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Edward A. Knapp 

Radiation Laboratory-
University of California 

Berkeley, California 
July 1, 1958 

ABSTRACT 

An accura te m e a s u r e m e n t of the differential c r o s s section for 
the photoproduction of posit ive pions has been made at the Berkeley 
synchrotron, for photon energ ies of 260 and 290 Mev. The mesons 
were produced in a thin-walled liquid hydrogen target , and the meaon-
detection appara tus util ized the cha rac t e r i s t i c π - μ decay of the 
meson . The m e a s u r e m e n t s were done in two s teps , from 0° to 50° 
with equipment specifically designed to reduce a very high posi t ron 
background, and from 30° to 160° with equipment whose efficiency 
and solid angle could be accura te ly determined. 

The exper imental r e su l t s in the smal l -angle region definitely 
show the effects of "photoe lec t r ic" production of pions from the cloud 
surrounding the nucleon, which a r e cha rac t e r i zed by an abrupt 
flattening of the c r o s s section in the region forward of 40° ( c . m . ) . 
The r e su l t s a r e compared to the theory of photoproduction der ived 
from the d ispers ion re la t ions , and the ag reement is sa t is factory 
within the l imitat ions of the theory. 
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Ι. INTRODUCTION 

The photoproduction of positive pions from hydrogen is one of 
the fundamental reac t ions encountered in the study of p i -meson phenomona, 
and as such has been investigated quite extensively wherever high-
energy photon beams have been available.1 - 1 0 Recently, however, 
with the advent of more refined theor ies descr ibing the photopion in te r ­
action,1 1 , 1 2 the re has been a revival of i n t e r e s t in the m e a s u r e m e n t 
of the react ion, for the existing data a r e insufficient to confirm some 
of the finer detai ls of these theor ies . 

Very little exper imenta l information has hi therto been available 
on the angular distr ibution of this reac t ion in the angular region from 
0° to 40°, where it i s m o r e difficult to make accura te m e a s u r e m e n t s 
owing to the high e lec t ron background presen t . F u r t h e r m o r e , the 
existing data over the remaining angular range were neither internal ly 
consistent between the var ious l abora to r i es nor s ta t is t ical ly accura te 
enough to enable a cr i t ica l selection between the var ious forms of the 
theor ies to be made. 

With this in mind the m e a s u r e m e n t of the differential c r o s s -
section was undertaken, with the dual a ims of obtaining data in the 
region forward of 40° ( c . m . ) , and of ma te r i a l ly reducing the e r r o r s 
assoc ia ted with the values of the c r o s s section over the angular in terval 
from 40° to 160°. Our m e a s u r e m e n t s were made in two s teps; from 
50° to 0° ( c . m . ) with equipment specifically designed to reduce the 
background, and from 30° to 160° with more conventional appara tus , 
allowing enough overlap for careful normal izat ion. 

Similar exper iments on the for ward-angle region have been 
completed or a r e nearing completion by Laza rus 1 4 at Stanford 
University and by Malmberg and Robinson15 at the University of 
I l l inois. These exper iments (performed at different energ ies and by 
different techniques) show essentially the same behavior as the 
results reported here. 
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II. EXPERIMENTAL ARRANGEMENT 

A. General Exper imenta l Method 

A target containing liquid hydrogen was bombarded with the 
340-Mev b remss t r ah lung beam from the Berkeley synchrotron, and the 
m e s o n s produced were counted as a function of angle for photon 
energ ies of 260 Mev and 290 Mev. The smal l -angle a r r angemen t was 
designed specifically to reduce the posi t ron background, and in both 
cases the mesons were detected by requir ing them to exhibit their 
cha rac t e r i s t i c π - μ decay, their energy being de termined by thei r 
range . 

1. Small-Angle Arrangement 

The layout in the synchrotron magnet room is shown in Fig. 1. 
The synchrotron spread-out beam was used with a beam-pu l se duration 
of 4 mi l l i seconds . The beam passed through a thin-walled ion 
chamber , through two lead co l l imators , through a sweeping magnet, 
through the target , and finally into a thick-walled ion chamber of the 
type originated at Cornel l . The ta rge t vacuum system extends through 
the sweeping magnet so that the only source of background posi t rons 
is the ta rge t itself. Mesons produced in the ta rge t a r e deflected 
away from the di rect photon beam by a magnet ic field, and a r e r e ­
quired to pass through a lead s c a t t e r e r placed halfway down the mag­
netic channel. This se rves to remove a la rge fraction of the pos i t rons 
deflected with the mesons , and makes the exper iment feasible at the 
smal l angles . 

The counter telescope r equ i r e s a par t ic le making a valid count 
to stop in the fifth counter and decay between 3×10-8 and 9×10-8 

seconds after coming to rest. The momentum width of the magnetic 
channel i s quite b road compared with the energy in terva l de te rmined 
by the range of the par t ic le , so that the energy is completely de te r ­
mined by the amount of absorber placed in front of the te lescope. 
Angles a r e var ied in this a r r a n g e m e n t by rotat ing the whole magnet-
telescope sys tem about the center of the target . 
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Fig. 1. Ar rangement of exper imenta l appara tus for smal l -angle 
m e a s u r e m e n t s . 
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2. Arrangement for Wide Angles 

The setup for m e a s u r e m e n t s from 30° to 160° is shown in 
Fig. 2. The a r r angemen t is s imi la r to that in the smal l -angle m e a s u r e ­
ment s ; however, the mesons a r e not deflected by a magnet, but pass 
d i rect ly into the te lescope. Since the posi t ron background is smal l 
in this case , no lead s ca t t e r e r was requi red . The telescope ro ta tes 
about the center of the ta rge t volume. 

B. Meson Detection 

1. Electronics 

The bas i s of the identification of the positive pions in this 
exper iment was their cha rac t e r i s t i c mean life of 2.54 × 10-8 second. 
This genera l method of meson detection was originated by Chamberlain, 
Mozley, Steinberger , and Wiegand16, and has been utilized extensively 
in the past . The e lect ronic equipment used in this exper iment has been 
more fully described by Imhof, Kalibjian, and Perez-Mendez. 

A simple block diagram of the π - μ electronics is shown in 
Fig. 3. When the c o r r e c t combination of coincidence and anticoincidence 
pulses is r e g i s t e r e d in the multiple coincidence-anticoincidence unit, 
a gate is formed by the gate genera to r . The r equ i remen t s of this 
coincidence may be var ied to suit the par t icu la r problem at hand. Our 
specific r equ i remen t s a r e d iscussed in the descr ipt ion of the counter 
te lescopes . The length of this gate is 6 × 10-8 second, and it i s made 
to a r r i ve at a second coincidence circui t , in coincidence with the 
stopping scint i l lator , at a 3 × 10-8 -second delay re la t ive to the pulse 
of the stopping π meson. Thus a tr meson of the c o r r e c t energy which 
has come to r e s t in the stopping counter is r eg i s t e r ed in Coincidence 1 
if it decays between 3 × 10-8 and 9 × 1 0 - 8 second after coming to r e s t . 

