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University of California.



» UCRL-8354
Physics and Mathematics

UNIVERSITY OF CALIFORNIA o

Radiation Laboratory
Berkeley, , Cahforma

Contract No. W 7405 eng 48

ANGULAR DISTRIBUTION OF PHOTOPIONS FROM HYDROGEN

Edward A. Knapp '
(Thesis)

July 1, 1958

Printed for the U.S. Atomic Energy Commission



This report was preparéd as an account of Government
sponsored work. Nelther the Un1ted States, nor the Com-
mission, nor any person acting on ‘behallf of the Commission:

~ A. Makes any warranty or representation, expfess
or implied, with respect to the accuracy, com-
pleteness, or usefulness of the information
contained in this report, or that the use of
any information, apparatus, method, or process
disclosed in this report may not infringe pri-
vately owned rights; or

B. Assumes any liabilities with respect to the use
of, or for damages resulting from the use of any
information, apparatus, method, or process dis-
closed in this report. ‘

As used in the above, "person acting on behalf of the
Commission”" includes any employee or contractor of the
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ANGULAR DISTRIBUTION OF PHOTOPIONS FROM HYDROGEN
» Edward A. Knapp |

Radiation Labor atbry
- University of California
Berkeley, California

July 1, 1958
ABSTRACT

A‘Ln accurate measurement of the differential cross section for

the photoproduction of positive pions has been made at the Berkeley

*.'s'ynchrotron, for photon energies of 260 and 290 Mev. The mesons

were pro'd_uced in a thin-walled liquid hydrogen target, and the meson-
detection apparatus utilized the characteristic w-p decay of the

‘ . ; o] o}
meson, The measurements were done in two steps, from 0 to 50

v with equipment specifically designed to revd_u,ce a very high positi'ori

background, and from 30° to 160° with equipment whose efficiency
and solid angle could be accurately determi_ned. 4

The eXpei‘iméntaI results in the sfnall-an’gle regio-_ri definitely
show the effects of '""photoelectric" production of pions from the cloud
surrounding the rIucleon, which are characterized by an abbrupt
flattening of the cross section in the region forward of 40° (c.m.).
The rebsults are compared to the theory of photOprddliction derived‘
from the disper sibn relations, and the agreeménf is sati'sfact-oryv

within the limitations of the theory.
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I. INTRODUCTION

The photoproduction of positive pions from hydrogen is one of
the fundamental reac.tions encountered in the study of pi-meson phenomona,
and as such has been investigated quite extensively wherever high-
energy photon beams have been available.: 1-10 Recently, however,
with the advent of more refined theories describing the photopion inter-
action; . 11, 12 there has been a revival of interest in the measurement
of the reaction, for the existing data are insufficient to confirm some
of the finer details of these theories. |

Very little éxperimental information has hitherto been available
on the angular distribution of this reaction in the angular region from
0O to 400,'-where it is more difficult to make accurate measurements
owing to the high electron background present. Furthermore,. the
existing data over the remaining angular range‘ were neither internally
consistent between the various 1aboratories nor statietically accurate
enough to enable a critical selection between the various forms of the
theories to be made. ,

With this in m‘ind the measurement of the d‘ivfferential Cross-
section was undertaken, bwith the dual aims of obtaining data 1n the
region forward of 40° (c.m.), and of materially rbe\ducinvg the errors
assoc1ated w1th the values of the cross sect1on over the angular interval
f_rom 40 to 160°. Our measurements were made in two steps from
50° to O (c. m. ) W1th equ1pment spec1f1ca11y designed to reduce the
background and from 30° to 160 _W1th more conventmnal apparatus
allowing enough overlap for careful normalization.

Similar exper1ments on the forward-angle region have been
completed or. are nearing complet1on by Lazarus14 at Stanford
University and by Malmbergand Rob1nson15 at the Un1ver81ty of
Illinois. lThese experimente '(performed at d1fferent energies and by

d:Lfferent techn1ques) show essentlally the same behavior as the

results reported here.



II. EXPERIMENTAL ARRANGEMENT

A. General Experimental Method

A target containing liquid hydrogen was bombarded with the
340-Mev bremsstrahlung beam‘vfra'n'_,the"Berkeley synchrotron, and the ' v
~mesons produced were counted. as a function of angle for photon ‘
energies of 260 Mev and 290 Mev,. The small-angle arrangement was
' de'signed specifically to .reduce the po'sitron background, .:a_n_d,i_n both
cases the mesons were detected. by requiring‘t_hem.lto exhibit ,thelr
characteristic . = H.'de_qéY,, their energy .being determined by their

range.

: 'Small—“Angle‘ Arrangeme nt

The layout in the synchrotron magnet room is shown in Fig. 1.
The synchrotron spread out beam was used with a beam- pulse duration
of 4 milliseconds. The beam pas sed through a thin- Walled ion
" chamber, thr‘ough two lead colllmators, ‘through a sweeping magnet,
through the target, and finally into a thick—walled.ion‘chamber of the
type"originated at Cornell. The target vacuum system extends through
the sweepmg magnet so that the only source of backgrOund positrons
is the target itself. Mesons produced in the target are deflected
away from the direct photon beam by a magnetlc fleld and are re-
qu1red to pass through a lead scatterer placed halfway down ‘the mag-
netic channel, Th1s serves to remove a large fraction of the pos1trons '
" deflected with the mesons and makes the exper1ment feasible at the

small angles .

The counter telescope requ1res a particle making a valid count
to stop in the fifth counter and decay between 3 X 10 -8 and 9 X lO -8
seconds after com1ng to rest. The momentum width of the magnetlc 4
channel is qu1te broad compared W1th the energy interval determined V
by the range of the particle, so that the energy is completely deter- v &
mined by the amount of absorber placed in front of the telescope.
"Angles are varied in this arrangement by rotating the whole magnet-

telescope system about the center of the target.
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2. Arrangement for Wide Angles

v The setup for measurements from 30° to 160° is shown in
Fig. 2. The arrangement is similar to that in the small-angle measure-
ments; however, the mesons are not deflected by a magnet, but pass
directly into the. tele s‘covpe° Since the positron background is'small
in this case, no lead scatterer was required. The telesc0pe': r‘otates

"about the center of the target volume.. .

