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PREFACE

The electron beam at the two-mile accelerator of Stanford University is
accelerated by a radio~frequency power at 2856 MHz. As a result, the beam
consists of bunches separated by approximately 0.3 nsec. In order to be able
to distinguish between particles originating from adjacent bunches, a coincidence
circuit with a resolving time of 0.3 nsec is desired. Also, because of the un-
usually high instantaneous rates, it is necessary that the dead time of such a
circuit be short, The development of a coincidence circuit with a resolving time
of 0.3 nsec and a dead time of 10 nsec is the subject of this report.

The work was performed under the supervision of Prof. Robert R. Buss,
whose helpful guidance has been deeply appreciated. The help provided by
Prof. Martin L. Perl who also established the specifications is gratefully ac-
knowledged. The progress of this project was furthered by stimulating discus-
sions with Prof. Burton Richter. Invaluable assistance in the construction and
in the measurements came from Mr. C. Richard Carman.

The work was supported by the U. S. Atomic Energy Commission.
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I. INTRODUCTION: PRICR TECHNOLOGY

Coincidence circuits in physics experiments serve the purpose of de-
tecting when pulses of two or more detectors arrive separated by less than a
specified resolving time 1 . To implement this comparison, the detector
pulses are first narrowed in width and limited in height by a pulse shaper and
limiter, followed by a coincidence element to determine the time overlap of the
resulting pulses. A subsequent discriminator circuit makes the decision whether
or not the pulses were separated by a time less than the resolving time.

The first electronic coincidence circuit, described in 1829 by Bothe, 1
operated on negative pulses of Geiger-counter detectors, shaped by RC differ-
entiating networks, and limited by triodes operated at near-zero anode voltages.
. A tetrode, driven on the two grids by the limiter triodes, served as a coinci-
dence element. The coincidences were registered by an electromechanical
counter. The resolving time of the circuit was in the vicinity of 1 msec.

Detailed description of developments can be found in the excellent re-
views available in the literature. 2-7 Attention will be focused here on circuits
with short resolving times, suitable for operation at high counting rates.* Re-
solving times under 10 nanoseconds were achieved by Garwin9 in 1950. The
circuit (Fig. 1) operates on scintillation counters followed by photomultiplier
tubes as detectors. The detector pulses are clipped to 8-nsec widths by shorted
cables placed at the grids of the input limiter triodes. The anode currents are

added on diode D1 ("Garwin diode'). When only one iriode is cut off by a detector

* When counting rates are relatively low and long dead times are acceptable,
time conversion techniques can be utilized. In a circuit described in Ref. 8,

the detector pulses excite ringing circuits with different resonant frequencies
and timing information is derived by the demodulation of the 3-MHz interference
frequency. Resolving times of 0. 2 nsec with dead times in the vicinity of 3 usec
were attained by this method.

-1-
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pulse, the current in diode DI drops from the quiescent 18 mA to about 3 mA,
and a small (<1V) output voltage results. When both triodes are cut off simul-
taneously, diode D1 cuts off, the anode voltage starts to rise from 100 V toward
250 V, and a large output pulse results. The shortest attainable resolving time
is limited primarily by the detector pulses, by the storage time of diode D1, and
by stray capacitances.

In the circuit of Fig. 1, the positive part of the clipped grid signal turns
on a large current in the friode and in diode D1. This results in a large excess
charge stored in the diode, requiring a finite time to be swept out. I a second
pulse arrives during this time -- a likely event at high counting rates -- it might
be registered as a coincidence. For this reason, the clipping line was moved
from the grids to the anode by Bell, Graham, and Petchlo (Fig. 2).