It is also possible for two par t i c les to pass through the counter 
between 3 × 10-8 and 9 × 10-8 second apart, or for a μ- e decay to 
take place in this interval, thus appearing like a π meson. These 
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Fig. 2. Ar rangement of exper imenta l appara tus for wide-angle 
m e a s u r e m e n t s . 
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Fig. 3. Block d iagram of π - μ e l ec t ron ic s . 
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cases were moni tored with a gate to another coincidence unit, 
Coincidence 2, delayed by 16 × 10-8 second relative to the stopping 
pulse. At this delay 99.8% of the π mesons will have decayed, so 
that the coincidences recorded a r e a good m e a s u r e of the spurious 
counts in the f i rs t coincidence unit. 

The signals a r e taken from photomultiplier tubes viewing the 
sc int i l la tors and amplified in Hewle t t -Packard 460-A dis t r ibuted 
ampl i f ie rs , for the coincidence c i rcu i t s all r equ i re a pulse height of 
4 volts for optimum operation. The multiple coincidence-ant i ­
coincidence unit utilized to t r igger the gate genera tor had two ant i ­
coincidence and th ree coincidence inputs which could be switched in 
any combination, making it useful with many combinations of counters 
in the te lescope. This c i rcui t was designed by Evans1 8 and is 
s tandard equipment at the Radiation Labora tory ; it has a resolving 
t ime of about 1 × 1 0 - 8 second. The pulse from the Evans coincidence 
unit is amplified and inverted by a Hewlett-Packard 460-B amplifier 
and is then connected to the gate generator. 

The gate genera tor has also been descr ibed in detail in the 
paper by Imhof, Kalibjian, and Perez -Mendez . 1 7 A schematic 
d iagram of the gate genera tor is shown in Fig . 4. The r i s e time of 
the gate is about 5 × 1 0 - 9 second, and its amplitude is 4 vol ts . The 
duration of the gate i s set by a length of shorted coaxial cable, he re 
set to be 6 × 10-8 second. This pa r t i cu la r c i rcui t has proven ex t remely 
stable, and has shown no appreciable drifts in the course of the 
experimental work. 

The t ime delay of the gates to the coincidence c i rcu i t s No. 1 
and No. 2 i s obtained by requir ing them to t rave l through different 
lengths of RG 63 /U cable. The second coincidence c i rcui t s a r e of the 
c rys ta l diode type. A schematic d iagram of these is shown in F ig . 5. 
The operat ion of these c i rcu i t s i s optimum at input pulses of from 2 
to 5 volts, and in this range the singles-to-doubles ratio is about 12 to 
1, measured with a mercury puiser. Since the Hewlett-Packard 
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Fig . 4. Circui t d iagram for gate genera tor . 
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Fig . 5. Circui t d iagram for c rys t a l diode coincidence c i r cu i t s . 



- 1 3 -

ampl i f iers l imit pulse height at about 8 volts , it is imposs ib le to 
feed through single pulses from the stopping scint i l la tor . 

During operation it is impor tant to have the d iscr iminat ion 
level of the two coincidence c i rcu i t s set at the same value. This 
level is controlled by varying the gr id bias on the 5687 tube, which 
ac ts as a blocking osci l lator producing a pulse for a s tandard UCRL 
1024 sca l e r . During the exper iment this d iscr iminat ion level i s 
checked by feeding pulses into the gate genera tor from a 100-kilocycle 
puiser and balancing the number of accidental coincidences from the 
two coincidence c i rcu i t s ; this per iodic check was done once daily 
during the course of the exper imenta l m e a s u r e m e n t s . 

In o rder to monitor the stabili ty of the equipment, smal l 
Ru106 -Rh106 sources were attached to the scintillators, and the 

number of single pulses per minute was recorded each morning arid 
evening for each scint i l la tor . This was accomplished by counting the 
number of gates produced in one minute with the mult iple coincidence-
anticoincidence unit switched to count single pu lses . This checked all 
the e lec t ronics through the gate genera tor and allowed any drifts to be 
compensated by changing the photomultiplier high voltages. The only 
drifts noted were in the gain of the Hewle t t -Packard ampl i f ie rs , and 
these were smal l . 

The validity of our detection scheme may be shown in a var ie ty 
of ways: 

(a) A plateau was observed in the counting ra t e as a function 
of the high voltage on the stopping sc int i l la tor . A typical plateau is 
shown in Fig . 6. 

(b) A plateau was observed in the meson counting ra te as a 
function of the high voltage on the sc in t i l la tors t r igger ing the gate 
c i rcui t . A typical plateau i s shown in F ig . 7. 

(c) By varying the delay of the gate re la t ive to the stopping 
pulse, it is possible to m e a s u r e the mean life of the pa r t i c l e s we a r e 
observing. The mean l ives m e a s u r e d agree within s ta t i s t i cs with the 
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Fig . 6. High-voltage plateau on stopping sc int i l la tor . 
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Fig . 7. High-voltage plateau on f i r s t gate - t r igger ing scint i l lator → 
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accepted value of 2.54 × 10-8 second.19 A typical mean-life curve 
taken at the synchrotron is shown in Fig. 8. 

(d) The telescope operation was checked in a "pu re" π -meson 
beam at the cyclotron, and its operational characteristics were found 
to be the same as encountered at the synchrotron. (See Appendix.) 

2. Counter Telescopes and Channels 

a. Arrangement for smal l angles 
The channel and telescope used in the smal l -angle m e a s u r e m e n t s 

is shown in Fig. 9. The mesons a r e produced in the liquid hydrogen 
target , where the t a r g e t ' s angle of inclination to the beam was chosen 
so that the var ia t ion in c ro s s - s ec t i ona l a r e a of the i r r ad ia t ed portion 
was minimum as the angles were changed. Fla t para l le l sides were 
used to min imize any alignment e r r o r . 

The 340-Mev synchrotron p a i r - s p e c t r o m e t e r magnet was used 
to provide the magnetic field. This magnet has a gap of 3½ inches , 
with a maximum field of 16 ki logauss. The positive mesons were 
deflected in this field and were incident upon a lead s c a t t e r e r - c o n v e r t e r 
placed as shown in Fig. 9. The thickness of this lead was chosen to 
minimize the posi t ron flux at the te lescope while keeping the loss of 
mesons due to multiple Coulomb scat ter ing as smal l as possible . For 
the 260-Mev photons, 1.5 cen t ime te r s of lead was chosen. This 
p resen ts 2.75 radiat ion lengths to the pos i t rons , which is sufficient to 
reduce the number of background par t i c les t r igger ing the gate 
genera tor by a factor of about 100 at the 0° angle, where this back­
ground problem was worst . 

Fo r 290-Mev photons the mean squared mul t ip le - sca t t e r ing 
angle was smal le r and there were l e s s s t r ingent r equ i r emen t s due to 
the total range of the par t ic le , so that a thicker piece, 2.50 cm, was 
used. This reduced the posi tron background at the telescope by a 
factor of 400. 