B. Meéon Detection-

1. Electronics

The basis of the"viderntifica_t.ion' of the positive pions in this
experim-ent was their characteristic mean life of 2.54 X 10-8 second.
This general method of meson detection was originated by Chamberlain,
Mozley, ' Steinberger, and Wiegand, 16 and has been utilized extensively
in the past. The electronic equipment used in this experiment has been
more fully described by Imhof, Kalibjian, and Perez-Mendez. 17

‘A simple block d.iagram* of the w-p electronics is shown in
Fig. 3. When_the correct combination of coincidence and anticoincidence
pulses is registered in the multiple coincidence-anticoincidence unit,

a gate is formed by the gate generator. The requirements of this
coincidence may be varied to suit the particular problem at hand. Our
specific requirements are discussed in the description of the counter

" telescopes. The _1éngth o_f this gate is 6 X 10_8 second, and it is made
to arrive at a second coincidence circuit, in coincidence .with the
stopping scintillatolr, at a 3 X 10_8—setond delay relative to the pulse
of the stopping m meson. ‘Thus é m meson of the correct energy which

has come to rest in the stopping counter is régistered in Coincidence 1

if it decays between 3 X 10-'8 and 9 X 10_8 second after coming to rest. »
It is also possible for two particles to pass through the counter
between 3 X 10_8 and 9 X 10_8 second apart, or for a n-e decay to ' ¥

take place in this interval, thus appearing like a w meson. These
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cases were monitored with a gate to another eeincidence'unit,
Coincidence 2, delayed by 16 X 10-8 second relative to the stopping
pulse. At this delay 99.8% of the T mesons will have decayed so
that the coincidences recorded are a good measure of the spurlous
counts in the first coincidence unit. ‘ _

The signals are taken from _phote'multiplier tubes':vi'ewing» the
scintillators and amplified in Hewlett- Packard 460- A distributed
amplifiers, for the co1nc1dence circuits all require a pulse ‘height of
4 volts for optimum operation. The multlple coincidence-anti-
eoincidenee unit utilized to"trigger the gate generator had two anti-
coincidence and three coincidence inputs Whlch could be “switched in
any combination, making it useful with many combinations of counters
in the telesc0pe This circuit was des1gned by Evans18 and is’ '

standard equipment at the Radiation Laboratory, it has a resolvmg

time .of about 1 X 10 _8 second. The pulse from the-Evans co_1n_c1den_ce

unit is amplified and inverted by a Hewlett—Packard 460-B amplifier
and is then connected to the gate generator S

The gate generator has also been described in detail in the
paper by Irnhof, Kalibjian, and Perez-Mendez. 17 .A schematic
diagram of the gate generator is shown in Flg 4. The rise time of
the gate is about 5 X 10_9 second, and its amplitude is 4 volts. The
duration of the 'ga‘Lte is set by a 1engt_h‘ of shorted‘coaxial cable, here
set to be 6 X 10—8 second. Thisvparticular circuit has proven extremely
stable, and has shown no appreciabie ‘drif‘ts in the eourse of the
experimental work, ' ' '

The time delay of the gates to the coincidence circuits No, 1
and No. 2 is obtained by requiring them to trével through different
iengths of RG 63/p cable. The second coincidence circuits are of the
crystal diode type. A schematic diagram of these is shown in Fig. 5.
The operation of these c1rcu1ts is optlmum 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'pulser. Since the Hewlett- Packard
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amplifiers limit pulse height at about 8 volts, it is impossible to
feed through single pulses from the stopping scintillator.
During operation it is important to have the discrimination i

level of the two coincidence circuits set at the same value. This

€«

level is controlled by varying the grid bias on the 5687 tube, which
acts as a blocking oscillator producing a pulse for a standard UCRL
1024 scaler. During the experiment this discrimination level is
checked by feeding pulses into the gate generator from a 100-kilocycle
pulser and balan.cin.g the number of accidental coincidences from the _
two coincidence circuits; this periodic check was done once daily.
~during the course of the experimental measurements.. |

. In order to .rnofnito.rvthe stability of the equipment, small . ..
) 'Ru106—Rh‘106 sourc‘ves Were attached to the scintillators, aﬁd the
number of single pulses per minute was recorded each morning add P
everﬁng for each scintillator. _This was accomplished by counting the
number of gates produced in one minute with the multiple coincidence-
anticoincidence unit switched to count single pulses. This cheé_ked all
the electronics through the gate generafor and allowed anyb drifts‘ to be
cbmpensated' by changing the photomultiplier high voltages. The on'l.y
drifts noted were in the g‘ain of the Hewlett-Packard ampiifiers, and
these were small. ‘ _

The validity of our detection scheme may be shown in a variety
of ways: | | _

(a) A plateau was obsvelv'ved in the counting rate as a function
of tﬁe high voltage on the stopping scintillator. A typical plateau is
shown in Fig. 6.

(b) A plateau was observed in the meson counting rate as a

function of the high voltage on the scintillators triggering the gate

circuit. A typical plateau is shown in Fig. 7. v
(c) By varying-the delay of the gate relative to the stopping
pulse, it is possible to measure the mean life of the particles we are &

observing. The mean lives measured agree within statistics with the
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acéepted value of 2.54 X >10_8 second. 19 A typical me'an-life curve
taken at the synchrotron is shown in Fig. 8.

| (d) _'The teleécope operation was checked in a "'pure' w-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

l‘va. Arrangement for small angles

The channel and telescope used in.the small-angle measurements

'i5 shown in Fig. 9. The mesons are produced in the liquid hydrogen

target, where the target's angle of :inclination to the beam was chosen
so that the variation in cross-sectional area of the irradiated portion
was minimum as the angles were changed. Flat parallel sides were
used to ininimiz,e any alignment error. | ,

