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SCATTERING OF GAMMA RAYS BY PROTONS
BELOW NEUTRAL MESON THRESHOLD

Larry L. Higgins

Radiation Laboratory
University of California
B erkeley, California

February 14, 1957
ABSTRACT

The. differential cross section for the elastic scattering of
g'amma r.ays by protons at 90° has been measured in the bremsstrah-
lung beam at the Berkeley synchrotron. The measurements were
carried out below the threshold energy for neutral meson production,

in the energy region from 40 to 132 Mev. The gamma-rays scattered .

: from a liquid hydrogen target are detected by a converter telescope

and recorded photographically. The recoil proton is not detected. The

"energy dependence of the cross section is obtained by the photon-

difference method. The cross section is found to be an increasing
function of photon energy, and indicates that the scattering due to the
anomalous magnetic moment of the proton and its interference with the
mesonic polarization scattering are necessary additions to the proton
Klein-Nishina cross section. The absolute differential cross section
at 90° in the 1ow-ehergy region of this experiment was found to be

approximately 30% higher than the Thomson cross section.
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' SCATTERING OF GAMMA RAYS BY PROTONS .
'BELOW NEUTRAL MESON THRESHOLD

I. INTRODUCTION

Gamma-ray scattering by protons is of fundamentai impor:.
tance because it involves the interaction of two elementary particles:
the .quantum of the electromagnetic field and the charged building block

of nuclear matter, the proton.’ Mahy aspects of this scattering phe=

nomenon are very similar to another fundamental process already

well known to physicists: the Compton effect. A notable addition,
howéver, in the scattering of radiation by protons, is the effect of the
anomalous magnetic moment of the proton and of the structure provided

by the cloud of virtual charged mesons about the proton arising from

~its strong interaction with the meson field. In view of the effects of

mesonic origin, as photori energies approach the threshold energy
for the photoproduction of mesons in hydrogen, deviations from the

scattering expected from a proton without structure should become

- The ‘corpus‘cular nature of the scattering process and-its
treatment in terms of relativistic dynamics, which were of such
pointed intel'ce st .in the Compton electron effect, are taken for granted

in the proton scattering. The Compton-wave-lengfh' shift for proton

‘scattering is

AN = :ZTl' (.I%C) (1-cos 8),

where 0 is the scattering angle and :/—} is the nucleon Compton wave

. c
length, which is the small distance

;\ﬁ—dc = 2.10 x 10714 cm.
An example of an elastic scattering event for an incident-photon energy

equal to the thre shold energy for the pho'topfoduétion o_f'neutral pi

mesons in hydrogen is illustrated in Fig, 1 in order to show the typical
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- energies involved. Figure 2 shows the scattered gamma-ray energy,

k!, and the recoil-proton energy, k-k!, for 90° scattering angle ver-

sus incident pho_t.ori energy k as obtained from the Compton relation
k

k! : 1 +a(l-cos’@) °

/

where a = k/'MCZ.v In the low-energy limit, the incident and scatter-
ed rays have the same energy. | | \ '

"The salient features in the theory of the scattering cross
se,ction are briefly,: | as follows. ' .

‘ /
Thomson Scattering . For quanta much less energetic than the rest- -

mass energy of the proton, Mcz or 938 Mev, the scattering cross
~section can be calculated classically‘,b and is given by the Thomson
formula. .‘_The, incident radiation subjects the scatterer to forced
vibrations, and -- because of the acceleration of the ésso_ciated
charge -- radiation is emitted or scattered from the proton. The
total cross section obtained from the classical radiation formula is
the familiar Thomson total cross section, with the mass of the
‘ proton replacing the electron mass:
g
' ‘ T 3 % " Mce

\

The Thomsom scaftering is independent of the photon energy. Since
the scattering variesl‘in"verse'ly as the square of the mass of the tar-
get f)article, the cross section-is smaller'than that for electrons by
a factor of (1837)2, or about three million, and puts the proton
Thomson total érbss section at the 1sr‘na11'va‘1ue of -

1.98 x lO—31 cmz°

The angular distribution for unpolarized radiation is
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2\ |
do _ .1 [e 2
d—g = -Z( CZ) (l'f‘COS 9),

\

and at 90° scattering angle the differential cross section amounts to

2 \Mc
\

2\2 - , ' , ,
1 (—e——-2> = 1.18 x 10"32 cmZ/ste’radian,

- The Klein-Nishina Formula. The scattering of electromagnetic

radiation from a point particle of charge e, mass M, spin 1/2,
C

and magnetic moment S‘?/Ic is treated according to the Dirac theory
 when the photon energies are not small compared with the rést-mass
" energy of the scatterer. * For unpolarized radiation the differential

‘cross section obtained is the famou’s Klein-Nishina formula,

% = % (\%?)2@>2, El + CO_SZ @) + aa® (1 - cos G)ﬂ :
where the incident and scattered photon energies are measured in
units of M.CZZ k:aMcZ, k'ia°Mc2. The factors that appear ia the
Klein-Nishiné formula are, 'from left to right, (a) the basic unit of _
cross section for elastic photon' scattering, (b) a factor which accounts
for the transforrnation of solid angle from the frame of 'the"r-ec'oiiing
scatterer (proton) to the laboratory frame, (c) the-angular distribution
of Thomsom scattering, and (d) the specific Klein-Nishina termb,_ that
accounts fprvthe effect bf the interaction of the incident quanta with
~ the intrinsic magnetic moment associated with the spin angular’
mbmenturn of the particle. For the proton, the Dirac-moment term °
1s quite small (2%) for photon energies below 140 Mev; however, at
this energy the' recoil factor amounts to a 20% reduction below the’

Thomson cross section.
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Anomalous Magnetic Moment Scattering. The magnetic moment of

the proton is not one nuclear magneton -- as would be expecfed if it
were a pure Dirac particle, which is not in interaction with other

particle fields -- but the relatively large value,

A\

| oh |

2.7896 <2_i\/1_c/

The anomalous part of the proton magnetic moment (1.7896 nm)

should make an additional contribution to the scattering of gamma rays.
The scattering assoc1ated with the magnetic moment due to the coupling