The π - μ telescope requi red a t r ip le coincidence (1, 3, and 4) to 
t r igger the gate genera tor . Counters 2 and 6 were placed in 
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Fig. 8. Half-life curve taken at synchrot ron . 
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Fig . 9. Magnet and counter - te lescope a r r angemen t used in 
the angular range from 0° to 50°. 
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anticoincidence. Counter No, 2 is a Cherenkov counter viewed with 
two RCA 6810 photomultiplier tubes whose outputs a r e added. The 
sensit ive a r ea is made of Plexiglas , which has an index of refract ion 
of 1.49, and is 2 inches thick. Thus any par t ic le passing through the 
counter with a velocity g rea t e r than 0.67 c produces a pulse, and 
hence a coincidence is not r ecorded . To come to r e s t in the fifth 
counter a meson en te r s the Cherenkov counter with a velocity of 
0.64 c and thus does not produce a pulse. Pos i t rons and e lec t rons , 
however, have β ~ 1 down to quite low energies , and thus a r e re jected. 
However, because of poor l ight-collect ion efficiency, this counter is 
not 100% efficient. Counter 6 re jec t s any par t ic le passing through 
the ent i re te lescope. Counters 1, 3, and 4, Counter 5 (the stopping 
scint i l la tor) , and Counter 6 a r e all made of s tandard UCRL plast ic 
scint i l lator m a t e r i a l . Counter 5 util ized an RCA 6810 photomultipl ier . 
All had 30-inch Plexiglas light pipes to remove the phototubes from 
the region of high-magnet ic-f ie ld, and the tubes were also shielded 
with i ron and m u meta l against any s t ray magnetic field. 

As the angle of observat ion was changed, the t ransformat ion 
from c e n t e r - o f - m a s s sys tem to labora tory sys tem for a constant 
photon energy requ i red the energy of the observed meson to change. 
This change was made by changing the amount of absorbe r in front 
of the te lescope, and by changing the value of the magnet ic field. 
As was r emarked , the magnet ic field does not de te rmine the pion 
energy, for the magnet ic channel i s very broaid compared with the 
ΔΕπ accepted by the te lescope, but the co r r ec t energy still mus t fall 
in the center of the channel. The c o r r e c t magnet setting was obtained 
with the f loating-wire technique. This m e a s u r e m e n t r e l i e s on the 
fact that a wire under tension with a cur ren t flowing through it will 
a s sume a position in a magnet ic field equivalent to that of a par t ic le 
orbit , where the momentum of the par t ic le is re la ted to the cu r ren t 
and tension in the wire . The sign of the magnet ic field was also 
checked in this way. 
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b . Arrangement for wide angles 
The counter telescope used in the extended-angle m e a s u r e m e n t s 

is shown in Fig. 10. The mesons a r e again produced in a liquid 
hydrogen target , which in this case is a cylinder 3 inches in d iamete r . 
The te lescope cons is t s of 3 sc in t i l la tors to t r igger the gate genera tor , 
a stopping scint i l la tor , and a la rge scint i l lator in anticoincidence to 
re ject all pa r t i c l e s that pass completely through the te lescope. All 
the sc in t i l la tors were viewed with RCA 6199 photomultiplier tubes . 

The solid angle subtended by this telescope is de termined by 
the a r e a of the front scint i l la tor . The following counters a r e success ively 
l a rge r in such a way that multiple Coulomb scat ter ing of the mesons in 
coming to r e s t may be neglected or easi ly es t imated. This removes one 
energy-dependent cor rec t ion from the analys is of the data. The lab 
energy of the meson is de termined by the amount of copper absorbe r 
placed between the second and third sc in t i l l a to rs . This copper was 
fitted to an assembly so that it could be reposi t ioned exactly for each 
run. The whole counter assembly rota ted on a ca r t pivoted about the 
center of the target , and angles could be set to 0.1° accuracy . 

C. Ta rge t s 

The t a rge t s used in this exper iment were quite s imi la r for both 
the smal l -angle and la rge-angle a r r a n g e m e n t s . They consisted of a 
la rge r e s e r v o i r for s torage of the liquid hydrogen, and a smal l t a rge t 
assembly suspended below in the beam line. The space surrounding the 
hydrogen-fi l led ta rge t and r e s e r v o i r was evacuated, and the cold pa r t s 
were shielded from the the rmal radiat ion of the vacuum-tank walls by 
a copper shield held at liquid nitrogen t e m p e r a t u r e . The smal l t a rge t 
assembly could be emptied or filled by closing or opening a valve on the 
line venting it. F igure 11 shows the r e s e r v o i r and target a r r angemen t 
for the smal l -ang le m e a s u r e m e n t s . In this setup the magnet -co i l cases 
requi red the ta rget to be displaced from under the r e s e r v o i r , in order 
to be located close to the magnet pole t ips . In the wide-angle setup the 
cyl indrical ta rget was direct ly under the r e s e r v o i r . 
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F ig . 10. Targe t and counter - te le scope a r r angemen t used in wiae-
angle m e a s u r e m e n t s . 
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Fig . 11. Liquid hydrogen ta rge t used for smal l -angle m e a s u r e m e n t s . 
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The small ta rget conta iners used in both exper iments were of 
s imi la r construct ion, although the smal l -angle ta rget had flat sides 
and the one used for the wide-angle exper iments was cyl indrical in 
shape. The walls of the ta rge t were made of 0.005-inch Mylar, which, 
because of the low Ζ of this plast ic ma te r i a l , contributed very little 
to the background problem encountered in ' the m e a s u r e m e n t s . The 
consumption of hydrogen in mos t cases was l e s s than 1 l i te r per hour. 

In the smal l -angle setup, a thin window was provided in the 
vacuum jacket between the ta rge t and the ent rance to the magnetic 
channel to reduce the scat ter ing of the mesons on their way to the 
de tec to r s . In the wide-angle a r rangement , no thin window was 
requi red , for the vacuum tank itself was made of re la t ively thin 
(3/32-inch) aluminum tubing, and an aluminum foil window was 
provided in the heat shield. 

D. Monitoring and Exper imenta l P rocedure 

The p r i m a r y monitor for the g a m m a - r a y beam in this expe r i ­
ment was a thick-walled ionization chamber of the "Cornel l" type. 
The beam was a lso moni tored with a thin-walled chamber , but this 
was used only as a check on the other chamber . The walls of the 
"Corne l l " chamber a r e 1-inch-thick copper. This construct ion makes 
the chamber preferent ia l ly sensi t ive to the h igh-energy portion of the 
b r e m s strahlung spect rum, although sti l l insensi t ive to the vast number 
of low-energy quanta or charged par t i c les in the beam. The charge 
from the ionization chamber is collected on an integrat ing e l ec t rome te r , 
which is accura te to be t ter than 1%. An identical chamber has been 
ca l ibra ted at Cornel l University in t e r m s of the total energy content 
of the beam. This was done by two methods : one utilizing a pair 
spec t romete r to m e a s u r e the number of quanta in a given energy in te r ­
val per microcoulomb in tegra ted charge , the other utilizing a cà lo r -
ime t r i c method to m e a s u r e di rect ly the total energy in the beam. 
The r e su l t s of this cal ibrat ion show there a r e 3.79 × 1012 M e v / m i c r o -
coulomb at a peak b r e m s strahlung energy of 340 Mev. Since some of 
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the d i sc repanc ies in the existing data may be due to ca l ibra t ions of 
this type, we plan to do a reca l ib ra t ion in the near future, utilizing 
the 500-Mev l inear acce le ra to r at Stanford Universi ty. However, the 
existing cal ibrat ion i s used in the reduction of the data presented he re . 