The 340-Mev s.ynchrotron pair-spectrometer mag‘ne-t was used -
to provide the maghetic field. This magnet has a gap of 35 inches,
with a maximum field of 16 kilogauss. The positive mesons were
deflected in this field and were incident upon a lead s-cétterer-converterv
placed as shown in Fig. 9. The thickness of this lead was chosen to
minimizé the positron flux at the telescope whilé keeping' thé loss of
mesons due to multiple Coulomb scattering as small as possible. For
the 260-Mev photons, 1.5 cen;tirhete‘rs of lead was chos‘.e'n. ‘This
presents 2.75 radiation lengths to the positrons, which is sufficient to
reduce the number o% ba;ckgr_t.)bu.n‘d’ particles triggering the gate
generator By a factor of about 100 at the 0° angle, where this back-
ground problem was worst. '

For ©.:290-Mev.v photons the mean squared multiple-scattering
angle was srhall_er and there were less strin;ge.nt requirements due to
the total range of the particle, so that a thicker piece, 2.50 cm, was
used. This reduced the positron background at the teleécope by a
.factor of 400. ' _ N

The 7 - i telescope required a triple coincidence (1, 3, and 4)to

trigger the gate generator. Counters 2 and 6 were placed in
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anticoincidence. Counter No. 2.is a Cherenkov counter viewed with
two RCA 6810 photomultiplier tubes whose outputs are added. The
sensitive area is made of Plexiglas, which has an index of refraction
of 1.49, and is 2 inches thick. Thus any particle passing through the
counter with a velocity greater than 0.67 ¢ produces a pulse, and
hence a coincidence is not recorded. To come to rest in the fifth -
counter a me son'venters the Cherenkov courter with a velocity of
0.64 c and thus does not produce a pulse. Positrons and ev_lectro'ns‘,'
however, have g ~1 down to >quite low energies, vandﬂ th’us are rejected,
Hobveve’i‘ because of poor light-collection efficiency, thlS counter is
not I_OO% efflc;_aent Counter 6 rejects any .particle pass1ng through
the entire tele‘SCOpe. Counters 1, 3, and 4, Counter 5 (the stopping

scintillator), and Counter 6 are all made of St’an'dard UCR-L plastic

scintillator materijal. Counter 5 ut111zed an. RCA 6810 photomu1t1p11er,,

All had 30=inch Plex1g1as 11ght plpes to remove the. phototubes from
the reglon of high- magnet1c field, and the tubes were also shielded
w1th iron and mu metal aga1nst any stray magnetlc f1e1d

As the angle of observatmn was changed the transformation .
from center of -mass. system to Iaboratory system for a constant
photon energy requ1red the energy of the observed meson to change.
- This change was made by changing the amount of absorber in front
of the télescope, and by changing the value of the magnetic field.
As was remarked, ‘the -magrietic field does not determine the pion
energy, for the magnetic channel is very broad compared with the
AETr ,accepte__ci by the telescope, but the correct energy_}stilll must fall
in the center of the channel. The correct magnet setting was obtained
with the floating-wire technique. This measurement relies on the
fact that a wire under tension with a current flowing through it will
assume a position in a magnetic field equivalent to that of a particle
orbit, where the momentum of the particle is related to the current
and tension in the wire. The sign of the magnetic field was also

checked in this way.

“«
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b. Arrangement .for wide angles

The counter telescope used in the extended-angle measurements

is shown in Fig. 10. The mesons are again produced in a liquid

hydrogen target, which in this case is a cylinder 3 inches in diameter.

The telescope consists of 3 scintillators to trigger the gate generator,

"a stopping scintillator, and a large scintillator in anticoincidence to

reject all particles that pass completely through the telescope. All

the scintillators were viewed with RCA 6199 photomultiplier tubes.
The solid angle subtended by this telescope is determined by

the area of the front scintillator. The foilo_wing counters are successively

larger in such a Way that multiple Coulomb scatteririg_’ of the mesons in
coming to rest may be neglected or easily estimated. This removes one
energy-dependent correciion from the analysis of the data. The lab
energy of the meson is determined by the amount 6f copper absorber
placed between the second and third scintillators. This copper was
fittqd to an assembly so that it could be repositioned éxactly for each
run. The whole counter assembly rotated on a cart pivoted about the

center of the target, and angles could be set to 0.1° accuracy.
C. Targetvs'

The targets used in this experiment were quite similar for both
the small-angle and large-angle érrangements, They consisted of a
large reservoir for storage of the liquid hydrogen, and a small target
assembly suspended below in the beam line. The space surrounding the
hydrdgen-fﬂled target and reservoir was evacuated, and the cold parts
were shiélded from the thermal radiation of fhe'vacuum—tank walls by
a copper .shield held at liquid nitrogen.temp'erature. The small tai‘get
assembly could be emptied or filled by closing or opening a vélve on the
line venting it. Figure 11 shows the reservoir and target arrangement
for the small-angle measurements. In this setup the magnet-coil cases

required the targét to be displaced from under the reservoir, in order

‘to be located close to the magnet pole tips. In the wide-angle setup the

cylindrical target was directly under the reservoir.
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The small target containers used in both experiments were of
similar: eunstructien, although the small-angle target had fla}t sides _
and the one used fo'r,the' wide=angle experiments was cylindrical in
shape. The walls of the target were mvade of 0.005-inch Mylar, which,
because of the low Z of this plastic material, contributed very little
to the“background problem encountered in the measurements. The
_c.onsvurn'pti'on of hydrogen in most cases was less than 1 liter per hour.,

In the small-angle setup, a thm wmdow was prov1ded in the
vacuum Jacket between the target and the entrance to the magnet1c
channel to reduce the scattering of the mesons on their way to the
détectors. In the wide-angle arrangement, no thin window was
required, for the vacuum tank itself was made of relatively thin
(3/3_2_.':-‘inch) aluminum tubing, and an aluminum foil window was

provided in the heat shield.