With the advent of high-energy accelerators, satisfactory operation at
high counting rates became very important. A circuit of Wenzel11 designed for
operation at high rates is shown in Fig. 3. Here the detectors are direct coupled
to the ecircuit and the pulses are kept short by low (125-Q) impedances at the in-
puts. Mismatches in the termination of the input cables may result in small
positive overshoots which are transmitted to the anodes as negative pulses;
these, however, are isolated by diodes and do not result in feedthrough of single
input signals. Resolving times of better than 2 nsec were measured at counting
rates of up to 1 MHz. *

With the introduction of fast transistors in the late 1950s, several cir-

cuits started to utilize them. 12-20

A circuit of Ref. 17 is shown in Fig. 4.
The input cables are terminated by a network containing a level restoring diode

minimizing "pile-up"” at high counting rates. The input limiters are difference

* 1 Hz =1 cps.
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amplifiers with the input-side transistors normally cut off; as a result, unlike
in the circuit of Fig. 2, small positive signals at the input produce no detri-
mental effects. The currents of the difference-amplifiers are added on "Garwin-
diode™ D1. This diode is imbedded in a network providing an approximately 50-
impedance for the termination of the clipping line. Resolving times of better
than 2 nsec were measured at counting rates of 1 MHz.

As fast tunnel diodes became available, many circuits were built using

them. 21-35

Principal components of the input shaper and the coincidence
element of one of these (Ref. 33) are shown in Fig. 5 and Fig. 6, respectively.
Tunnel diode D1 provides limiting for unusually large input pulses. Transistors
Ql and Q2 in Fig. 5, comprise an input limiter supplying a current pulse to
tunnel diode D2, resulting in transferring it from its quiescent bias point of
near its peak current to its "high'" state (V > VV alley)° Transistors Q3, Q4, Q5
and Q6 reset D2 after a time L. The input impedance of the coincidence element
of Fig. 6 terminates the 50-0 cables connecting it to the preceding input shapers
of Fig. 5. The coincidence element has four inputs, any number of which can
be disabled (by means not shown in the figure). This system is capable of
operating at resolving times in the vicinity of 3 nsec. Since it is directly coupled,

there are no adverse '"pile-up' effects at high counting rates, which rates are

limited only by the minimum acceptable pulse spacing of 10 nsec.

II. COMPONENTS OF THE 0.3-NSEC COINCIDENCE CIRCUIT

The components of the system with a resolving time of 0.3 nsec are
shown in Fig. 7. The 14-stage photomultiplier tubes* have anode pulse risetimes

in the vicinity of 500 psec. In order to preserve this risetime, the connection

* Radio Corporation of America, C70045A developmental types.
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to the anode is made via 50-0 coaxial cable, which has to be terminated at the
receiving end .to avoid undesirable reflections.

The two photomultiplier tubes are followed by the input limiters shown
in Fig. 8. These limiters are direct-coupled differential amplifiers insensitive
to small positive signals on the input terminals. Negative pulses on input 1 and
input 2 transfer the approximately 8-mA standing currents from input transis-
tors Q1A and Q2A to output transistors Q1B and Q2B respectively. The collector
currents of Q1B and Q2B are linearly added on a shorted clipping line of electri-
cal length L. Typical input—voltage_ , collector-current, and output-voltage wave-
forms are shown in Fig. 9. When the leading edges of the input pulses are sepa-
rated by a time more than 2L (a), or by 2L (b), the negative output pulse height
does not exceed Vo. When the leading edges of the input pulses are separated by
a time less than 2L (c), the negative output pulse height exceeds VO.

The decision, whether the leading edges of the photomultiplier pulses are
separated by less than 2L, or by more, is made by the discriminator of Fig. 10,
When separation is more than 2L, the pulse from the‘ limiter circuit is insﬁffi—
cient to drive the tunnel diode over its peak current, and a small output pulse
will result. When separation is less than 2L, the tunnel diode is driven over its
peak current into its "high' state, and a large (V > VV alley) output pulse will be
obtained. |

The output pulse of the discriminator is shaped to a critically damped
3-nsec wide pulse by the passive shaper of Fig. 11. When its output is termi-
nated by 50-Q, the shaper has an input impedance of 50-Q and, for a delta func-
tion input, its output signal is of the form t - exp (-t/7v), with T~ 2 nsec.

The signal is further processed to the input of a subsequent discriminator/

trigger circuit through an amplification of 10 with a risetime of 2 nsec. The

-11 -
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discriminator/trigger circuit* has a threshold adjustable from -50 mV to
-550 mV. The output pulse width W is variable from a minimum of 5 nsec; the
maximum output pulse frequency is 1/(2 W).