In the morning of each running day the gain of each photo-
mult ipl ier tube was checked with the smal l Ru106 sources , and the 
same was done at the t ime of shutdown at night. To min imize the 
effects of any e lec t ronic or acce l e ra to r drif ts , data were taken at 
each angle many t imes , in a cyclic sequence, during the course of the 
exper iment . Data with the t a rge t empty and the t a rge t full were taken 
in a cyclic sequence a lso . 
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III. RESULTS 

A. Calculation of Cros s Sections from Measured Counting Rates 

1. General Considerat ions 

In both the smal l -angle m e a s u r e m e n t s and the a n g u l a r - d i s t r i ­
bution m e a s u r e m e n t s cor rec t ions were applied to the raw counting 
data to convert them into a differential c ro s s section per incident 
photon. This involves finding the efficiency of the counter, and 
t ransforming the labora tory p a r a m e t e r s assoc ia ted with the counter 
te lescope into quantit ies in the c e n t e r - o f - m a s s sys tem. The la t ter 
may be called kinematical co r r ec t ions . The kinemat ics of this 
reac t ion have been solved on the Illiac digital computer at the Univer-

ity of Illinois by Malmberg and Koester ,2 1 simplifying this aspect 
somewhat. The mean pion energy observed by the counter telescope 
at each angle was chosen to cor respond to a fixed photon energy, and 
the laboratory-system angles were chosen to correspond to convenient 
angles in the center-of-mass system. 
A general expression relating our observed counting rate to 
the differential cross section may be written 

dσ 

=Y• 
dΩ • 1 

• 
1 •( cTiarge on ion c h a m b e r 

)• 

1 
ΗΩ* =Y• dΩ* • Ω 

• 

t •( photon in a c c e p t e d Δ Ε π 
)• 

ε 

w h e r e 

dσ 
dΩ* = c e n t e r - o f - m a s s s y s t e m d i f f e r en t i a l c r o s s s e c t i o n , in 

s q u a r e , c e n t i m e t e r s p e r i nc iden t photon p e r nuc leon , 

Y = number of counts per microcoulomb of charge integrated 
from the "Corne l l " type ionization chamber , 

dΩ 
dΩ* = solid-angle t ransformat ion from the labora tory sys tem of 

coordinates to the c e n t e r - o f - m a s s sys tem of coordinates , 
Ω = solid angle subtended by the telescope in the labora tory 

sys tem, 
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t = thickness of the liquid hydrogen target , in hydrogen nuclei 
per square centimeter, 

e = efficiency of the counter telescope. 

The π - μ telescope accepts a given ΔΕπ which is a function of 
the mean pion energy in the labora tory sys tem. The factor 

( charge on ion chamber ) ( 
photon in accepted Δ Ε π 

) i s a m e a s u r e of the charge in microcoulombs 
collected by the Cornel l type ionization chamber per photon in the 
energy in terval where it would be kinematical ly possible to produce 
a pion in Δ Ε π . To compute this factor, the number of photons in a 
given photon energy interval mus t be calculated and re la ted to the 
charge collected on the ionization chamber . F igure 12 i s a plot of 
the Schiff th ick- ta rge t b r e m s strahiung spec t rum for a peak photon 
energy of 340 Mev.22 The a r e a under this curve has the dimensions 

of energy, and is proportional to the total energy of the beam, 
A = ∫ k N(k)dk α Etotal, 

where k is the photon energy in Mev and N(k) i s the number of 
photons per Mev at k energy. Now the fraction of the energy of the 
beam assoc ia ted with photons in an energy in te rva l ∆k is jus t the ra t io 
of the a r e a under the curve in the inc rement ∆k to the total a r e a under 
the curve . If h is the height of the spec t rum at k, then ∆k • h /kA is 
the number of photons in ∆k per Mev integrated beam, or 

3.79 × 10 1 2 ∆k • h = N(k, ∆k) photons/µcoulomb 
A • k 

= N(k, ∆k) photons/µcoulomb 

is the number of photons in ∆k per microcoulomb in tegra ted charge 
from the Cornel l chamber , where the Cornel l Universi ty cal ibrat ion 
at a peak brems strahiung energy of 340 Mev, 3.79 × 1012 Mev/jicoulomb, 
has been used. 

The k inemat ics of the react ion mus t now be util ized to de te r ­
mine the ∆k of interest from the ΔΕπ which is known for the telescope 
as a function of pion energy. The expression for this is 



- 2 7 -

Fig . 12. Schiff th ick- ta rge t b r e m s strahlung spec t rum. 
Κmax= 340 Mev. The total area under the curve in units of" 
Mev (normalization arbitrary) is indicated. 
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∆k - ( dk 
)θlab ∆Eπ 

∆k - ( 
dEπ 

)θlab ∆Eπ 

w h e r e ΔΕπ i s the e n e r g y i n t e r v a l a c c e p t e d by the t e l e s c o p e and 

( 

dk 
)θlab 

( dEπ 

)θlab 

m a y be e v a l u a t e d f r o m the k i n e m a t i c s of the r e a c t i o n . C o m b i n i n g 

t h e s e f a c t o r s one f inds 

( c h a r g e on ion c h a m b e r 
)= 

A • k 

•( 

dEπ 
)θlab• 1 

• 

( photon in a c c e p t e d Δ Ε )= 3.74 × 1 0 1 2 
• 

h •( dk 
)θlab• 

Δ Ε π 

• 

In the w i d e - a n g l e e x p e r i m e n t a l l t h e s e q u a n t i t i e s had to be 

e v a l u a t e d in o r d e r to ob ta in the d i f f e r e n t i a l c r o s s s ec t i on . S ince a t 

the s m a l l ang le the i n t e r e s t l i e s only in a r e l a t i v e a n g u l a r d i s t r i b u t i o n , 

only the e n e r g y or a n g l e - d e p e n d e n t p a r t s of t h i s e x p r e s s i o n n e e d to 

be e v a l u a t e d . T h e s e a r e 

( dEπ 

) θ l a b 

dΩ 
, ( dk 

) θ l a b 

dΩ* , 

and e , the e f f i c iency . 