D. _Monito’ring and Experimental Procedure

' The primary monitor for the gamma-ray beam in this experi-
ment was a’ thlck walled ionization chamber of the ''Cornell' type.
The beam was also monitored with a thin-walled chamber, but this
vs'/as‘used enly as a check .on‘the other chamber. The walls of the
"C_c)f'neil'-f chamber are l-inch-thick copper,» This construction makes
the:ivehamber preferentially sensitive to the high-energy portion of the
brer}héstrahlung spectrum, although stili inSensitive to the vast number
| of,lo\‘;)-en'ergy" quanta or charged particles in the beam. The charge
fro;h the ionization chamber is collected on an integrating electrometer,
. Whij.:qh' ‘is "accu,i'ate to better than 1%. An identical chamber has been
cali;bi‘ated at Cornell Univer sity in terms of the total energy content
of the beam. This was done by two methods: one utilizing.a pair
Specfforhete.r to measure the numher of quanta in a given energy inter-
val per micr0cou10fnh integrated charge, the other utilizing a calor-
imetric method to measure directly the total energy in the beam. 20
The results of this calibration show there are 3.79 X 10 Mev/m1cro-

coulomb at a peak bremsstrahlung energy of 340 Mev.  Since some of
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the discrepancies in the existing data may be due to calibrations of

this type, we plan to do a recalibration in the near futur-e., utilizing

the 500-Mev linear accelerator at Stanferd University "However, the

ex1st1ng calibration is used in the reduction of the data presented here.
' In the morning of each running day the gam of each ‘photo-

multiplier tube was checked with the small Ru106 sources, and the

same was done at the time of shutdown at night.. To minimize the

effects of any-electronie or accelerator drifts, data were taken at
each angle many times; in a cyclic sequence, during fhe course of the
experiment. Data w1th the target empty and the target full were taken

in a cychc sequence also.
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III. RESULTS.

‘A. “Calculation of Cross Sections from Measured Counting Rates

1 ' General Considerations

4

‘ - .In both the small-angle measurements and the angular-distri-
.butiony‘_me'asurern‘e‘nts»cpz_'rections were applied to the raw counﬁng
_.data to.convert them into a differential cross section per incident
~ photon.. This ,involvesjfinding the efficiency of the counter, and
» _tra‘n_sforming__,the laboratory parameters associated with the counter
: telesqope,i_n:to_gua_nti_ties:in the center-of-mass system. . The latter
may be called kinematical corrections. The kinematics of this
. reactionvhave been solved on the Illiac digital computer at the Univer-
sity of Illinois by Malmberg and Koester, 2l simplifying this aspect"
somewhat. The mean pion energy observed by the countef telescopé
at each angle was chosen to correspond to a fixed photon energy, and
the laboratory-system angles were chosen to correspond to convenient
angles in the center—of-masé system. |

A generai expi‘.ession relating our observed counting rate to

the differential cross sectio'n%_may'-be written

do = _ a1 1  (éharge on ion chamber | 1
aQ™ ~ dae™ Y) t  |photon in accepted AE_ /| ¢
where
do : . . . .
g center-of-mass system differential cross section, in

square, centimeters per incident photon per nucleon,
number of counts per microcoulomb of charge integrated

from the '""Cornell" typé ionization chamber,

4o

5

o T solid-angle transformation from the laboratory system of
coordinates to the center—of-rha_ss system of coordinafes,
Q = solid angle subtended by the telescope in the laboratory )

system,
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thickness of the liquid hydrogen target, in hydrogen nuclei

o ._
i

per square centimeter,

m
n

efficiency of the counter teléscope,

The m- pu telescope accepts a given AETr which is a functioﬂ of

the mean pion energy in the laboratory system. The factor
charge on ion chamber |
photon in accepted AE
collected by the Cornell type ionization chamber per photon in the

is a measure of the charge in microcoulombs

energy interval where it would be kinematically possible to p'roduce
a pion in AEW. ~To compute this factor, the number of phqtons in a
given photon energy interval must be calculated and related to the
charge collected on the ionization chamber. Figure 12 is a plot of
the‘Schi‘vff thick-target bremsstrahlung spectrum for a peak photon
energy.of 340 Mev. 22 The area under this curve has the 'vdimens‘ions

of energy, and is .proportional to the total energy of the beam,

a=f x Nk e By
where k is the photon energy in Mev and N(k) is the number of -
photons per Mev at k energy. Now the fraction of the energy of the
beam associated with photons in.an energy interval Ak is just the ratio
of the area under the curve in the increbment Ak to the total area under
the curve. Ifh is fhe height of the spectrum at k,v then Ak - h/kA is

the number of photons in Ak per Mev integrated beam, or

3.79%X 1012 Ak - h
Ak

is the number of photons in Ak per microcoulomb integrated charge

= N(k, Ak) photons/ucoulpmb

from the Cornell chamber, where the Cornell University calibration
at a peak bremsstrahlung energy of 340 Mev, 3,79 X 1012 Mev/pco,ulbmb,
has been used.

The kinematics of the reaction must now be utilized to deter-
mine the Ak of interest from the 'AE“vwhich is known for the telescope

as a function of pion ,energy, The expression for this is
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K-N(K ) (ARBITRARY UNITS)

A= 243.6 ( Mev )

' 1 ] I :
50 - 150 - 250 350 .

PHOTON ENERGY (Mev)

. MU-I55I8

© Fig. 12. Schiff thick-target bremsstrahlung spectrum.
K = 340 Mev. The total area under the curve in units of

‘I\/[%qe)inormalizati'on arbitrary) is indicated. - °
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_fdk ) |
. om/ 0. o

lab
where A.ET-r is the energy.intérval accepted by the telescope and
-(dk ) ]
dE
™ Olap
'may"-be evaluated from the kinematics of the react'ibn'.' "Cbrnbining

 these factors one finds

- charg_e'e_n ion chamber | _ A E “‘dETT‘ ) o1
photon in acc_:eptedAE'"' - 127 h° \dk o _TETT

3.74 X 10 b

In the wide-angle exper1ment all these quantltles had tO\be
evaluated in order to obtain the d1fferent1al cross sect1on Since at
the small angle the 1nterest lies only in & relat1ve angular d1str1but1on
only the energy or angle dependent parts of th1s expressmn need to

" be evaluated These are

o dETT ._ AE . R dQJ; -
dk 6 s . w y : 'd_Qfo k)
lab - o

and e -y therefficiency,

2.0 Kinematical Conside.i'ations

a. ’ W1de angle measurements

For the W1depangle telescope the k1nemat1cal con51derat1ons
r
involve evaluat1ng '