In order to insure reliable operation at high rates, the circuit is direct
coupled up to the input of the discriminator/trigger circuit. The output of the
discriminator/trigger circuit is usually connected to logic circuits or directly

to an accumulating counter.

III. PHOTOMULTIPLIER TUBES

The CT0045A experimental photomultiplier tube was developed for the
U. S. Atomic Energy Commission by the Radio Corporation of Arnerica.a'z—40
The tube has a curved side-window cathode with a quantum efficiency in the
vicinity of 20%.T A transit-time spread of less than 100 psec (¢~ 30 psec) be-
tween a 3.8-cm diameter area of the photocathode and the first dynode is achieved
by a three-element lens system. The single-photoelectron response of the tube
has a o= 135 psec. When operated with a Cerenkov detector having a small
time spread, the output pulse width can be shorter than 1 nsec.

The maximum sensitivity of the photocathode is between wavelengths of

4000 A° and 5000 A° and it drops to relative values of 1% at about 2000 A° and

6300 A°,

* The circuit is similar to that of Fig. 5.

t The performance data is taken from Ref. 36.

-16 -




IV. INPUT LIMITERS (Fig. 8)

A. Steady State Current Distribution

Under quiescent conditions, the bases of input transistors QlA and Q2A
are at zero voltage, and the bases of output transistors Q1B and Q2B are at

-80 mV. The ratio of the emitter currents can be written as

L(QLA) I4(Q2A) exp(qVpy/kT) - 1

IE(QlB) B IE(QZB) B exp(qVEB/kT) -1

~ exp(qAVB/kT)

=~ exp(80 mV/26 mV) =~ 22

The total available current is 8 mA, thus the standing current in the input tran-
sistor is 7.6 mA and in the output transistor it is 0.4 mA.*

If an input becomes more negative than -160 mV, the emitter current of
the corresponding input transistor will be reduced below 0.4 mA and the remainder
of the 8-mA available current will flow into the emitter of the output transistor.

The current gains of the transistors are higher than 150, thus the base
currents required to maintain the standing currents are less than 8 mA/150 = 63 pA.

This dc base current will be neglected in the subsequent analysis.

B. Transient Response for a Step Function Input

If a negative step function with a height exceeding 160 mV is entered at
one of the inputs, the current wﬂl be transferred from the input transistor to the
output transistor. The transfer time, and thus the output risetime, will depend

on the parameters of the transistors and on the circuit. The transistors used in

* The maximum base offset voltage is specified as 5 mV, which may modify the
current distribution by 0.1 mA. For a description of the dual transistors used
here, see Ref. 41.

-17 -



the limiters are type MF 1132 F with 8 > 150. This unit is a package of two
individual transistors each similar to the type 2N918. The gain-bandwidth prod-
uct of this transistor type as a function of collector current is shown in Fig. 12. 42
It can be seen that as the collector current Ic varies from 0.4 mA to 8 mA, the
gain-bandwidth product fT changes from 400 Mc to 950 Mc. Thus, the use of a
lumped model43 in this case is not advantageous, and a different approach is taken.

The difference between the values of the stored base charge att = 0 and at

t =« can be written as

8 mA
[ di
_ c
2nf
0.4 mA T

The integration was performed graphically using the values of f’I‘ from Fig. 12,

AQ= |Q t=0) - Qt== 1v.1)

This resulted in a AQ = 1.5 pCoul, corresponding to an "average" fT of 800 Mc.
Neglecting coll_ectbr~base capacitance ( ~ 1 pF), this AQ equals the total charge

injected into the bases

[e¢]

AQ = f i dt (IV.2)

o

where ib is the current charging the bases. The magnitude of this current is
zero at t = » and a finite Ib at t = 0. As for the actual waveform, several approx-
imations are possible. One possibility would be to assume a consfant current