2. K i n e m a t i c a l C o n s i d e r a t i o n s 

a. W i d e - a n g l e m e a s u r e m e n t s 

F o r the wide;-angle t e l e s c o p e the k i n e m a t i c a l c o n s i d e r a t i o n s 

involve e v a l u a t i n g 

dΩ Ω, t , ( dEπ )θlab, and ΔΕπ dΩ* Ω, t , ( dk )θlab, and ΔΕπ 

The s o l i d - a n g l e t r a n s f o r m a t i o n w a s t a k e n d i r e c t l y f r o m the t a b l e s of 
Malmberg and Koester,21 where it is evaluated explicitly for the cases 
which are of interest here. 
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( 

d E π 

) θ l a b 
( dk 

) θ l a b 

was evaluated by numer ica l differentiation of the kinematical tab les . 
This function va r i e s sufficiently slowly with photon energy to make 
this type of determinat ion very accura te . The solid angle subtended 
in the labora tory sys tem i s defined by the a r e a of the f i r s t counter in 
the te lescope, and i ts dis tance from the ta rge t . Since the ta rge t has 
finite extension, changing angles will change slightly the effective 
solid angle seen by the te lescope. This was invest igated by a numer ­
ical integration, and found to be l ess than 0.5% between 30° and 90° 
(the solid angle at 30° and 150° is the same) . 

The effective thickness of the ta rge t was evaluated by 
integrat ing the size of the beam spot (1 inch in d iamete r ) over the 
thickness of the cyl indrical container . The d iameter of this cylindrical 
Mylar vesse l was known quite accura te ly (3.000 ± 0.02 i n . ) at room 
t empera tu re , and the l inear coefficient of expansion for Mylar was 
es t imated and a cor rec t ion was made for contract ion upon cooling to 
liquid hydrogen t e m p e r a t u r e s . The value for this coefficient of expan 
sion and for the density of liquid hydrogen (0.0708 g/cm3) was taken 
from the Cyrogenic Data Book of the National Bureau of Standards.23 

For a given telescope configuration the energy of the pion 
stopping in the center of the μ-meson scint i l lator (stopping scint i l la tor) 
was computed by using the r ange -ene rgy tables of Atkinson and Willis. 
It is also possible to calculate the energy of π mesons that stop at the 
front and back edges of this scint i l la tor , and the difference between 
these two energ ies i s taken as the ΔΕπ corresponding to the Eπ that 
stops at the center . F igure 13 shows the r e su l t s of this ΔΕπ 
calculation. Some uncertainty is introduced into these computations 
because of edge effects in the stopping scint i l la tor , but these may be 
estimated with good reliability. We estimate that ΔΕπ is known to 
better than 1%. 
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Fig . 13. Energy in te rva l Δ Ε π accepted by the wide-angle counter 
vs center pion energy. 
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b . Small-angle m e a s u r e m e n t s 
The quantit ies 

( 

dEπ 

)θ, 

dΩ , and Δ Ε π ( dk )θ, 
dΩ* , and Δ Ε π 

were computed in the same manner for the smal l -angle te lescope. If 
one defines the solid angle of the te lescope as that subtended by the 
lead s ca t t e r e r , this c lear ly stays fixed as angles a r e changed, and 
thus need not be evaluated for a re la t ive measu remen t . The number 
lost by mult iple sca t ter ing is d i scussed in the section dealing with 
counter efficiency. 

3. Counter Efficiency 

a. Wide-angle telescope 
In o rde r to know the efficiency of the π - μ te lescope, one 

mus t de termine the number of mesons lost because of the delayed-
coincidence technique, and the number lost because of nuclear 
absorpt ion and multiple sca t te r ing . The f i rs t of these is a lmost 
imposs ib le to calculate from the e lectronic delay t imes , therefore 
an exper iment was performed at the 184-inch cyclotron to de te rmine 
the efficiency of the counter used in the wide-angle work. This ca l i ­
bra t ion is d i scussed in detail in the Appendix, and the r e su l t s a r e 
shown in Fig . 14. 

The efficiency of the t a rge t te lescope sys tem i s a l so affected 
by the mult iple scat ter ing of the mesons as they leave the hydrogen 
target and pass through the 3/32-in. aluminum vacuum tank wall. 
The aluminum wall is the major contributor to this effect, and it is 
sufficiently close to the sol id-angle defining counter to make this 
cor rec t ion negligible. Also, mesons decay in flight t ravel ing from 
the t a rge t to the de tec to r s . Since the flight path was quite short 
(about 18 i n c h e s ) , only a rough evaluation of this effect was made . 
The quantity 

(1 - L ) = N / N 0 (1 - ν τ ( π - μ ) β c ) = N / N 0 
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Fig. 14. Wide-angle counter efficiency as a function of pion 
energy from cyclotron calibration. The solid curve represents 
the ca l ibra t ion utilizing the half-life curve and the m e a s u r e d 
absorpt ion c ro s s sect ions, the exper imenta l points r e p r e s e n t 
the values obtained from the ra t io of pions incident to pions 
counted. (See Appendix.) 
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was computed, where β = v / c , γ= 1 / √ 1 - β 2 , L is the distance from 
the center of the μ-meson scint i l lator to the center of the target , 
τ(π-μ) is the mean life for the decay of a π meson at r e s t , and Ν/Ν 0  

is the fraction of those mesons s tar t ing that enter the te lescope. This 
effect was not g rea te r than 4% in any situation. The efficiency 
m e a s u r e d at the cyclotron was mult ipl ied by this factor, evaluated as 
a function of energy before being applied to the raw data. 

b . Small-angle te lescope 
The energy-dependent pa r t s of the efficiency for the te lescope 

a r e nuclear absorpt ion of the pions in coming to r e s t in the stopping 
scint i l la tor , and multiple Coulomb scat ter ing in var ious par t s of the 
channel or te lescope. Any changes in geometry encountered when the 
angle of observat ion is changed also can change the re la t ive efficiency. 

Fo r the case smal l -angle te lescope, the cor rec t ions a r e al l 
r a the r small , for the energy of the pions in the lab sys tem changes 
only 15% in going from 0° to 40° observat ion angle at e i ther photon 
energy. However, the situation is complicated by the lead channel 
and sca t t e re r placed 10 inches from the sc in t i l l a tors . Because the 
pion-energy change is small and the gamma rays a r e close to the 
peak of the b remss t r ah lung spectrum, the contribution due to h igher-
energy π m e s o n s 1 being sca t t e red from the walls of the channel into 
the c o r r e c t energy band has been neglected. Es t ima te s of the effect 
indicate it would be l ess than 5% of the total counting ra t e , and would 
not be sharply energy-dependent . Since there is no reason to expect 
the angular distr ibution of pions in this region to change radical ly 
from 260 Mev to the peak of the b remss t r ah lung spect rum, the wall 
sca t ter ing probably affects the re la t ive angular dis tr ibut ion less 
than 2%. The solid angle of the channel- te lescope sys tem is a s sumed 
to be constant in the labora tory sys tem, for any angle of observation, 
and the angular acceptance of the channel i s roughly the same as the 
size of the lead s ca t t e r e r , for the s ca t t e r e r sp reads the meson beam 
out over an area about five times as great as the area of the stopping 
scintillator. As one changes angles, the effective width of the target 
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changes; and since the energy of the meson changes, the multiple 
sca t te r ing in the lead conver ter is different. A numer ica l evaluation 
of these effects was performed by t rac ing rays from var ious points 
in the ta rge t volume and numerica l ly integrat ing the a r ea under an 
appropr ia te mul t ip le - sca t t e r ing curve at the stopping sc int i l la tor . 
The r e su l t s of this admittedly rough computation show that the effect 
can be no bigger than 1.5% between the two ex t reme angles, 0° and 
40°, and is probably l e s s . Thus this par t of the efficiency dependence 
on energy was neglected. 