' | 4E
a . x »
dQ‘*, s ‘Q‘, N t, <———dk >9 s and AE“

“lab

The sol1d angle transforrnatlon was taken d1rectly frorn the tables of
Malmberg and Koester 21 where it is evaluated expl1c1tly for the cases

which are of interest here.
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dE
u

dk
Glab

was evaluated by numerical differentiation of the k1nemat1ca1 tables.
Th1s function varies sufficiently slowly with photon energy to make

. this type of determination very accurate. The solid angle subtended
in the laboratory system‘ie defined by the area of the first couvnter in
the telescope, and its distance from the target. Since ‘the target has
finite,extetlsion, changing an‘gles. will chang_e elightly the effective
solid angle seen by the telescope. This wes investigated by a numer-
ical 1ntegrat10n and found to be less than 0.5% between 30° and 90°
(the solid angle at 30 and 150 is the same),

v The effectlve, th1ckness of the target was evaluated by
‘v1ntegrat1ng the size of the beam spot (1 inch in diameter) over the
thickness of the cyhndncal conta1ner The diemeter of this cylindrical
'Mylar vessel was knowr; quite accurately (3.000 £ 0.02 in. ) at room
'tempéreture,' and the vliﬁear'etoef.ficient of expansion for 'Mylar' was
estimated and a correction was made for contraction upon cooling to
liquid hydrogen temperatures The value for this coefficient of expan-
sion and for the density of liquid hydrogen (0.0708 g/cm ) was taken
from the Cyrogenic Data Book of the National Bureau of Standards. 23

For a given telescope configuration the energy of the ’;)ibn
‘stopping in the center of the p-meson sc1nt111ator (stoppmg scmtlllator)
was computed by using the range-energy tables of Atkinson and Willis.
It is also possible to calculate the energy of w mesons that stop at th,e
fr_oht and back ed'ges of this scintillator, and the difference between
these two energies is taken as the AETr corresponding to the ETr that
stops at the center. - Figure 13 shows the results of thiss,AETr
calculation. Some uncertainty is introduced into these computations
because of edge effects in the stopping scintillator, but these may be
estir_nated with good reliability. We estimate that AE_is known to

better than 1%,

<
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Fig. 13. Energy inter_'val A-E-rr ajccepted,by the wide-angle counter
 vs center pion energy. ' - ,
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b. Small-angle measurements

The quantities

o da
dk 0 ’ aa™

were computed in the same manner for the small-angle telescope. If

s and AE
T

one defines the solid angle of the telescope as that subte‘nded by the
lead scatterer, this clearly stays fixed as angles are changed, and
thus need not be evaluated for a relative meas’urefne‘nt. "The number
lost byv multiple scattering is discussed in the section dealing with

counter efficiency.

3. Counter Efficiency

a. Wide—angle telescope

In order to know the efficiency of the m - n telescope, one
must determine the number of mesons lost because of the delayed-
coincidence technique, and the number lost because 6f nuclear
absorp.tion and multiple scattering. The first of these is almost
ii’npossible to calculate from the electronic delay times, therefore -
an experiment was perf.orrned at the 184-inch cyclotron to determine
the efficiency of the counter used in the wide-angle work. This cali-
bration is discussed in detall in the Appendix, and the results are
shown in Fig. 14. v

The efficiency of the target telescope system is also affected -
by the multiple scattering of the mesbns as they leave the hydrogen
target and pass through the 3/32-in. aluminum vacuum tank wall.
"The alurn1nurn wall is the ma_]or contributor to thlS effect, and it is
sufficiently close to the solid- angle defmmg counter to make this
correction negligible. Also, mesons decay. in flight traveling from
the target to the detectors. Since the flight path was quite short
(about 18 inches), only a rough evaluation of this effect was made.

. The quantity

L
(- rrmape) = VN



Fig.
. “energy from cyclotron calibration. The solid curve represents
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EFFICIENCY (%)

, . | | N L [ |
SO - 70 ’ 90 1O . 130

PION ENERGY (Mev)
- - . MU-15520

14, Wide—.ang'ie counter efficiency as a function of.pio'n‘

~the calibration utilizing the half-life curve and the measured

absorption cross sections, the experimental points represent
the values obtained from the ratio of pions incident to pions

counted. (See Appendix.)
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was computed, wherep = v/c, y = 1/'\} 1—[32_ , L is the distance from
the center of the p-meson scintillator to the center of the target,
T(m-p) is the mean life for the decay of a ™ meson at rest, and N/NO '
is the fraction of those mesons starting that enter the telescope. This
effect was not greater than 4% in any ‘situation. - T-he efficiency
measured at the cyclotron was multiplied by this factor, evaluated as
a function of energy before béing aioblied to the raw data.

b. Small-angle telescope

The energy-dependent parts of the efficiency for the telescope
are nuclear absorption of the pions in coming to rest in the stopping
‘scintillator, and multiple Coulomb scattering in various parts of the
channel or teleséope.' Any changes in geometry encountered when the
angle of observation is changed also can change the relative efficiency.

For the case small-angle teiescope, the corrections are all
rather small, for the enérgy of the pions in the lab system vchang'ves :
only 15% in going from 0° to 40° observation angle at either photonv
_energy. However, the situation is complicated by the lead channel
and scatterer placed 10 >ir‘1ches from the scintillators. Because the
pion-energy change is small and the gamma rays are close to the
peak of the bremsstrahlung spectrum, the contribution due to higher-
energy w mesons' being scattéred from the walls of the channel into
" the correct energy band has been neglected. Estimates of the effect
indicate it would be less than 5% of the total counting rate, and would V
not be sharply energy-dependent. Since there is no reason to eXpect
the.‘angula‘r ‘distribution of pions in. this region to change radically
from 260 Mev to the peak of the bremsstrahlung spectrum, the wall
scattering probably affects the relative angular distribution less
than 2%. . The solid angle of the channel-teléscope 'system is assumed
to be constant in the laboratory syvstem, for any angle of obsérvation,
and the angular acceptance of the channel is roughly the same as the
size of the lead scatterer, for the scatterer spreavds'thé meson beam
out over an area about five times as great as the area 'of the'st_opping

scintillator. As one changes angles, the effective width of the target

L
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‘changes and since the energy of the meson changes the multiple

scattermg in the lead converter is. dlfferent - A numerical ‘evaluation
of these effects was performed by trac1ng rays from varlous points
in the target volume and nurner1cally integrating the area under an
appropriate rnult1ple scattenng curve at the stopping sc1nt1llator
The results of this. admittedly rough computatmn show. that the effect
can be no. b1gger than 1.5% between the two extreme angles 0° and
40°, and is probably less. Thus th1s part of the eff1c1ency dependence'.
on energy wa s neglected '_ _ ' ' _

