rods, not the two regulating rods, 
but the other set of safety rods provided. I thought this example was interesting 
because it relates to the previous papers and because it is now under construction.
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