Ib for a fixed time and zero afterwards; another possibility would assume a
linearly decreasing current. In the following the approximation will be made

that the current decreases exponentialiy from its initial value of Ib to zero with

a time constant of Ty and that the transient part of the output current can be
approximated as 7.6 mA [1 - exp (~t/t 1)] . As a further simplification, it will

be assumed that a voltage of -160 mV of the input step function is required to

-~ 18 -
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transfer the standing current, and the pulse height available to charge the bases

is reduced by this amount. Thus the charging current at t = 0

Vin—0.16V Vm—O.IGV

Ib = i_b(t =Q) = — = (IV.3)
ZO/Z + Zrb + Rb 756

where Vin is the absolute value of the negative input step function, Z0 =500 is

the characteristic impedance of the input cable, * T, = 200 is the chmic base

resistance of a transistor, and Rb = 100 is the external resistance in the base

circuits of Q1B and Q2B. Combining Eqs. (IV.1), (IV.2), and (IV.3) one gets

for Tl

_AQ _ 1.5pCoul - 750 _ _ 110 psec

1 Ib Vin -0.16 V Vin -0.16 V

T (Iv.4)

since AQ in Eq. (IV.2) is Ib Ty An additional time constant of Ty is located at
the output:

T, =250 - 4pF = 100 psec (IV.5)

Taking both Ty and To into account, the output voltage can be written as

_ -1 1
V4 = 190 mV L2 [p(l T pTci’} (IV. 6)

Output voltage waveforms for various values of Vin were computed from
Eq. (IV.6), and the 10% to 90% risetimes and the delays at the 50% point were
determined graphically. As a result of the finite dimensions of the circuit,
0.5 nsec (= 15 cm) was added to thé computed delay values.

The risetimes and delays thus determined are shown in Fig. 13 together

* A ZO/ 2 appears in Eq. IV.3 because the cable is terminated by Z

- 920 -
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with results of measurements performed with the test setup of Fig. 14. The
measured data were not corrected for the risetime of the oscilloscope, since a
significant overshoot and ringing (20% at Vin = -1 V) is present on the output,
and this makes simple correction methods inaccurate. 44 The source of the
overshoot and ringing is likely to be stray inductances.* An additional imper-
fection of the output signal is present in the form of a feedthrough from the input
to the output consistent with a feedthrough capacitance of 0.1 pF. The output

waveform for a step function input of -1 V is shown in Fig. 15.

C. Transient Response for 1-nsec-risetime Input

In order to obtain information on the properties of the limiter for input
pulses with risetimes comparable to the pulses of the photomultiplier tubes,
additional measurements were performed using slowed input pulses., The pulses
of the mercury pulse generator were shaped by the network of Fig. 16to a
voltage of the form Vm[l - exp (-t/0.4 nsec)] . Results of measurements using
this as an input pulse are shown in Fig. 17. It can be seen by comparison with
Fig. 13 that for Vin > 1.5 V the performance of the limiter is not significantly

deteriorated by the slower risetime of the input pulse.¥t

* A stray inductance of (25&))2 « 4pF = 2.5 nH is sufficient to account for the
overshoot and ringing observed.

1 The maximum input pulse height is limited by the 5-V zener breakdown voltage
of the base-emitter junction. If this input pulse height is exceeded, reflections
will occur on the input cable.
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Fig. 15

INPUT LIMITER. INPUT AND OQUTPUT WAVEFORMS
FOR A -1V INPUT PULSE. Sweep Speed: 0.2 nsec/cm;
Sensitivity: Input: 200 mV/cm, Cutput: 50mV/cm.
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V. DISCRIMINATOR (Fig. 10)

In order to distinguish between coincident and non-coincident input pulses,
the limiters are followed by a tunnel diode discriminator circuit. The qualitative
features of the dc voltage-current characteristics of a tunnel diode are shown in
Fig. 18. The initial operating point is at a voltage Vi and a current Ii' If the
current is increased beyond Ip, the device switches to its high state (V > Vv)'

If no parasitic elements were present, this switching would be instantaneous;
due to the capacitance and the inductance associated with the diode, however,
switching requires a finite time. In order to investigate the switching process,
the de characteristics will be represented by a current generator is in parallel
with a source impedance R (Fig. 19). The capacitance C includes that of the
diode, plus any stray capacitance present; stray inductances are neglected.