Wlth electric and magnetlc fields of the photon arises from the con-

v-‘s.equent acceleration of the proton as follows: (a)_translatlonal vibra-

tion of the magnetic moment under the action of the electric field on

" the charge, (b) rotational vibration of the magnetic moment under the

action of the magnetic field on the magnetic moment, (c) translational

vibfation of the charge due to the gradient of the magnetic field acting
on the magnetic moment. These contributions go to zero as the wave
length becomes 1ong compared with the dimensions of the magnetic

moment. Powell and, more recently, Low, Gell Mann, 3 and Klein,

have treated the scatterlng from a ‘point anomalous magnetic moment,

and-their result is valid for photon energies low enough so that the

‘ magnetic moment remains equal to the static value. The differential

cross section for unpolarized rays is

. 2\ %7 N2 ' S _
%‘Z' = % (:‘§ACZ> <% o El + cosze,) + aa’(l - cos 9)2 taa'f (8)],
: ), S

.f.(e) =A+Bcos g +C c’os2 6 ,

and
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A= 2\ 00 + 323 *Z)‘ = 42.88,
B = -4x - 50° - 23 = -34.63,
- 1.2 (3 1,4 _
C =20+ 50" - x -»Zx =-3.12,
~and
= 1.7896.

This expression is exactly the same as the Klein-Nishina formula
except for the last term in the square bracket, which is attributable
' to the effect of the anOfnélous rﬁagnetic moment. This cross section,
“called the Powell cross section, is illustrated in Fig., 3 and 4 along
with the Klein-Nishina and Thomsori cross sections., At 90 scatterlng
angle this term is 43 tlmes as large as the 1ntr1ns1c moment term for
146-Mev photons, and leads to an 86% increase over the Klein-Nishina
cross section. The magnetic ‘moment scatterlng favors the backward
hemisphere. '

Mesonic Polarization Scattering. As a consequence of the interaction

between the proton and the pion field there is a cloud of preferent1a11y
p051t1ve mesons surround1ng the proton which is not r1g1d1y attached
‘and may be polefiZed, both electrically and magnetically, by incident
photons. ‘This coupling of the photon to the proton provide s an addition-
al means of scattering which contributes to, and interferes with, the
scattering by the static electric charge and the magnetic moment of
the proton. _ ' |

The order of magnitude of this effect is now estimated. The
'scattering cross section of low-energy pho'tons by free.positive mesons

is pr_e_sumé;bly -givven by the Thomson expression,

2\ 2 ‘
8 e 2 _
=7 <—2> pe = 141 Mev,
3 pec )

which is (:M/p.)‘2 or 44 times as large as the corresponding proton
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value;vhence, even the infrequent presence of mesohs about the proton
shonid be observable in its effect on the elastic scattering by protons.
Let us suppose the fraction of time that char_ged_mesbns are present is
z. Further, if it is assumed that the period of the incidentradiation
is long compared with the time that mesons are allowed to be present
by the uncertainty principle, then the 1nc1dent radiation causes an
average displacement of the meson cloud, and a d1p01e is.induced which
| oltsc111ates_' with the frequency of the incident photons. An oscillating
dipole emits radiation Which varies as the fourth power of the frequency
(Ratyleigh Scattering), and in this approximation the mesonic-polariza-
tion scattering becomes

2 M>2 k\4

z _p— p.cz o'proto'n

. I'fv mesons are present 15% of the time, then, according tothis_‘expres,—
| sihn .at the threshold for meson production a contribution comparable
to the proton Thomson scattering is obtained. |
If the mesonic contribution is assumed to be properly described
by an electric and magnetic polar1zab111ty of the proton's meson cloud,
then the scattering due to the Thomson and spin—iﬂdependent polariza-
_tion parts, but not t_hevnrvlagneti_c-moment svcattering, is given by the

.Rajrleigh-Thorrison scattering formula, 4,5

de 1 ez‘\za'}z.{. AZ 4}’ . Ap
aﬁ_-z—_‘_l\/l_c; <) {1 A )+ M (1+cos 6) —4A a (1 a )cosG,

where AEaZ' and. AMO.Z are the electric and magnetic dipole arhplitudes
of the induced spin-independent polarization. The polarization ampli-
tude s in this simple model may. !be obtained from the experimentally
known cross sections .for photopion production from protons. It is
known that the production of pions arlses from the absorptmn of elec—
tric-dipole (Tl' ) and magnetic-dipole. (1r+ and Tro_) ra_chatmn, hence

scattering is to be expected from these same absorption modes.
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In the above cross section the elettric' polariiét{on'"iéiic;:}a:ttering
interferes at all angles with the proton Thomson scattermg,( and the
magnetic- polar1zat1on scatter1ng interferes destruct1ve1y with it in
the forward direction and constructwely in the backward direction.

" The Ray1e1gh scattering formula accounts only for the spin-
independent polarization of the proton; however, as the polé.rization
scattering is of a mesonic origin and the photoproduction' of mesons

“proceeds through a spin-dependent interaction, ‘one wouldﬁléxpect a

contribution to the polarization scattering which depends on the spin of

the proton.

The final cross section for the scattering must include the
contributions from the proton charge, the magnetic moment (both the
intrinsic and anomalous parts), and the electric and magnetic polari-
zation of the meson cloud (both the spin-dependent and spin-independ-
“‘ent parts), ‘and the interference between .these various contributions.
The details of the resultant scattering cross section are taken up in
Section IV-B. ’ | ‘ ' ‘
| “Several theoretlcal approaches to the scatterlng of photons
by protons are avallabl._e in the literature. 6-10 In part1cu1ar ‘it has
recently been shown by Gell-Mann, Goldberger, and ThlrrlngL1 that,
on the basis of very general wave mechamcal arguments oertain re-
lations concerning the elastlc scattering cross section may be obtain-
ed from a knowledge of the total gamma-ray absorption cross section
for protons. By rheans'of these diépersion relations and a knowledge
of the total photopion c¢ross section at all ene'rg(ies, it is possible to
show that the elastic forward scattering near meson threshold should
be small compared with the Thomson value. Furthermore, dispersion
reiations give information on the sign and magnitude of the spin-inde-
pend-ence polariza»tion amplitudes Agp and Ay and the Spin—dependent
polarization amplitudes.