The other energy- dependence part was the: nuclear absorpt1on
of the mesons as they come to rest in the teles.c_:Ope, ‘When the
absorpti_on cross section dA as a _f_unction of‘_energy" was known,. the
absorption correction was evaluated by finding the quantity .

b

¢ - (1_ e- OAdX)
where the integral in the exponent was taken through the various
materials making up the counter telescope ThlS statement conta1ns '
the implicit ass’umption_that most of the diff.ractl__on—scattered mesons
still come to rest in the stopping”sci‘ntillator, or that“the beam is
sufficiently spread out so that roughl-y as many rnes'ons' scatter out
as scatter in. In the small- angle telescope the latter is true, and
the effect of leaving out the diffraction scattermg has been neglected
‘The absorption cross sectlons_.were taken fr;orynMartvan5 .and Stork. 26
The integral was.b evaluated nlurne‘ric_ally and the difference between
the extreme cases is about 6%',: The effect of mesons decaying in

flight is co‘m_p_letely‘ negli"gible,, for the energies are nearly equal

- even in the extreme cases.

B. " Final Results:
Table I gives the final data in terms of the center-of-mass

differential cross section,
do

L



.. Angular distribution of phofop,ib‘nvs ‘_fro"rn hy_drog“env

- .260 Mev' -

. L do do
g Ede ) o e,
o | -I.Lb/'stﬂe‘rad) (pb-/sterad)
0 6.62 +0.65 0 6.90%0.58
10 C6.68+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 19.23 £ 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£0.37 140 16.72 £0.40
140 17.60£0.34 160 ©13.76 % 0.59
10 1647038
O iotal 1‘8_5;:Lf-1A355 micir’(‘).:barn's v gtota;l = 199:i: 14 fnicrobarns

° The small-anglé region has been normalized t'o:the‘backward-angle
portion by a weighted average of thé three aormalizing coefficients
obtained at each energy from the data in th’e-"f‘egio'"n of overlap. Also
in this region the measurements have been combined to' give. one
point at each angle. In no case were these points separated by more -
than 1 standard deviatioh :'aft‘er nhormalization. The normalization
‘error has been propagated to the forward points. -

The counting statistics are probably the greatest source of
error in the angular depenQénce of the cross section, and the

standard deviation due to these is quoted with the data. The reasons
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for this belief'havevbeen enumerated in tﬁe precveding seetion
However, the countmg statistics ma.y not be the largest error
assoaated with the absolute value of our measurements; additional
uncertainty arises from the calibration of the Cornell ionization
chamber and ther-e.are'uncertaivnt’ies” in the absolute efficiehcy of
the vﬁde'—angle telescope. Thus the total cross section, obtained by
integrating our differeqtia_l measurements, is quoted to 7% accuracy,
although the integral is .good to better than 4% statistically. This is
a quite liberal allowance for syetefriatic error, bé.i'ri_ng a very large
error in the Cornell-chamber calibration. | | '

The data are: presented graphically with the rest of the ava11ab1e

- data from other laboratories in Figs. 15 and 16.
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Fig: 15. The differential cross section for positive photopion
production from hydrogen at a photon energy of 260 Mev.
Superimposed on the data reported here are the results of
the magnet6 and counter’ groups' determinations at the
California Institute of Technology, and the datataken from
Bernardini's compilation.
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‘Fig. 16. The differential cross section for positive photopion production
from hydrogen at a photon energy of 290 Mev. Superimposed on
the data reported here are the results of the magnet® and counter
groups' determinations at the California Institute of Technology.,
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IV. DISCUSSION
A, Analysis of the Data by-the Moravcsik Method

In prev1ous analyses of exper1menta1 measurements on the photo-
_product10n of p051t1ve pions, 10, it had been customary to express
the differential cross section in terms of a quadratlc in cos 6%, e. g.,

do.
de”

where the‘assnrnption is made that at low e'ne‘rgie_s only S- and P-wave

= A+B cosh #Ccos20”,

mesons contribute in the final state.. Moravcsik has pointed out that
for charged mesons this expansion is not valid, for the photon can
i’nterac-t not only with the nucleon but also with the charged pion cloud
surrounding the nucleon. This interaction is of the form
.
@ 9. -9

/J—) . Xd-r@c q) o
. T ' qok-a? Lo

- - . . . L . - .
where k and € are the photon momentum and polarization, q and =

—

are the momentum and edergy of t_he meson, and?i:s the nucleon
spin.. The denominator of this expression may'also be written
(1-B cos 9*) . qok where againle*‘i.s the pion emission angle and
‘the meson velocity, in the center-of- mass system. ThisexpreSsion
introduces all higher angular-momentum" states and thus 1nva11dates
- the quadrat1c expressmn for the expansion of (1-B. cos 9") is an
infinite series in cos § . For a photon energy of 260 Mev we have
B = 0.756 and for 290 Mev B = O 800. Because these‘valnes of B are
reasonably large, this term can be quite important in the cross
section in the forward-angle region, where (1-p cos 6*_) becomes
small. This entire process is in many ways analogous to the ejection
of electrons from atoms by the photoelectric effect, and the cross
sect1on for this effect has a similar denominator.. This denominator
is of relat1v1st1c or1g1n arls1ng from the retardatlon effects in the
meson current potent1a1 ) o

To take this process into account, Moravcsik has suggested

analyzing the angular distribution of the charged photopions by an



expression of the form

where fthe‘A.r1 are to be determined by a 1east—sqﬁé.res fit to the data.
This least-squares fit has been performed for our data at 260 and
290 Mev, and the curve representmg this expansion is shown
super1mposed on our data in Flgs 17 and 18. The values obta1ned

for the A are given in Table II.