The other energy-dependence par t was the nuclear absorpt ion 
of the mesons as they come to r e s t in the te lescope. When the 
absorpt ion c ro s s section σA as a function of energy was known, the 
absorpt ion cor rec t ion was evaluated by finding the quantity 

ε = (1 - e- ∫ σAdx), 

where the in tegra l in the exponent was taken through the var ious 
m a t e r i a l s making up the counter te lescope . This s ta tement contains 
the implic i t assumpt ion that mos t of the d i f f rac t ion-scat tered mesons 
sti l l come to r e s t in the stopping scint i l la tor , or that the beam is 
sufficiently sp read out so that roughly as many mesons sca t te r out 
as sca t ter in. In the smal l -angle te lescope the la t te r is t rue , and 
the effect of leaving out the diffraction sca t te r ing has been neglected. 
The absorpt ion c r o s s sect ions were taken from Mart in2 5 and Stork.26 

The in tegra l was evaluated numerica l ly and the difference between 
the ex t r eme ca se s is about 6%. The effect of mesons decaying in 
flight is completely negligible, for the energ ies a r e near ly equal 
even in the ex t reme c a s e s . 

B. Final Resul t s 

Table I gives the final data in t e r m s of the cen tex-of -maes 
differential c r o s s section, 

dσ . 
dΩ* 

. 
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Table I ' 

Angular distr ibution of photopions from hydrogen 

260 Mev 290 Mev 

θ* 
dσ 

θ* 
dσ 

θ* dΩ* 
(μb /sterad) 

θ* dΩ* 
(μ / s t e r a d ) 

0 6.62 ± 0.65 0 6.90 ± 0.58 
10 6.68 ± 1.13 10 7.16 ± 1.07 
20 6.46 ± 0.76 20 7.62 ± 0.73 
25 6.55 ± 0.87 30 6.96 ± 0.48 
30 6.49 ± 0.51 40 9.23 ± 0.58 
40 7.92 ± 0.49 50 11.90 ± 0.43 
53 10.60 ± 0.50 70 15.90 ± 0.51 
70 15.35 ± 0.39. 90 19.86 ± 0.46 
90 17.59 ± 0.47 115 19.50 ± 0.54 

115 17.88 ± 0 . 3 7 140 16.72 ± 0.40 
140 17,60 ± 0.34 160 13.76 ± 0.59 
160 16.47 ± 0.38 

σtotal = 185 ± 13.5 m i c r o b a r n s σtotal = 199 ± 14 m i c r o b a r n s 

The smal l -angle region has been normal ized to the backward-angle 
portion by a weighted average of the three normal iz ing coefficients 
obtained at each energy from the data in the region of over lap. Also 
in this region the m e a s u r e m e n t s have been combined to give one 
point at each angle. In no case were these points separa ted by m o r e 
than 1 s tandard deviation after normalizat ion. The normalizat ion 
e r r o r has been propagated to the forward points. 

The counting s ta t i s t ics a r e probably the g rea te s t source of 
e r r o r in the angular dependence of the c ro s s section, and the 
s tandard deviation due to these is quoted with the data. The r easons 
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for this belief have been enumera ted in the preceding section. 
However, the counting s ta t i s t i cs may not be the l a rges t e r r o r 
assoc ia ted with the absolute value of our m e a s u r e m e n t s ; additional 
uncertainty a r i s e s from the cal ibrat ion of the Cornell ionization 
chamber and the re a r e uncer ta in t ies in the absolute efficiency of 
the wide-angle te lescope. Thus the total c r o s s section, obtained by 
integrat ing our differential m e a s u r e m e n t s , i s quoted to 7% accuracy , 
although the in tegra l i s good to be t te r than 4% sta t is t ica l ly . This i s 
a quite l ibera l allowance for sys temat ic e r r o r , ba r r ing a very la rge 
e r r o r in the Corne l l - chamber cal ibrat ion. 

The data a r e p resen ted graphical ly with the r e s t of the available 
data from other l abora to r i e s in F igs . 15 and 16. 
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Fig . 15. The differential c r o s s section for posit ive photopion 
production from hydrogen at a photon energy of 260 Mev. 
Superimposed on the data repor ted here a r e the r e s u l t s of 
the magnet 6 and counter7 g roups ' de terminat ions at the 
California Institute of Technology, and the data taken from 
B e r n a r d i n i ' s compilation.8 
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Fig 16 The differential c ros s section for positive photopion production 
' f r o m hydrogen at a photon energy of 290 Mev. Superimposed on  
the data reported here are the results of the magnet6 and counter7 

groups' determinations at the California Institute of Technology. 
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IV. DISCUSSION 
A. Analysis of the Data by the Moravcsik Method 

In previous analyses of exper imenta l m e a s u r e m e n t s on the photo-
production of positive pions,10,27 it had been cus tomary to expres s 
the differential c r o s s section in t e r m s of a quadrat ic in cos θ*, e. g . , 

dσ = A + Β cosθ*+C c o s 2 θ * , dΩ* = A + Β cosθ*+C c o s 2 θ * , 

where the assumpt ion is made that at low energ ies only S- and P-wave 
mesons contribute in the final s tate . Moravcsik has pointed out that 
for charged mesons this expansion is not valid, for the photon can 
in te rac t not only with the nucleon but a lso with the charged pion cloud 
surrounding the nucleon. This in teract ion is of the form 

∫ α , ∫ α 
q0

k -
, 

where and a r e the photon momentum and polarizat ion, and q0 

a r e the momentum and energy of the meson, and is the nucleon 
spin. The denominator of this express ion may also be wri t ten 
(1 - β cos θ*) • q0k where again θ* i s the pion emiss ion angle and β 
the meson velocity, in the c e n t e r - o f - m a s s sys tem. This express ion 
int roduces all higher angu la r -momentum s ta tes and thus inval idates 
the quadrat ic express ion, for the expansion of ( l -β cos θ*)-1 is an 
infinite s e r i e s in cos θ*. Fo r a photon energy of 260 Mev we have 
β = 0.756 and for 290 Mev β = 0.800. Because these values of β a r e 
reasonably la rge , this t e r m can be quite impor tant in the c r o s s 
section in the forward-angle region, where ( l -β cos θ*) becomes 
smal l . This ent i re p rocess i s in many ways analogous to the ejection 
of e lec t rons from a toms by the photoelectr ic effect, and the c r o s s 
section for this effect has a s imi la r denominator . This denominator 
is of relativistic origin, arising from the retardation effects in the 
meson current potential. 
To take this process into account, Moravcsik has suggested 
analyzing the angular distribution of the charged photopions by an 
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express ion of the form 

dσ 
= 

4 An cosn θ* 
, 

dσ 
= Σ 

An cosn θ* 
, dΩ* = Σ ( l -β cos θ*)2 
, dΩ* = 

n=0 ( l -β cos θ*)2 
, 

where the An a r e to be determined by a l e a s t - s q u a r e s fit to the data. This l e a s t - s q u a r e s fit has been per formed for our data at 260 and 290 Mev, and the curve represen t ing this expansion is shown superimposed on our data in Figs. 17 and 18. The values obtained for the An are given in Table II. 