The finite size of the proton.influences the scattering t}rrough
the interference between different-portions of the charge cloud and be-
comes important as the ‘wave length of the gamma ray apporaches the

dimensions of the proton. In exact analogy to the X-ray scattering by
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an atom, the interference is accounted for by a form factor, f, which

becomes of increasing importance at high energy and large scattering
angles. The scattering corrected for finite size is then £ %{% . At

the energies of this experiment the form factor is nearly equal to one.
- Drelbrtick scattering; or'the scattering of photons by a fixed

Coulomb field due to wvirtual pair production and annihilation, contributes

&

to the elastic scattering of gamma rays by protons; however, the cross

3-4,cm2.), and is strongly peaked in the for-

.ward direction. It is of negligible importance in this experiment.
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II. THE EXPERIMENT

A. General Discussion

The differential cross section at 90° for elastic gamma-ray o
scattering from protons in a vacuum liquid hydrogen target has been .
measured, by use o-f_the bremsstrahlung beam at the Berkeley .

- synchroton. Information on the sc;.ttering cross section was obtained
for gamma-ray energies ranging from 40 to 130 Mev. "The process
was measured by counting the high-energy gamma rays, scattered at
90° 16° to the beam line. The energy dependie-nce of the cross sec-
tion was found by coﬁnting at three different synchroton energies --
95, 113, and 132 Mev -- and then, by means of the photon difference
method, the yields were analyied to get the cross sections. The
gamfna rays are detected with a conventional converter telescope
which subtends a rather large solid angle, and does not respond to
gamma rays of energy less than 35 Mev. Because of the low cross

_3Zcm2/steradian) and the high background

section being observed (10
conditions experienced, the detector consisted of four plastic scintil-
lation counters and a Clerenkov‘counter, all in fivefold coincidence.
Further, to insuré the reliability of the data collecfion, all events
that appeared to be high-energy gamma rays were recorded photo-
graphically and then analyzed visually.

The mefhod of detecting the occurrence of a Compton proton-
scattering event by counting only the scattered hi"gh—energy» gamma
ray, without a coincidence with the recoil proton, has been utilized,

since the phenomenon of a high-energy photon produced at large angles

in the lowest-Z material, hydrogen, is extremely rare, if not dynam’ -

«

ically impossible for some processes. The main absorption modes

of high-energy X-rays strongly favor the emission of the high-energy

-

resultant particles at small angles to the beam line. The photons
scattered from protons retain most of their initial energy, even to the
backwardmost scattering angles, since the proton is a massive scatterer

compared with the energy of the quanta considered in this experiment
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(100 Mev versus 938 Mev). Thus, gamma-ray scattering from
protons is the. oﬁt.standing process to generate high-energy quanta at
large angles.-

The above remarks are valid only for peak bremsstrahlung
energies less than the threshold energy for the photoprvoduction of
neutrai mesons in hydrogen. ’kAbove this threshold, 146 Mev, energetic
(70-Mev) gamma rays due to the decay of TI'O mesons are emitted in
all directions, and are confused with the gamrha_ rays elastically

scattered from protons. Since there are two decay gamma rays for

o 0 . .
" each neutral meson, and the cross section for m~ production rises

rapidly with photon energy to a value very much larger than the
elastic-scattering cross section, it is essential that the synchroton be
operated at energies below 146 Mev lest the Comﬁton proton ex(/ents be
swamped by the garhma rays from neutral mesons. ‘

It would be most desirable to detect a gamma-ray 5cat£ering
event by requiring a coincidence between the scattered gamma ray and -
the recoil proton. Since it is a two-body process,-a measurement of
the energy and angle of the recoil proton in coincidence with the
scattered gamma ray would be a conclusive identification of such an
event, and further, it would not be necessary to employ the photon-
difference method. This was not done in this experiment, ‘sihce a
target thick enough for a wor.k,able counting rate is too thick to allow
the recoil proton to escape from the target. A typical fecoil proton
travels less than one inch in liquid hydrogen. o

The electron anélog process of this experiment, the Compton
electron effect, occurs at a rate three million times-as great as that
of the proton-scatter_iﬁg’ events. Though the scattering from electrons
is more frequént, the photons that are scattered at 90O are limited to

a maximum energy equal to the rest-mass energy of the electron by

the requirements of the conserwvation of relativistic momentum and

energy. Inasmuch as the threshold energy of detection of the converter
telescope is well above 0.51 Mev, these low-energy quanta present

no problem.
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-B. The Experimental Layout -

Diagrams of the experimental arrangement are shown in
Figs. 5,6,7. The synchrotron X-ray beam passes through a 3/4- o
inch-diameter lead collimator, 55.5 inches from the platinum brems-
strahlung targe_t', then through a secondary lead collimator which is
slightly larger than the beam defined by the primary collimator and is
intended to clean up the "spray'' due to the primary collimation. It is
estimated that only ® of the total X-ray output from the synchroton,
set at 132 Mev, passes thréugh the 2 /4-inch collimator into the ex-
perimental area. The rest of the beam (93%) is lost into the lead
wall near the collimator hole, and produces an intense neutron back-
-ground. At 96 inches from the VX-—ray source is located the effective
volume of the liquid hydrogen target, where the beam diameter is 1.30.
inches; . Still further collimation was found to be necessary just before
the hydrogen target, to insure that any remaining fringe of the beam
not hit the walls of the hydrogen target. This collimation consisted
merely of a 2-inch-thick lead brick with a hole in it that amply
- cleared the beam but cast a shadow enveloping the walls of the liquid
- hydrogen target. After the beam passes through the hydrogen, it
strikes a thick-walled ionization chamber (Cornell chamber) with
‘which the beam is monitored. The beam is also monitored by a
thin-walled ionization chambér (Nunavnfchamber) located before the
primary lead collimator. The hydrogen target is viewed at 90° by

the gamma-ray detector, which is heavily shielded with lead.
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C. Gamma-Ray Source