~ Table II

Moravcsik coefficients dete_rmiried by least-squares fitting

k (Mev) A A, Al AL A

0 i Ty B3 4
2600 . 17.511 -31.117 .- 9.356 - 6.433 . -1.765

290 19.638 . -36.799 9.083  16.373  -8.014

Qua'ﬁtitie's of phy svi:c'.a_l 'intere st, 'such as vn;iultipl.e-pr'oduction
amplitudes , are not simply related to these coefficients. - However,
the curve these coeffi’c'ients represents is useful, for it is of the
same form as p_red_i.cted by theory and may bev_us'e_d'vi'n the c.omparison
of experimental daté. with theoretica'l predictions. The abrupt
flattemng of the exper1menta1 cross section in the forward direction
may be explained by the existence of the "photoelectnc” term in the
theoretical expressmnsn This behavior would not be expected if

this interaction were absent, such as in rrro photoproduction.
\ . . . ;

B. C'omparison with Theory"

The theory of photomeson productmn at present believed to
be the most accurate is that derived from the dlspers1on relations
for the photoproduction amphtude by Chew, Goldberger, Low, and
Nambu, 12 (No detailed description of this theoryis presented here. )
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Fig. 17. Differential cross section for positive photopion production
from hydrogen at 260 Mev. -The solid curve represents the

.- Moravcsik-fit to the data,
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The dispersion relatlon here used is an mtegral expression. relatmg
the real and 1mag1nary parts of the photoproductlon amplitude, and is
derived by using very general considerations. Chew, Goldberger, Low,
and Nambu integrate this dispersion relation, making various
assumptions that simplify the problem sufficientiy to allow the compu-.
tation to be performed. 'Thes,e as sumpti‘ons" include neglect of all '
terms of order v2 in the nuctebn velocity. In the energy region where
these measurements have been made, the error introduced by dropping
these terms ameunts to about 10%, and the theory should not be
expected to describe the process more accurately than this.

" In the process of evaluating the dispersion 1ntegrals use
is made of the unitarity of the S matrix to relate parts Qf the photo-
meson amplitudes to quantities which are known, in this case the
pion-nucleon scattering arnpl.itudes. ' The input data in the theory
thus contain the pion-nucleon scattering f)hase 'shifts in addition to
the pion-nucleon coupling constant the electroni_c charge, .and the -
magnetic moments of the proton and neutron. « _ | _

. The expressions derived by Chew, Goldberger de, and
Nambu have been recently evaluated by Uretsky, 28'us1ng v.ari'ous
assumptions about the small pion-nucleon phase shifts that enter the
evaluation but are not w_ell known exper1menta11y. In Uretsky's
initial .'ca,lculati'vo‘ris the P-wave phase shifts were ‘cto‘mput‘e'd frem the
effective range relations of _Chew, Gosldbe.x'ger, 'Loi’tl, and Narhbu, 29

and the S-wave phase shifts were taken to obey the rel_atibn-
264 + 63 = Q.229 q,

which is suggested by Orear's adalysis 30 This choice is at reasenable
one according to the existing analysis of pion-nucleon. scattermg data,
and the results are shown by the’ heavy line in Flgs 19 and 20.
In order to determine how sensitive the theory was to the
choice of these small phase shifts, .Ufretsky then made three cha'nges. ~
First, he set 611 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 cross section for positive photopion production
from hydrogen at 260 Mev. For an explanation of the curves see
the text, ’
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Fig. 20. Differential cross section for positive photopion production
from hydrogen at 290 Mev. For an explanation of the curves

.see the text.
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1arge'a‘lt_ the backward angles. , Secondly,. he set 6351 and 613 equal to

zero, leaving the .:che’r_,p_ar-amrgte'rs ‘unc‘:ha_;nge__d,lr The results of this

computation are shown by the dotted lines in Figs. 19 and 20. Lasfly,-
' . ‘ 31

he »used- Andersb.n"s formulag for the phase shifts 611, 631 and 61.3,
-with the result shown by the '"dash-dot' curves in Figs. 19 and 20.
Comparison of these predictions to the experimental pbints shows that
| 31 = 613 = 0 yields the best fit to the data bi'ri both cases.
The results of Uretsky's computations are surprisingly

the choice §

sensitive to the choice of these small phase shifts, which are not
known very accurately, Ho’_wev'er,- the photoprdduction _da‘ta probably
" cannot be used at this time to dete_rmihe the values of these small
phase shifts, which are very difficult to measure in pion-nucl\eon.
_scattéring ,eﬁcperiments owing to the predominaﬂée of the well_—knowd
"3, 3" phase shift at these energies. This hesitation arises in part
from the 10% error in the theoretical expression due to the assump-
tions made in its derivation, and in paft from.the large .number of
parameters free to adjust, that is, all the'phaée shifts. The verifi-
cation of the theoretical differential cross section must therefore.
await more accurate detefmination_s of the small pion-nucleon phase

shifts.

C. Conclusions

The behavior of the measured differential cross section in the
region from 0° to 40° clearly shows the effects of the ''photoelectric"
térm in the theoretical differential cross section. When a .cornparison
is made to the dispersi'on—relati’ons theory of Chew, Goldberger, Low,
and Nambu, 12 the theory describes the measurements very well at
260 Mev and somewhat less accurately at 290 Meyv, if 613 and 631 are
set equal to zero. ' No particular significance is attached to this
choice of phase shifts, however, for Fthev theory has assumptions that

may affect the prédictions by more than 10%, and the number of
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combinations of 'ph'ase”:shift" ’choices""is'very."l’ia'rge ' 'Hb‘wever the
gross details of the measurements are certamly reproduced by the

theoret1ca1 curves.
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APPENDIX

. Wide-Angle Counter Calibration at the 184-Inch Cyclotron
The efficiency of the m-  telescope used in the experiment
~was determined at the 184-inch cyclotron by two independent methods.