In the particular circuit configuration used (see Figs. 8 and 10) for times

less than 2L, i, = +io) 500/ (500 + 400) = 0.55 (it 102), and

(1c1
R =500 . 900/ (500 + 90Q) = 320, where icl ti,918 the sum of the collector

currents. The capacitance of the TD252A tunnel diode is approximately 0.6 p]S‘45

and a value of 1 pF will be used for C.

A. Transient Response

If a single (non-coincident) input pulse enters the coincidence circuit, a
tunnel diode current of iS = (icl + icz) X 0.55 =-7.6 mA X0.55=-4,2 mA will
result. From the dc characteristics it can be concluded that approximately
-3.4 mA of this current will flow into the tunnel diode and -0.8 mA will flow
into R, and a voltage of -40 mV will be established. The time required to reach
this equilibrium is in the vicinity of 1 pF - 40 mV/4.2 mA = 10 psec; in the
following considerations this time will be neglected.
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Let it be assumed next that, in addition to the input pulse on one of the
inputs, a pulse will enter the other input. If the time difference between the two
pulses exceeds 2L, the tunnel diode will make two excursions from v = 0 to

= -4) mV (Cf{. Fig. 9). If the time difference is, however, less than 2L,
following the arrival of the second pulse, the tunnel diode may switch from its
"initial" -40 mV state to its high state.

In order to investigate this transition, the source current is will be
approximated by the waveform of Fig. 19c. In general, the switching will begin
at t = 0 and will be completed in a time shorter than, or longer than, or equal
to T. Two limiting cases can be distinguished. The first one is when the
switching is relatively slow and T is negligible with respect to the time required
for the switching. This case, where the input signal can be treated as a step

46,47 The other extreme is when

function, has been analyzed in the literature.
the switching is relatively fast, and is essentially completed within time T. It
will be assumed that the second limiting case is a reasonable approximation;

this assumption will be verified later,

For node X in Fig. 19b and for t < T, we can write

is=Ii+kt=iR+ic+i
with
k= IS/T, ip = v/R, i, = C-dv/dt,
and (from Fig. 18b)
< 2
i=1+ 210(v/v1) - IO(V/Vl)
the result is

C . dv/dt - IO(V/V1)2 + 210(v/V1) +v/R-kt=0 (V.1)
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With the introduction of normalized parameters

S= 1+ Vl/(zRIO)as a measure of the source inductance,

y = v/(Vl-S) as a normalized voltage,

X = IOSt/((3V1)as a measure of time, and

A= kCVl/(Ii . S3) as measure of the slope of i;
equation (V. 2) becomes

dy/dx—y2+2y—Ax=0 (V.2)

This nonlinear differential equation* has been solved for an inifial con~
dition of y(x = 0) = 0 by the use of a digital computer.** The computer program
is shown in Table 1.t This program was followed by values of A and of increment
DEL. Values of y as a function of Ax with A as parameter are shown in Fig. 20.

1
For large A, y -» Ax2/2; for small A, y » 1 -(1 - Ax)®.

TABLE 1,
1046 ALGOL 19 10000 SLAC (AB) 343 DIFF EQ
STANFORD B5500 ALGOL -- 5/7/65 VERSION 228/65

BEGIN REAL A, YPRIME, Y, X, DEL;

FORMAT F2(" A IS ",F10.3),

FS (" X Y YPRIME ","DEL IS", F10.5);

LABEL L1, L2, L3, QUIT;

L1: READ ( A) [QUIT]; WRITE (F2, A); X «0.; Y«<O.; YPRIME «-O. ;
READ ( DEL); WRITE (F5, DEL) ;

L2: X <X+DEL; Y «Y+YPRIME X DEL; YPRIME « YXY + AxX -2 . XY;

WRITE ( X, Y, YPRIME); IF (Y > 10.001) THEN GO TO L3 ELSE GO TO L2;
L3: GO TO L1;

QUIT: END.