The beam of gamma rays to be scattered from protons
originates’'in the synchrotron, where the electrons that have been

accelerated to high energy are allowed to strike a 0.020-inch thick

L5}

platinum target, from which in turn is emitted a bremsstrahlung beam,
with its characteristic continuous distribution of X-ray energies up to
a maximum energy equal to the peak energy of the electrons in the
synchrotron. It is-required to obtéin_bremsstrahlen of energies less
thaﬁ 146 Mev,- that is, below the threshold energy for neutral-meson
photoproduction in hydrogen. The Berkeley synchrotron may be low-
ered from its uéual energy of 342 Mev by either lowering the peak
magnétic field or shortening the rf acceleration period, or both. The
energy of the circulating electrons in the synchronous orbit varies
sinusoidally with time and is proportional to the peak magnetic field,
and hence to the voltage on the magnet capacitor bank.. This relation

is expressed in-the formula

v L o [7790-T )\
ki = 342 Q4—9> sin [90 <W

where km is the synchrotron energy in Mev (the maximum brems-

strahlung energy), V is the capacitor high voltage in kv, and T is the
time in microseconds before the peak magnetic field; 7790 micro-
‘seconds is 1/4 of the natural period of the magnet-capacitor resonant
circuit. At 342 Mev, the capacitor bank voltage is 14.'9 kv.
The energies below neutral meson threshold were obtained by
changing both V and T. With V equal to 7.6 kV, and T ranging from
4760 to 3100 microseconds, spread-out beams of 100 microseconds
were used and easily ovbtained,. ' .
The calculated machine energie sv were ‘checked, expérimental-
ly, by investigating the high-energy end of the bremsstrahlung spectrum @
with a high-resolution pair spectrometer. The measured values were
found to be 6% lower than expected from calculation. In an experiment
‘preceding this one, Anderson and Kehnylz found close agreement be- |

tween the measured and calculated values.
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Prior to this experiment, ‘disassembly of the synchrotron

magnet was necessary to replace a broken quartz, and it is believed

that the observed 6% discrepancy is due to slightly different conditions

in reassembly. The shift in machine energy is supported, allso, by

- the fact that the counting rate, due to neutral meson-decay gammas,

did not begin its steep rise, as the bremsstrahlung energy was in-

creased above threshold, as quickly as was observed in a previous

" experiment. Coi.ncidenta""lly, 342 Mev/1.06 is 322 Mev, the maximum

~energy quoted for the Berkeley synéhrotron in 1950.

13

The error in krn may be calculated from the uncertainty in

estimating the time T (+ 50 usec), the beam spill-out time (100 psec),

the random fluctuation in the magnet voltage V, which was monitored

bg_a recording and found to be 50 volts, and the unceftainty in the

pair-spectrometer measurements (+3%).

- , km. is +2 Mev, and an. absolute error +4 Mev.

The final relative .error in

The bremsstrahlung beam is monitored by a thin-walled ion-

ization chamber located before the beamn collimators and a thick-walled

ionization chamber located some distance behind the Iiéuid hydrogen

target. The purpose of these chambers was to make a relative measure

of the beam intensity, and the actual sensitivity of the chambers is

not used in the calculation of the.crovs,s section because of the way in

:Whichv the gamma-ray detector is calibrated. This is discussed in a

later section.

A table of the av_ei‘age beam intensity realized throughout the

experiment with the 3/4-inch collimator is given below. The sensitivity

of the thick-walled ionization chamber is taken to be 3.30 x 1012‘ Mev/

pcoulomb.
’ k Equivalent | Cornell chamber| Background :
Mev Quanta/sec pcoulomb/hr meter mr/hr
“ 95 2.1x 10" 80
113 3.2 % .107 ' 125
132 4.0x 107 5. 180
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- D. Hydrogen Target

Several considerations indicate the necessity for a vacuum
liquid hydrogen target for this experiment. A polyethylene-carbon

subtraction would lead to serious difficulties at the low counfing rates

-

expected. The yield of a high-pressure gas target would be too low,
and the target-to-background ratio would not bé favorable. A styro-
foam liquid hydrogén target, though simple, woud not be suitable fof
a long experiment because of its high consumpti.on rate. A large and
"accessible volume of hydrogen was prox}ided. by the target of this

‘experiment, a drawing of which is shown in Fig. 8.° The long probe

~ © design allows unrestricted shielding and counter arrangement. The

‘large size of the target was desirable because of its high'er counting
rate and because the effective portion of the target, viewed by the
| counter and defined by 'the beam diameter, is immersed in a liquid
hydrogen medium, so that wall scattering effects are mbini'mized. This
design led to a (lfull-'target/empty-target) ratio of sevenov
The entrance foils are 0.001- and 0.002-inch>thick stainless

steel. The hydrogen column-is 2.88 inches in diameter, which clears
the beam diameter by 0.79 inch @s the beam diameter is 1.30 inches).
" The total volume of hydrogen of the column and reservoir is 83 liters,
and the liquid nitrogen reservoir holds 11 liters. -The hydrogen column
is _coptained in'a 0.020-inch brass -pipe which is surrounded by and
separated from a 0.020-inch copper pipe, connected‘the‘r‘rnally; to the
liquid nitrogen'reservoi,r., "This system is then surrounded by a 0. 0625-
inch alufn_inurh vacuum jackeét. These three cylinders are held accu=
rately coaxial by small teflon spacers. Thinner walls would have been
desirable, as they give rise to background counts due to brerhsstrahle’n
from electrons scattered at wide angles and absorb about 4% of the

real counts. The hydrogen consumption, after steady conditions have-

©

been reached, .is roughly 1 liter per 8 hours. Twenty-five liters of
hydrogen were consumed, however, before stable conditions were -
reached. - The effective length of the liquid hydrogen viewed by the

" counter is 12.0 cm. With the density of liquid hydrogen at O.O71/cm3,'
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.the target thickness is 0.855 g/cmz, or
nlL = 5.13 x 1023 protdns/cmz.

E. Detector

The detector is intended to éount, with relatively high
efficiency, gamma rays of energy greater than about 40 Mev. The
unit is a conventional gamma-ray converter telescope consisting of
a 0.‘25—inch lead radiator, followed by five counters in (photographic)

coincidence, four of which are plastic scintillation counters and one
a lucite Cerenkov counter. The B, D, and Cerenkov counters are in
electronic triple coincidence. A plastic scintillation anticoincidence
counter intended to reject coincidences due to charged particles
(electrons) is situated in front of the telescope. Thé details of the
detector geometry are shown in Figs. 6 and 7, and the specifications
of the individual counters are listed in Table I. The high coincindence
multiplicity of this telescope was found to be necessary, experimen*-t_
tally, to identify conclusively the counts dul.be to gamma rays. One
is compelled to use this stringent means of identification because of
the low cross section being observed, the high singles counting rates
typical of the synchrotron experimental area, and the d_etecfion of
only the scattered photon (not in coincidence with the recoil proton).
Tbe detector is guarded by a 2.25-inch-thick carﬁgn absorber in
front of the anticoincidence counter, planned to stop low-energy
electrons from the target. On traversing the block, a fast electron
suffers an 18-Mev ionization loss. The radiation loss by fast elec-
trons in the carbon ‘is-.discussed in Section III-D. The efficiency of
the ar_iticoincidence counter has been determined, from pulse-height
measurements on filrri, to be 98.0 + 0.8% efficient. The 2% ineffi-
ciency is not trouble sbme, because the ratio of anticoincidence counts
~to real counts is less than 1/3. The effective solid angle of the
detector is about 0.1 steradian, and the efficiency for 100-Mev gamma
rays is 24%.. The energy dependence of the counter efficiency is |

treated in Section III-C.