Table II 

Moravcs ik coefficients de te rmined by l e a s t - s q u a r e s fitting 

k (Mev) A 0 A l A 2 A 3 A 4 

260 17.511 -31.117 9.356 6.433 -1.765 
290 19.638 -36.799 9.083 16.373 -8.014 

Quantities of physical in te res t , such as mul t ip le-product ion 
a m p l i t u d e s , a r e not simply re la ted to these coefficients. However, 
the curve these coefficients r e p r e s e n t s i s useful, for it is of the 
same form as predicted by theory and may be used in the compar ison 
of exper imenta l data with theore t ica l predic t ions . The abrupt 
flattening of the exper imenta l c r o s s section in the forwar4 direct ion 
may be explained by the exis tence of the "photoe lec t r ic" t e r m in the 
theore t ica l express ions . This behavior would not be expected if 
this in teract ion were absent , such as in π0 photoproduction. 

Β. Compar ison with Theory 

The theory of photomeson production at p resen t believed to be the mos t accura te i s that der ived from the d ispers ion re la t ions for the photoproduction amplitude by Chew, Goldberger, Low, and Nambu.12 (No detailed descr ipt ion of this theory is p resen ted h e r e . ) 
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Fig . 17. Differential c r o s s section for positive photopion production 
from hydrogen at 260 Mev. The solid curve r e p r e s e n t s the 
Moravcs ik fit to the data. 
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Fig . 18. Differential c r o s s section for positive photopion production 
from hydrogen at 290 Mev. The solid curve r e p r e s e n t s the 
Moravcs ik fit to the data. 
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The d ispers ion relat ion he re used is an in tegral express ion relat ing 
the r e a l and imaginary par t s of the photoproduction amplitude, and is 
derived by using very genera l cons idera t ions . Chew, Goldberger, Low, 
and Nambu in tegra te this d i spers ion relat ion, making var ious 
assumpt ions that simplify the problem sufficiently to allow the compu-
tation to be performed. These assumpt ions include neglect of al l 
t e r m s of o rder v2 in the nucleon velocity In the energy region where 
these m e a s u r e m e n t s have been made, the e r r o r introduced by dropping 
these t e r m s amounts to about 10%, and the theory should not be 
expected to descr ibe the p roces s more accura te ly than th is . 

In the p rocess of evaluating the d ispers ion in tegra l s , use 
is made of the unitari ty of the S m a t r i x to re la te pa r t s of the photo-
meson ampli tudes to quanti t ies which a r e known, in this case the 
pion-nucleon scat ter ing ampl i tudes . The input data in the theory 
thus contain the pion-nucleon scat ter ing phase shifts in addition to 
the pion-nucleon coupling constant, the e lect ronic charge , and the 
magnet ic moments of the proton and neutron. 

The express ions der ived by Chew, Goldberger , Low, and 
Nambu have been recent ly evaluated by Uretsky,28 using var ious 
assumpt ions about the small pion-nucleon phase shifts that enter the 
evaluation but a r e not well known exper imenta l ly . In Ure tsky ' s 
init ial calculat ions the P-wave phase shifts were computed from the 
effective range relations of Chew, Goldberger, Low, and Nambu,29 

and the S-wave phase shifts were taken to obey the relation 

2δ1 + δ 3 = 0.229 q , 

which is suggested by O r e a r ' s analys is . 3 0 This choice is a reasonable 
one according to the existing analysis of pion-nucleon sca t te r ing data, 
and the r e su l t s a r e shown by the heavy line in F igs . 19 and 20. 

In order to determine how sensit ive the theory was to the 
choice of these smal l phase shifts, Uretsky then made three changes. 
First, he set δ11 to zero. The results here were incompatible with 
the experimental data presented, for the cross section became very 
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Fig. 19. Differential c r o s s section for posit ive photopion production 
from hydrogen at 260 Mev. For an explanation of the curves see 
the text . 
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Fig . 20. Differential c r o s s section for positive photopion production 
from hydrogen at 290 Mev. For an explanation of the curves 
see the text . 
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l a rge at the backward angles . Secondly, he set δ31 and δ13 equal to 
ze ro , leaving the other p a r a m e t e r s unchanged. The r e su l t s of this 
computation a r e shown by the dotted l ines in F igs . 19 and 20. Lastly, 
he used Anderson's formulae for the phase shifts δ11, δ31 and δ13,31 

with the result shown by the "dash-dot" curves in Figs. 19 and 20. 
Compar ison of these predic t ions to the exper imenta l points shows that 
the choice δ31 = δ13 = 0 yields the bes t fit to the data in both c a s e s . 

The r e s u l t s of Ure tsky ' s computations a r e surpr is ingly 
sensi t ive to the choice of these smal l phase shifts, which a r e not 
known very accura te ly . However, the photoproduction data probably 
cannot be used at this t ime to de te rmine the values of these smal l 
phase shifts, which a r e very difficult to m e a s u r e in pion-nucleon 
scat ter ing exper iments owing to the predominance of the well-known 
" 3 , 3 " phase shift at these ene rg ie s . This hesi tat ion a r i s e s in par t 
from the 10% e r r o r in the theore t ica l express ion due to the a s s u m p ­
tions made in i ts derivation, and in par t from the la rge number of 
p a r a m e t e r s free to adjust, that i s , all the phase shifts. The ver i f i ­
cation of the theore t ica l differential c r o s s section mus t therefore 
await m o r e accura te de terminat ions of the smal l pion-nucleon phase 
shifts. 

C. Conclusions 

The behavior of the m e a s u r e d differential c r o s s section in the 
region from 0 to 40 c lear ly shows the effects of the "photoelec t r ic" 
t e r m in the theore t ica l differential c r o s s section. When a compar ison 
is made to the d i spe r s ion - re l a t ions theory of Chew, Goldberger, Low, 
and Nambu,12 the theory de sc r ibe s the m e a s u r e m e n t s very well at 
260 Mev and somewhat l e s s accura te ly at 290 Mev, if δ13 and δ31 a r e 
set equal to z e r o . No par t icu la r significance is at tached to this 
choice of phase shifts, however, for the theory has assumptions that 
may affect the predictions by more than 10%, and the number of 
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combinations of phase-shif t choices i s very l a rge . However, the 
g r o s s detai ls of the m e a s u r e m e n t s a r e cer ta inly reproduced by the 
theore t ica l curves . 
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APPENDIX 

Wide-Angle Counter Calibration at the 184-Inch Cyclotron 

The efficiency of the π- μ te lescope used in the exper iment 
was de termined at the 184-inch cyclotron by two independent methods . 
Both methods made use of a "c lean" pion beam which was ext rac ted 
into the meson cave. In the f i rs t method, the efficiency due to the 
delayed coincidence was de termined from a half-life curve, and 
then the known absorpt ion c r o s s sections were utilized to de termine 
the total efficiency as a function of pion energy. In the second 
method, the ra t io of pions detected by π-μ decay to the total number 
of incident pions was m e a s u r e d at t h ree energ ies , giving the 
efficiency di rect ly without r e s o r t to any other exper imenta l quanti t ies . 
These two methods agree very well, as is seen below. 