Both methods made use of a '"clean' pion beam which was extracted

" into the meson cave. In the first method, the efficiency due to the

: 'déi“ay'ed coidcidé’nce was determined from a half-—life‘ curve, and

then the known absbrption'éross sections were utilized to determine

" the total efficiency as a function of pion energy. In the second

method, the ratio of pions defected by w-p decay to the total number
of incident pions was measured at three energies, giving the
be'ffi'ciency:‘directly without resort to any other experimental quantities.
These 't.wor‘meth’ods agree very well, as is seen below. ‘

An internal térget was used to produce the meson beam as
'~ shown ‘ir»i" Fig. 21. A remotely controlled carbon target iﬁside the
cyclotron vacuum tank was struck by 730-Mev protbns, ‘and the =
mesons produced at some backward angle were deflected out of the
magﬁetic field and into an 8-foot collimator.. Since it was important
to have the beam as monoenergetic as possible, avsecondary bending.
magnet was utilized to give better energy resolution. The beam was
collimated again directly in front of the counter to 4 by 4 inches by a
.4-foot iron collimator. The energy of the beam was changed by
changing the position of the target inside the cyclotron and varying the
current in the secondary bending magnet. Three energies, 72, 87.5, |
and 115 Mev, were used. The beam consisted of pions, muo_ns.;'from
-y decay, and some electrons. For the flux of incident pions to be
estimatéd, the fractions of each of these constituents rhust be .
measured. - This was accomplished ~with the use of a range curve,
.such as is shown in Fig. 22. The electronics used to obtain these
results are shown in Fig. 23a. The three scintillators were 6 by 6
inches, 0.5 inch thick, and were each viéwed by one RCA 6810-A

photomultiplier tube, A double coincidence between the first two
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counters recorded the total number of particles entering the
telescope. Copper was placed between these two scintillators and the
third scintillator, and a friple coinéide‘nce recorded the number of
particles passing fhrou‘gh the whole téle scopé. As the amount of
copper was incfeased, first the bibns stopped, theﬁ the muons of the
same momentum, and finally only the electrons were 1eft.' This
behavior is shown in Fig. 22. The number of pions in the beam majr
be estimated with good accuracy from a curve of this type; or better,
~a differential range curve may be obtained by numerical differentia-
tion of this curve and the number of muons determined from this.
The differential range curve obtained from the 87-Mev range curve
is' shown in Fig. 24. The electron contamination is more dviffic'ult

to determine, but fortdnately it was small. The energy of the beam
was determined by the range of the pions.

With .the constitue'nfs of the beam known, the copper and
last scintillator were removed and the ’ﬁ-p telescope substituted. In
this casev the number of incident particles was determined 'by a triple "
coincidence between the first two scint'illatofs‘, as used in the range
measurement, and the first counter of the m-p telescope. The
electronics for this <arran'gement.are shown in Fig. 23b. The w-p
counting equipment and cables were idéntical to those used at the
synchrotron except for the cables that led to the counting room from
the radiatioﬁ area. These cables are known to be of the same |
electrical length to % inch at both the cyclotron and synchrotron.

First, the efficiedcy due to the delayed coincidence alone
was measured. It is possible to find a point of the differential range.
curve where almost 100% of the particles stopping are pions. Copper
absorber was placed in the w-p telescope so that pions of this energy
stopped in the center of the stopping scintillator. 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 scintillator and

the anticoincidence counter rejects all particles that pass into it, the



s
-

o

A TRIPLES/ A COPPER THICKNESS

-54-

{00

] J
70 - 80

g 2
THICKNESS OF COPPER (g/cm/
: : MU-15530

Fig. 24. Diffefential range éu‘rve'for- 87-Mev pions.



'COUNTING RATE (Arbitrary Units)

-55-

[¢)]
(@)
T

N -
o
I

half life 175x10%ec

)
T

e

a8l
6_
4\
normal operating
point .
2_

TR AU A C N S W L1
-40 © =20 0] 20 40 60 80 ‘
DELAY 'TO' GATE (10™ *sec )

MU-1553I

Fig. 25. Half-life curve taken at cyclotron.

~4
7



R

ratio of the plateau height of the curve to the height where the
electronics are normally operated gives the efficiency due to the
delayed coinci‘dence. The total efficiency may then be determined by
calculating the loss due to multiple scattering and absorption, utilizing
the known experimental cross sections. The counter was.originally |
designed so that the correction due to multiple scattering would be
negligible. The loss dug to absorption was calculated By',evaluati-ng '
fOAdx)

the quantity e = (1-e” , where the integral is taken through

‘the various materials in the telescope. This is completely anaiogous

to the calculation made.fof. the small-angle télescope, and the same
experimental cross sections were used ‘here. ;5’ 26 Sinee most of the'
diffraction scattering occurs close enough to the stopp1ng sc1nt111ator |
to be contained by it, any loss due to this was neglected

The eff1c1ency was also determined in a completely 1ndependent
way by finding the rat1_o of incident pions to those counted by - p
decay. The energy spread of the incident beam was comparable to,
or a little larger than, the energy inter‘val accef:ted by the telescope.
For this reason, the energy accepted by the telescope had to be
varied so that all plons incident on the telescope 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, AE), the numbervo‘f pions stopping
in AE centered at E. Then the to‘tal number of pions stopping and '

being counted is
(E 1 +nAE)>AEZ

N = Z . N[(E, + nAE), 2E],
n=0 -

where El and E2 define the limits of the pion energy _int.erval.in the
beam and AE is the energy interval accepted by the telescope. The

curve for N(E, AE) shown in Fig. 26 has a histogram superimposed
upon it showing this summation. The efficﬂiency is then the ratio of

this sum to the number of incident pions as determined from the

range curve.
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The results of these two methods are shown in Fig. 14
(presented earlier). The solid curve is the efficiency determined by
integrating the known experifn‘éntal cross sections and utilizing the
efficiency determined by the half-life curve. The thre.e'expe:rimentél
points are éstimates of any error involved 1n d_etermin‘iﬁ_g the fraction
of pions in the beam and the _unc.e.'rtain,ty in the equality of cable
1evngths leading from the radiation area to the counting room. They
are not statistical in na,turev. The two methods, even though quite |

different in principle, agree very well.
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