»
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(%)

Table 1 "Specifications of Counters
Counter A B C | D E Cer.
Purpose Anti | Coinc.| Ccﬁ co. co. ~ co.
Phototube 1P21 | 1P21 | 1P21 | 1P21 | 1P21 | 6810(two)
Material - Scint. | Scint. | ‘Scint. | Scint. | Scint. | Lucite
Thickness (in.) | 0.75 | 0.75 |.0.25 | 0.75 | 1.00 { 5.00
Width (in.) 4.25 | 4.25 | 4.00 | 4.25 | 5.00 7. 00
Height (in.) “2.25 |'2.13 | 2.00 | 2.13 | 4.00 | 6.00
‘Half-width o |
uniformity 15 15 15 15 10 30
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F. Electronics

A block diagré'm of the electronic equipment is shown in
Fig. 9. A pi-eliminary identification of gamma-ray events is made
whepvan electronic triple coincidence is recorded between the B, D,
and Cerenkov couriters. Any pulses that were in the couﬁters at the
time of the triple coincidence are mixed together in the gated dis-
tributed‘p’ulée adder so that they may be diéplaye‘d on the 517 Tek-
‘tronix Oscilloscope. The.pulse adder is gated on by a large pulse
from the coincidence circuit. The coincidence circuit also triggers
the 517 Tektronix Oscilloscope. A positive 20-volt 300-usec pulse
is used to gate.on the cathode ray beam in the o'scilloscopé and a
sca'ler:,':;:Vhich registers the number of slweeps,' occurrihg at the
béam'épi'llv-'out time. An outf»ut pulse from the gated scaler triggers
‘o a rela}}’ circuit that automatically advances the film in the~'§:amera '
that records the events appearing on the oscilloscope. ‘

- Phototube high volt"agv'es were adjusted so that miqirﬁum—
ionizing particles tra;versjng the ‘counters produce about 0.7-volt.
negative pulses, which arla then connected with 125-ohm RG-63/U
cable into terminated inpujt.s of Hewlett-Packard 460 A wide-band
amplifiers, and the approximately 5-v01t.'output pulées are then sent
into the pulse-mixing circigixit and triple-coincidence c.irc‘uit.

The A, B,C, D, and E counter elements of the gamma-ray
telescope are plé.sfic scintillation counters, each yiewed by one 1P21
phototube operating at a tyfpical high voltage of 1400 volts. The
lucite Cerenkov counter is viewed by two RCA 6810 photomultipliers
operating af about 1800 volts. ‘ -

- The triple‘-coinciidence circuit is a simple: Rossi parallel-
type circuit. The schematic is shown in Fig. 10. The circuit takes

unshaped input pulses of about 2 volts or more, is relatively fast

€

(about 10—8 second time rqsol'utio'n), and provides a large output
pfilse (120 ma} with a fast 'rise time (1'0-8‘second.), which is very
useful for triggering purposes and scaling. Because of the high

input impedance to the coincidence circuit, the pulses that make
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tl}evcoincidence may be photographed later without loss of rise time.
Figure 11 shows how the order of the coincidence ({triple, double,.
single) depends on the inpﬁt pulée voltage and the discrimination level
in the plate circuit of the 6 AH6's. The doubles-to-triples ratio for
phototube pulses is 50 to 1 when use is madé of the limiting action of
the HP 460 A amplifiers. The time resolution. of the circuit was
rﬁeasured with cosmic raysv. The delay curve is shown in Fig. 12.
The half width at half-maximum time resolution is 4 x 10-9‘seco‘n‘d,
and the counts drop to zero at 0.8 x 1078 second. These figures
are what would be expected from the clip liné used (4 x 10-»9 second
clipping time). The long-time stability of the discriminator setting
is 5% per day, and is aécomvplished by providing low-impedance
biases for the diodes on back resistancev, and large resistance values
in the screens of the 6 AH6's. Pfotec_tion against.charging effects -
under very high input counting rates is accomplished by clamping. the
dc voltage values with ample capacitors. - The maximum allowable
coincidence rate is one count per 5 microseconds, which is deter-
mined by the reéovery time of the one-shot multivibrator output.

It is required to display, in a single sweep, the pulses from
the six diffefent counters on the 517 Tektronix. oscilloscope at six
- different positions, so that the pulées may be identified without
" question as to which counter they originated in. To display a few
counters at low counting rates, it is sufficient to merely add the
pulses from the counters and delay them with-respect to one another,
The pulses are identified, then, merely by their position on the trage.
For numerous counters and high counting rates, this simple means
is not trustworthy, since accidental events on the trace lead to con-
fusion in identification. To avoid this difficulty, the gated distrib—
uted adder was developed and is shown in 'Fig. 13, I't'has‘ six input
channels connected to a common output, but delayed with respect to
each other by 8‘x_16_85eco.r1d. All input channels are gated on, simul- j
‘taneously, by a triple-coincidence event, for 8 x IO_8 second
(1 x 10_8 second rise time and fall time). Réplicas of the pulse