An in te rna l ta rge t was used to produce the meson beam as 
shown in Fig . 21. A remote ly controlled carbon ta rge t inside the 
cyclotron vacuum tank was s t ruck by 730-Mev protons, and the π 
mesons produced at some backward angle were deflected out of the 
magnet ic field and into an 8-foot col l imator . Since it was impor tant 
to have the beam as monoenerget ic as possible , a secondary bending 
magnet was util ized to give bet ter energy resolut ion. The beam was 
coll imated again direct ly in front of the counter to 4 by 4 inches by a 
4-foot i ron col l imator . The energy of the beam was changed by 
changing the position of the ta rge t inside the cyclotron and varying the 
cur ren t in the secondary bending magnet . Three energ ies , 72, 87.5, 
and 115 Mev, were used. The beam consis ted of pions, muone from 
π-μ decay, and some e lec t rons . For the flux of incident pions to be 
es t imated, the fractions of each of these consti tuents mus t be 
measu red . This was accomplished with the use of a range curve, 
such as is shown in Fig. 22. The e lec t ronics used to obtain these 
r e su l t s a r e shown in Fig. 23a. The th ree sc in t i l la tors were 6 by 6 
inches, 0.5 inch thick, and were each viewed by one RCA 6810-A 
photomultiplier tube. A double coincidence between the f i rs t two 
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Fig . 21. Arrangement of exper imenta l appara tus at the 184-inch 
cyclotron for the cal ibrat ion of the π - μ te lescope . 
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F ig . 22. Range curve in cyclotron pion beam. Eπ = 87 Mev. 
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Fig. 23a. Block d iagram of the e lec t ron ics used in the range 
m e a s u r e m e n t s . 

23b. Block d iagram of e lec t ron ics used in π - μ te lescope 
ca l ibra t ion . 
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counters recorded the total number of pa r t i c l e s entering the 
te lescope. Copper was placed between these two sc in t i l la tors and the 
thi rd scint i l la tor , and a t r ip le coincidence recorded the number of 
par t ic les passing through the whole te lescope. As the amount of 
copper was increased , f i rs t the pions stopped, then the muons of the 
same momentum, and finally only the e lec t rons were left. This 
behavior i s shown in Fig. 22. The number of pions in the beam may 
be es t imated with good accuracy from a curve of this type; or be t te r , 
a differential range curve may be obtained by numer ica l differentia­
tion of this curve and the number of muons de termined from th is . 
The differential range curve obtained from the 87-Mev range curve 
is shown in Fig. 24. The e lec t ron contamination is more difficult 
to de te rmine , but fortunately it was smal l . The energy of the beam 
was de te rmined by the range of the pions. 

With the const i tuents of the beam known, the copper and 
las t sc int i l la tor were removed and the π-μ te lescope substi tuted. In 
this case the number of incident pa r t i c l e s was de termined by a t r ip le 
coincidence between the f i rs t two sc in t i l la tors , as used in the range 
measu remen t , and the f i rs t counter of the π-μ te lescope . The 
e lec t ron ics for this a r r angemen t a r e shown in Fig. 23b. The π- μ 
counting equipment and cables were identical to those used at the 
synchrotron except for the cables that led to the counting room from 
the radia t ion a r ea . These cables a r e known to be of the same 
e l ec t r i ca l length to ¼ inch at both the cyclotron and synchrotron. 

F i r s t , the efficiency due to the delayed coincidence alone 
was m e a s u r e d . It is possible to find a point of the differential range 
curve where a lmos t 100% of the pa r t i c l e s stopping a r e pions. Copper 
abso rbe r was placed in the π-μ te lescope so that pions of this energy 
stopped in the center of the stopping sc int i l la tor . Then a half-life 
curve was taken, by varying the delay of the delayed gate. This 
curve is shown in Fig. 25. If only pions stop in the scint i l la tor and 
the anticoincidence counter r e j ec t s all pa r t i c l e s that pass into it, the 
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Fig . 24. Differential r ange curve for 87-Mev pions. 
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Fig . 25. Half-life curve taken at cyclot ron. 
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ra t io of the plateau height of the curve to the height where the 
e lec t ronics a r e normally operated gives the efficiency due to the 
delayed coincidence. The total efficiency may then be de termined by 
calculating the loss due to mult iple sca t te r ing and absorption, utilizing 
the known exper imenta l c r o s s sect ions . The counter was originally 
designed so that the cor rec t ion due to multiple scat ter ing would be 
negligible. The loss due to absorpt ion was calculated by evaluating 
the quantity ε = ( 1 - e - ∫ σ A d x ) , where the in tegra l is taken through 
the var ious m a t e r i a l s in the te lescope . This is completely analogous 
to the calculat ion made for the smal l -angle te lescope, and the same 
exper imenta l c r o s s sections were used he re . 2 5 , 2 6 Since mos t of the 
diffraction sca t te r ing occurs close enough to the stopping scint i l la tor 
to be contained by it, any loss due to this was neglected. 

The efficiency was a lso de te rmined in a completely independent 
way by finding the ra t io of incident pions to those counted by π- μ 
decay. The energy spread of the incident beam was comparable to, 
or a l i t t le l a rge r than, the energy in terva l accepted by the te lescope. 
Fo r this reason , the energy accepted by the te lescope had to be 
va r i ed so that all pions incident on the te lescope would be taken into 
account. The curve obtained when this was done is shown in Fig . 26 
The ordinate of this curve is N(E, ΔΕ), the number of pions stopping 
in ΔΕ cente red at E. Then the total number of pions stopping and 
being counted is 

Ν = 
(Ε1+nΔΕ)≥Ε2 

N[(E1 + nΔΕ) 1 Δ Ε ] , Ν = Σ N[(E1 + nΔΕ) 1 Δ Ε ] , Ν = 
n=0 

N[(E1 + nΔΕ) 1 Δ Ε ] , 

where Ε1 and E2 define the l imi ts of the pion energy in terva l in the 
beam and ΔΕ is the energy in terva l accepted by the te lescope . The 
curve for N(E, ΔΕ) shown in Fig. 26 has a h i s togram super imposed 
upon it showing this summation. The efficiency is then the ra t io of 
this sum to the number of incident pions as de te rmined from the 
range curve . 
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Fig. 26. Curve of N(E, ΔΕ) vs thickness of copper absorber in the 
telescope. See explanation in text. 
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The r e su l t s of these two methods a r e shown in Fig . 14 
(presented e a r l i e r ) . The solid curve is the efficiency de termined by-
integrating the known exper imenta l c r o s s sections and utilizing the 
efficiency de termined by the half-life curve . The three exper imental 
points a r e e s t ima tes of any e r r o r involved in determining the fraction 
of pions in the beam and the uncertainty in the equality of cable 
lengths leading from the radiat ion a r e a to the counting room. They 
a r e not s ta t i s t ica l in nature . The two methods, even though quite 
different in pr inciple , agree very well. 
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