* The choice of variables, whereby y is zero initially, and y = 1, corresponding to
zero damping (@ = 0), is by no means unique.

** The Burroughs B5500 computer of Stanford University was used via the SLAC
data link.

t The program was written by M. Kreisler.
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B. Tunnel Dicde Triggering Jitter

If the normalized voltage y reaches a value of 1, a transition to the high
state of the tunnel diode may take place. For y < 1 the damping rate o is nega-
tive; for y > 1 it is positive. The current flowing into the tunnel diode is a super-
position of a fraction of IS and of noise current. The actual time of reaching
y = 1 (corresponding to o = 0) is thus determined by the noise, hence a time jitter

results. 48 For a regenerative circuit this jitter has been computed as49
I 1. 22(da/dt) o (V.3)

It can be seen that the time jitter, although a result of the presence of noise, is
independent of the noise level,

The damping rate & can be written as

a=-1/RC=-C1- di/dv

and
da/dt = (do/dv) + (dv/dt) ,
where
2
_.1l ddi_ 1 .di
da/dv-—-c dvdv  C 4.2°

with all derivatives evaluated at @ = o. The value of (dzi/dvz) =0 is a property
of the de characteristics of the tunnel diode. For a 1 mA Ge diode, it was
measured as -0.2 A/ Vz. 50 Assuming that tunnel dicdes have geometrically

similar i vs v curves, in general this quantity will be proportional to the peak

current, and

(da/dv)a=0 = 200 - Ip/C (V.4
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On the basis of this relation, and Fig. 18b with A= Io/Ip

1
-2I =
V.= | =] =42/10 (V.5)

d?i/av?
The quantity dv/dt is related to dy/dx, which in turn was numerically

computed from Eq. (V.2), Values of D = (dy/dx)y=1 are shown in Fig. 21. The

computed points can be fit reasonably well by the relationship
D=A%3 (14 a/g~1/8 (V. 6

For small values of A, D _,AZ/S; and for large A, D — (2A)1/2.
From the definition of A, x, y, and A, and from equations (V.3), (V. 4),

and (V. 6) we find

v = 0.202/3 1;/3 KB (14 aygl/12 (V. 7)
1t
A/96 = 9607 kC [1 + 1/(203-1p)]3 1;2 INGEPPR (V.8)
equation (V.7) can be approximated by
v~ 0,203 1313 (V.9)
i p
and the average jitter becomes
0= /2= 0.1c2/3 1;1/ 3 1/3 (V. 10)

In order to have valid results, the normalized voltage across the tunnel
diode has to reach 1 before time T. The required normalized time Ax1 necessary
to reach y = 1 is plotted in Fig. 22 as a function of A. The normalized time X

corresponding to T is X =1 ST/CV, )and AX = I_/(I_§9.
0 1 s’ Yo
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Thus
Is/(IoSZ) > Axg (V.11)
is the condition for the validity of the above results.

C. Triggering Jitter of the Discriminator

When the two detector signals are separated by a finite time, the tunnel
diode will or will not switch to its high state and a coincidence will or will not
be registered depending on the time overlap of the clipped collector current
signals. The earlier clipped signal will set the tunnel diode to the ~-40 mV,

-3.4 mA point, the later clipped signal may switch it to its high state. The time
jitter of the second transition will provide a contribution to the resolving time of
the circuit.

For detector pulses with 1 nsec risetime, time T of Fig. 19¢ can be
approximated by the 10% to 90% risetime tr of Fig. 17, thus k = IS/T ~ Is/tr =
4.2 mA/tr. The value of I0 is5mA-3.4mA=1.6mA and A= Io/Ip =1.6 mA/
1/2

5 mA = 0.32. The voltage V1 =A

puted as being 8 = 1.5. It can also be seen that the inequality (V.8) is valid in

/10=~ 50 mV and the value of S can be com-

this case and hence Eq. (V.10) can be used:

3 .-1/3

;= 0.1c%/3 . e k30,1023 . ¢ VB /3, 1;1/3 =32(tr)1/3

r p

where Uj is in picoseconds and tr is in nanoseconds. The values of A are given
- 2.3, _ 2.3, _ _ o

by A = kCVl/(IOS ) = ISCV1/(trIOS ) 25/tr, here t_ is in picoseconds. The

condition of validity, inequality (V.11) becomes Ax, < IS/(IO-SZ) =1.18. Values

of tr’ A, Ax,, and Uj are shown below for various values of Vin:

1’
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Vin(Volts) tr(nsec) A AX‘1 o.(psec)
1.0 0.7 0.035 1.12 33
1.5 0.45 0.055 1.15 28
2.0 0.35 0.07 1.18 25
3.0 0.2 0.125 1.25 <25

The results of the computation are valid only if Axl < 1.18, therefore for
Vin > 2 volts the only information on the jitter is cj < 2b psec. Since the time
jitter originating from the photomultiplier-tube pulse is in the 100-psec time

range, the jitter of the tunnel diode could be neglected.

D. Feedthrough of Single Input Pulses

Pulse heights at the output of the 3-nsec pulse shaper following the dis-
criminator circuit were measured for input pulses with -1.6 V height and 1-nsec
risetime. (See Section IV.C.) The ratio of the pulse heights measured for
coincident and single input pulses was 5 for clipping lengths of longer than

L =15 cm (= 0.5 nsec) and 4 for a clipping length of L = 9 ecm (= 0.3 nsec).

VI. CONSTRUCTION

The two input limiters were constructed in a modified locking~type
coaxial T-adapter.* A 'photograph of the construction technique is shown in
Fig. 23, Connections to the inputs, to the output, and to the clipping line are
made through four 50-0Q coaxial connectors. A multiconductor shielded power
cable éonnects to the power supply via decoupling filters. Special care was taken

to keep signal wires as short as possible.

* General Radio Type 874-TL.
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The tunnel diode discriminator, the 3-nsec shaper, and the x 10 ampli-
fier are built in individual insertion units.* All interconnections are made by

50-0 coaxial cables terminated by the circuitry at the receiving end.

ViI. PERFORMANCE MEASUREMENTS

In order to estimate the behavior of the system under the conditions of
an actual experiment, coincidence measurements were performed using the light
pulser shown in Figs. 24 and 25.** The source of the light is a 5-kV spark be-
tween two closing contacts in high pressure mercury atmosphere; the contacts
are operated at a rate of 60 Hz by an externally mounted coil, The waveform of
the spark current is shown in Fig. 26. Due in part to light emitted by the ex-
cited states of the mercury atom51 the length of the actual light pulse is longer
than the electrical pulse. This difference will be neglected in the following.

The photomultiplier tubes were operated with the circuit of Fig. 27. The
anode pulses are shown in Fig. 28.

The anodes of the tubes were connected to the inputs of the coincidence
circuit, one through an adjustable delay.f The remainder of the system was
connected as in Fig. 7. The output pulse width of the discriminator/trigger
circuit was adjusted to 60 nsec as required by the signal input characteristics
of the particular counter used.f{ The time reference output of the light pulser

was attenuated and entered into the external time base input of the counter via

* General Radio Type 874-X.

** A model 961F pulse generator, manufactured by Huggins Laboratories, Inc.,
Sunnyvale, California, was used as a light source. The mercury capsule
assembly was modified to obtain a shorter pulse.

t General Radio Type 874-LTL.
1 Hewlett-Packard Type HP52451.
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Fig. 25

A PHOTOGRAPH OF THE LIGHT PULSER. The unit is @0cm long, 40cm wide
and 30 ¢cm high. The light source is at the upper end of the photograph,

followed by a calibration filter, lens, a prism ot lower end of the photograph,
mirrors, diaphragms and photomuitiplier tubes. Empty socket was not utilized

in the measurement described here. Black cloth light baffles are folded over sides.
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FIG. 28

WAVEFORMS OF THE ANODE PULSES OF THE PHOTOMULTIPLIER-TUBES.
High voitages on the tubes were 5.6 kV and 6 kV. Type 561 oscilloscope,type 452
preamp ( O.! nsec risetime ); Sensitivity : 0.5 V/cm, Sweep speed: 0.5 nsec/cm.
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an auxiliary discriminator/trigger circuit with a 16 usec pulse width. The
counter was preset to count signal input pulses for a period of 1000 time-base
input pulses.