that gated on each channel appear adjacent to one another in the
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output, since they are delayed with respect to one another by an
amount just equal to the gating time. Since the oscilloscope is trig-
gered and. the ‘adder is gated on.by the coincidence pulse, and a
given channel is open only at a specified time after the coincidence
pulse, then.the- counter feeding that particular channel can appear
only in one region on the oscilloscope trace after the coincidence
pulse, and confusion in identification as to the origin of a pulse is
eliminated. Thus, the position on the trace uniquely identifiés the
‘pulse. _The‘ replicas of the gate pulses appearing in the output are
canceled out by a equal and .opposite pulse. The rather strange -
Iooking output of the gated distributed adder, described above; with
i_ﬁput ‘éignals di‘scénnected, is shown in.Fig. 15a.. The pulses that
appear on this trace between the gates are due to impérfect adjust;
ment of the positions of the gates and the gate, widths. The over-all
-gain of the unit is about 1/4. | |
In order to gatev the counting equipment on onlvy‘during the
- beam spill-out tirhe (mainly to remove the cosmic-ray background),
it was decided to leave all the equipment on, but to gate on the cafhode—
:’ay beam in the 517 Tekfronix oscilloscope only. Since all the data
were recorded photographically, this was sufficient to achieve the
hecessary gatingz (The scalers are gated off, too.) The feature of
gating the cathode-ray beam is not provided for on the 517 model,
so that it was necessary to develop such a gating arrangement. The
schematic of the circuit is shown in Fig-.”14. The rise time to gate
on the scope with this arrangement is about 1 microsecond. The
‘unit requires a 20-volt gat“ing’ pulse (from the scaler gate and beam
monitor}), and the proper setting is vfound by lowering the '"intensity"
knob so that-when there is no gate pulse the traces are invisible,
When the g_atev pulse arrives, the cathode-ray beam is gated on, to
the usual intensity for photographing. The unit may be left on all the
time, as.it draws little cu.rrent.(llmaf), and the oscilloscope 'intensity"

knob is the only adjustment necessary.
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B ~ .G, Photographic Method

The decision to photogréphi-cally record the scattering events
was based on the necessity for conclusive identification of gamma rays
at the low counting rates e.xpected,~ in the présence of the high

. synchrotron background. A purely'electronic means of selection to
éccomplish a short-time-re sblution fivefold coincidence that is well
plateaued and at the same time completely di'scrimi'n‘ative against
fourfold or lower-order coincidences, and is protécted agairist spu=
I;iovus‘ cc'ilurit“s even under the conditions of very highisidgles rétes and
Ibw coincidence counting rates, is a difficult task at best. The
p'h.otographic recording techique provides a solut_ion:in that all events
are put to the ﬁltirriate visual test, and the requirefnents on the
electronics are relaxed since they serve only the function of making
a preliminary sorting. The price paid for this reliable means of
identification is the many hours of ‘time required to sort the desired
events from those which do not fulfill the criteria set up for gamma-
ray events. : E N '

The recording of an event is initiated by a triple coincidence

. in the B, D, and Cerenkov counters, which triggers.a 517 Tektronix

oscilloscope on which are displayed the pulses from the six counters
of the gamma-ray telescope. The -.oscilloscope trace is photographed
with a General Radio 35 mm oscilloscope camera which has been ad-
justed to focus the trace as a fine line on Kodak Linagraph Pan high-
contrast film. The oscilloscope is set at a sweep speed of 100 mpusec/
cm, or about 1 pusec total sweep time and no deflections are allowed

to exceed 1.1 cm on the cathode‘—ray tube. The film is autOmatically
“a)dvan’ced about 3/8-inch for each event that occurs during the beam

spill-out time. KEvents that occur outside this time, such as those

. due to cosmic rays, do-not advance the film nor are they photographed

since the film-advancing mechanism and thé c‘athbde-—ray beam of  the
517 Tektronix oscilloscope are gafed'-on only during the beam spill-
out time, The maximum allowable repetition rate of the film-advancing

unit is one event per two seconds. The film was developed and
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ready for a preliminary scanning about two hours after a _l;un, Ex-
amples of some of the events recorded are shown in Fig. 15.
Example (a) is included to_illustrate the output from. the gated adder

- when the 1nput pulses are d1sconnected (b) is an event due to a high-
energy gamma ray, {c)is a count due to an electron that reglstered
a fivefold coincidence along with its anticoincidence pulse, and (d)
is an event which involved only the B, D, and Cerenkov coﬁnters,
wh1ch is su£f1c1ent to trigger the oscilloscope. It should be noted
that the D pulse is not gated by the gated adder, and is d1sp1ayed
;Wlth negative polanty to avoid confusion with the other pulses
Furtherrnore the fifth input channel was notiused, and the order of

~ the pulses on the trace does not correspond to the order of the counters

in their physical arrangement.

H. Expefimental Pr ocedure

The setting-up procedufe consists of verifying that the axis
of the beam is accurately lined up with the beam collimator system,
and that the cross hairs of the transit are centered on the beam. Bot’h
the small lead collimator directly in front of the hydrogen target and
the target itself are lined up by means of the transit cross hairs, and
then their positioning is-accurately checked with X-ray p’hofb-graphs
of the beam; positioning thus is accurate to less than 1/16-inch, The -
gamma-ray detector is then located relative to the outer case of the
target: and measurements of the counter geometry are .made.
The high voltage on each of the counters is adjusted so that
‘the average pﬁls,e due to minimum-ionizing particles produces pulses
at the coincidence circuit that arke» five times the minimum necessafy.
to record a triple coincidence, and the di‘scriminator of the coincidence
:circuitvis adjusted just above the limit for double ebincidences. 'Checks
.on'the discriminator settings and phototube high voltages for plateaped
conditions with cosmic rays were carried out, and an analysis of the
. film showed the equipment to ‘be ¢ounting triple_—coincidence events

with high efficiency. Phototube high voltages, bias, and discriminator
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{p)

(d),

MU-12984

Fig. 15." Oscilloscope traces. _ _
(a) Gated adder output with input signals from counters disconnected.
(b) High-energy gamma-ray count,
(c) Electron count. ' . o
" (d) Triple-coincidence event.
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levels were checked frequently during the run, and a continuous check
on the pulse height from the counters and the gain of the pulse adder

and oscilloscope was obtained from the film data. .
The running procedure consists of collecting data for fuli—
target and empty-target conditions, at three different synchrotron
energies: 95, 113, and 132 Mev. These conditions were alternately
cycled several fimes during the experiment, to minimize possible
adverse effects due to long-time drifté. The energy of the machine
and the beam spill-out conditions were monitored c-ontinb.ously by
viewing an oscilloscope on which was displayed the output from a
_-counter exposeci to the direct synchrotron beam. ‘

. To verify that high-energy gamma; rays were being counted, the
converter-in/converter-out ratio was determined aund found to be about
seven, and a similar ratio was obtained for full and empty target.
Several long runs to check for accidental evenf.s yielded negative results.
A further test on the equipment was made by increasing the brems-
strahlung energy above the threshoid energy for the photoproduction of
neutral mesons, and a rapid rise in gamma-ray counting rate with

machine energy was observed, due to the decay gammas from =

mesons.y

I. Experimental Results

The experimental data that are obtained in this experiment
‘consist of an accumulation of counts at three bremsstrahlung energies,
which is the integratéd result of the 'scat’-cering at 90° weighted by the
bremsstrahlung spectrum and the counter efficiency over the enérgy
interval from about 40 Mev to the peak energy of the synchrotron. The
net hydrogen-counting rates, corrected as discussed in Sectioﬁ III-D

are as follows:



-40--

Synchrotfon Gounts per
Energy - 101! Equivalent
km Quanta
(Mev)
95 6.68 + .42
113 C 10.16 £ .51
132 . 14.59 + .64

The cross section is obtained from these values by unfolding the
bremsstrahlung spectrum and the dependence on ernergy'o'f the count-

.ing efficiency, H These calculations are carried out in Section III-E.
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"III. ANALYSIS OF THE DATA

A. Film Reading

The film data collected during the run are projectéd in a
Recordak Film Reader for the analysis, and are examined for gamma-
ray events, ‘which are identified by a trace with pulses from the B, C,
D, E, and Ce‘.r‘enkov counters that are ‘larger than certain minimum
pulse heights, all of which must fall at their expected positions with-
in 6 x ‘1‘0""9“second and not be accompanied by an anticoincidence
pulse.: The high-energy electron.even’cs are those which fulfill the
- condition for a real event but which include, in the properupositi;)n and
“-largerithan a certain minimum the anitcoincidence pulse. ‘Pulse -
heights are measured in the projector by means of a graph.—paper.scale
(Keuffel and Esser 358-10.5L, 20 x 20 lines to the inch}). A pulse-
height unit is 1/20-inch, and 1 cm deflection on the cathode-ray tube
corresponds to 37 units, or 4.7 cm in the film reader, so that the
over-all gain of the camera and Recordak is 4.7. The Recordak en-
1arées the 35-mm film dimensions by a factor of 20. A l-cm grid on
the oscilloscope‘photographed at the start of each run and the perfor-
ations of the 35-mm film provided a means of checking possible shifts
in over-all magnification of the vecjuipment; however, no such changes
were observed. The thickness of the trace, as seen in the projector,
is 2.2 mm (0.47 mm on the CRT). The pulse-height measurements
were reproducible to Bettér than 4%.

The requirements that the pulses from each of the counters
be larger than a certain n:ﬁnimum pulse height, which corresponds to
setting discriminator levels in electronics, were carefully checked
throughout the film reading by establishing the average pulse height
due to minimum-ionizing particles in the counters so as to insure that
these conditions remained the same in the scattering experiment and
in the calibration experiment. It is essential that the film data be
read the same way at all times, since the minimum pulse-'height

conditions directly influence the efficiency for gamma-ray detection.
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Since the film was analyzed the same way in the calibration experiment
and in the scattering ,experimént-,; the effect of the pulse-height minima
is éutomatically included in the counter efficiency. It.is estimated

that the errors, in pulse-height measurements and in tirle fluctuation

in the pulse-height minima, amount to 1% for all the data collected at

each energy:-

B. Background

A study of possible background contributions must, of
necessity, be carried out rather extensively in an experiment of this
type. Such a careful background analysis is necessary for several

32cm /steradian});

reasons: the cross section being measured is small (10
the method of detectlon identifies only the high-energy gamma rays
scattered by hydrogen at 90° without a coincidence with the recoil
proton, consequently one must be very sure that no other process
could give.rise to such high-energy gamma rays at large anlgles; and
" the experiment is subject to high background conditions, relative to
the countiﬁg rates expected. ) ‘

The discussion of background is restricted to bremsstrahlung
energies below the threshold for neutral-meson production in hydrogen.

We are interested in those events in hydrogen, initiated by
phbtons, each of which produces a high-energy photon at large an‘gles,
- which is not due to the proton Compton effect. Of the two main ‘
processes taking pléce in hydrogen -- pair production and Comption
electron effect -- only the latter yields a photon in the final state. As
_ discussed earlier, the 900asca_ttered quanta in the Corrnption electron
effect are limited to an energy not exceeding one-half Mev., and in
spite of the copious number of such events, they are not a troublé_some
“background. Though pair production produces only a positron-electron
pair and a slightly recdilirig nucleus (proton), a higher-order process
related to pair prvoduction can result in the procudtion of a photon in
the final state.. The process is radiative pair production, or pair

production followed by inner brems strahlung of one of the pair
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electrons-in the Coulomb field in which’'it was produced. -It is possible
for this proceés to produce high-energy photons at wide angles, since
the ponderous proton c’an recoil with low energy to balance the large
transverse momentum involved, contrary to the situation in the Compton
electron effect and radiative triplet production. No theoretical treat-
ment of this unlikely process is available, although inf_ormation'is
obtainable on wide-angle pair production;'14 consequently, to make a
crude estimate of f)adiative pair production the cross éection for the
production of a high-e‘nergy pair electron at largé angles is carried

out, and then the extreme assumption is made that the electron is a
gamma ray of the same energy as the electron. Under this assump-
tion, in acalulation at a bremsstrahlung energy of 132 Mev, a;v‘eraging
the cross section over this spectrum and weighting by the counter
efficiency, the effective crvoss section for this type. of event is found to
be 0.65x 1'632 ‘

Thomson scattering cross section. However, the extreme assumption

cmz/steré.dian, which is about 50% as big as the

“made is an overestimate by about a factor of 137, so that the contribu-
tion to the gamma-ray counting rate due to"this process for 90°
scattering angle is srﬁall, Therel is evidence from other.laboratories
‘that contributions due to this effect are apparent at smali angles in

the forward direction. ' _

' Multiple effects can now be considered. With the _\\pggducti’oﬁ
of electrons in the hydrogen by the Clo'mpton electron effecf a‘nd‘ by pair
production, other possibilities of background contributions a‘ljrlq_.open.‘
Electrons can ﬁfoauce high-energy photons directed towal.{ds_tjhe
detector by wide-angle bremsstrahlung on prot‘ons, or the élééfrons