Coincidence counts for 1000 pulses* were measured as functions of
the relative delay of the two photomultiplier tube signals for_different bias set-
tings of the discriminator/trigger circuit of Fig. 7. The results of the measure-
ments are shown in Fig. 29. It can be seen that when 10, 000 photons/event are

available, a resolving time of T = 0.3 nsec is attainable.

VIII. ANALYSIS OF THE PERFORMANCE

The time jitter contributed by the time spread of the light pulse impinging
on the photocathode and by the photomultiplier tube has been recently calculated54

for light pulses of the form

I(t) = exp(-pt) ~exp(-yput) (VI 1)
The time jitter can be expressed as

or=~!§-p'1-N‘ rrf (VILL. 2)

Here N is the number of photoelectrons emitted from the photocafh’ode available
for timing; r takes into account the statistics of the secondary-emission multi-
plication process of the dynoaes. (See Appendix). The factor f is a function of '
¥, ou, 0'/g, and of the fraction of the photomultiplier-tube pulse utilized for the

coincidence, and it depends on the method of timing.

* Each pulse supplied approximately 10, 000 photons onto each photocathode.
This calibration was performed by single photoelectron measurement techniques
similar to that described in Ref. 52 and 53.
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The waveform of Fig. 26 can be approximated by Eq. (VII.1) with ‘

1/u = 750 psec and Y= 2.5. From data from Sec. III above it follows

ou = 135 psec/750 psec = 1/6
and

o'/o = 30 psec/135 psec =~ 1/4

In the measurements performed the number of photoelectrons emitted by the
photocathode »was in the vicinity of 2000 per pulse. However, only a fraction of
these are available for timing. The fraction of the pulse utilized for the coinci-
dence is not precisely defined for the mode of operation employed in this

circuit. It will be assumed (Cf. Figs. 17 and 28) that the timing is determined
at the 50% pulse height and that about 5% of the emitted photoelectrons, i.e.,

N = 100, are utilized for timing purposes. With these data, for integral mode of
operation we get by extrapolation of Fig. 8c of Ref, 54 an f in the vicinity of 2.

With r = 1.12 (obtained from the Appendix) Eq. (VIII. 2) becomes

(S

o =+2 . 750 psec « 100"

; . 1,12 - 2=~ 235 psec (VIIL. 3)

Additional contribution comes from the tunnel diode triggering jitter (see

Sec. V.C. above), thus the resclving time 7 can be computed as
1 1
T=1.17 l:ci + o']2:| 4=1.17 [2352 + 282] 2 psec ~ 237 psec

in reasonable agreement with the measured value of 300 psec. This resolving
time might be improved by the use of shorter light pulses and by a better utili-

zation of the available pulse from the photomultiplier tube.
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APPENDIX

The standard deviation of the time spread of a system consisting of a

photocathode and n subsequent dynodes, assuming Gaussian processes, can be

written as
1 2 -1
6 =NZ2[1+-1+ ; 1 + ...+ mri = N ?r
m m1 ml 2 m1m2m3 ml 2 3 ‘s .mn
(A.1)

Here N is the number of photoelectrons per pulse emitted by the photocathode,

m, through m are the secondary electron multiplication factors of dynodes

1 through n, respectively.

In the case when all secondary emission multiplication factors are equal:

m=m,=mg=...m =m
1 1
2 a_ 2
r = ]_+_1_+_1_+_1_+‘._+_l_ = 1+_I_I_1_l._ (A.Z)
2 3 n n
m m m m m (m-1)

In the case when all secondary emission multiplication factors except

m, are equal:

[y
[oY
s
[0
P
=
]
faary
ot
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For the CT0045A operated with the circuit of Fig. 27, m, ~ 6 and

=... :mn=m%3, thus from Eq. (A.3)

3 .

|
/%]
(&)

r=114=|1+ —g——o0 ~1.12
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