" incident on the detector can emit hard bremsstrahlen on passing‘
‘through the walls of thé target and the carbon avbsorb,er‘pre'ceding the
detector. A calculation of this electron flux, an the assumpﬁon that =
the Compton and pair electrons produced in the hydrogen are eiastically
scattered by proton’s to 900," was made, and it accounted for about half
the experimentally determined number of electrons, the other half

presumably being due to wide-angle pair production and to electron
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production: in the air c‘olumh and foils before the hydrogen target.
- With the experimental knowledge of the scattered eléctron flux, the
number and distribution in energy of the electrons in the t'a:rgét can be |
calculated and consequéntly the wide-angle -'bréfnsstrahlun'g14' on'protonsv
may be evaluated, -with the result: the contribution is less than 0.3%.
The counts due to bremsstrahlung in the material before the counter-
a‘re"'n‘obt negligible; and were determined at the three breméstrahluﬁg
energies of this experiment from knowledge yof the distribution of
electrons impinging on the detector, the radiation cross section, and
‘the counter efficiency: The magnitude of the correction is approximately -
4% at each brems strahlung energy. Multiple scattering in hydrogen
to 90° is negligible. - ' ’ '
* Preliminary experiments met with great di.fficulty because of
the neutron background at the synchfotron. Experimen‘ts were carried
-out close to thé machine for beam intensity, and since the expérimental
area is not shielded against the very high neutron background, the
problem was acute. For example, a double-scintillator coincidence
‘detector counts at a rate about a hundred times that-expected for the
proton Compton effect. Neutrons record such 'coincide'nées either by
‘ being fast and producing knock=-on protons in each of the two scintil-
lators or, .as thermal neutrons, by capturing in ihé lead shielding and
generating 7-Mev photons. Supposedly, these photons produce coin-
cidences by multiple Compton electron events in the counters. The
neutron background has made it n‘ecessa’ry’-tb use the high coincidence
multiplicity of this experiment, and the Cerenkov cOuntér eliminated
"‘the possibility of counts due to fast neutrons and their recoil protons.
With this counter arrangement, contributions to the baékgi'ound
counting rate by neutrons\ar'e small, Any counts that are possibly due
to neutrons are subtracted out when the empty target counts are
subtracted off. -
High-energy proton counts are impossible because the ab-
sorber-in front -of the detector is thick enough to stop protons of the

highest possible energy, and in any case, the anticoincidence counter



- would reject them and the Cerenkov counter would not count them.

"~ A background due to meson production on the deuterons in‘liquid
hydrogen is possible because the momentum distribution. of the nucleons
in deuterium has the effect ofilowering the threshold e;nefgy for meson
production.. Gamma rays-originate in the productio,n of meson -- in
the case of neutral mesons -- through the two decay gamma rays and
-- in. the case of negative mesons =- by their capture in-f_hydrogen.
Positive mesons do, not produce high-energy gammas. An evaluation
of this _background effect shows that it amounts to less than 0.5%
compared with the proton Thomson cross section. . It is.small in spite
~of the large photomeson cross section, because;there is little deuterium
in liquid hydrogen (less than one part in 5000), the meson cross section
.is...s'mal_l near threshold, and only the tail of the deuteron momentum
distributi_dn provides collision energies above threshold.

o - Cosmic rays occasionally enter the gamfna-r,ay detector at
~an angle such that they traverse only the five coincidence counters

: ahd' not the anticoincidence scintillator.. ‘Events of this fype appear
as real counts, and occur at the rate of 107 counts per hour. These
.counts are practically elifninated by gating on the counting equipment
only during the beam burst from the synchrotron. With the counting
duty cycle of 0.0018, the cosmic-ray background is.reduced to one
count in 5 hours, .which is a 3% correction to the 95-Mev data..

‘ . Counts due to accidental fivefold coincidences were found to
~be negligible. On the other hand, the accidental rejection of a real
count by the anticoincidence counter was observed. . This anti-accident-
~al effect is evaluated by reading the film for anticoincidence pulses
that do not appear in the proper position, and in view of the‘coincidence
time resolution the correction is calculated to be 2% at the highest
beam intensity. |

The anticoincidence inefficiency is obtained from the pulse-
height distribution of minimum-ionizing particles in the anticoincidence
counter,' and the minimum pulse height considered in thé film reading.

By this method the anticoincidence efficiency is found to be 98.0 % + 0.8%.
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S1nce the number of electron counts amounts to about 30% of the real
countmg rate, this correctmn is less than 1% _ .

| F1na11y, background effects that depend on whether the tar-
get is full or empty, or on whether the converter is in or out, may
be considered They are: (a) the background counts arising from the
productmn in the walls of the target and the general background of
h1gh energy gamma rays in the synchrotron experimental area, both
" of which depend on the converter but not on the target; (b) the counts
due to electrons that manage to scatter around the anticoincidence

| v_sc1nt111ator or some. other type of background that depends on the

.\ target but not on the converter and {c) some sort of ambient back-
ground such as high-energy electrons gamma rays or neutrons,
~which depends neither on the converter nor on the target..

The wall-scattering background (2) and the amblent back-
ground {(c) are determined by runs with the target empty, and are
subtracted from the full-target counting rate at each machine energy.

‘ The empty target background is one-seventh of the total countmg
“rate at 132 Mev and one-sixth at 95 Mev. .

' That the flvefold co1nc1dence counts are really due to high-
~energy gamma rays is éstablished by the marked dependence of the
) counting r_ate on the converter. On removal of the converter, the
counting rate _dropped by a ,factor of seven. The residual counting
rate when the converter is out is compatible with the conversion i(n
the first coincidence scintillator and the inefficiency of the anti-
coincidence counter (2%), which becomes imp'_ortant because the
number of electrons that register a fivefold coincidence jumps by a
factor of ten. In view of this fact, the unlikely background (b) above
will be taken to be zero, and the converter-out counts are not
subtracted from the main data.

The net hydrogen gamma—.ray counting rates, corrected for

the factors discussed in this section, are presented in the experiment-

al results in Section II-1I,
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C. Bremsstrahlung Spectra-

The calculation of the cross s‘ectiondepends on the knowledge
‘ 6f the distribution in X-ray energies in the bremsstrahlung beam.

The spectra used in the calculation are due to Schiff, 15'andv represent
the distribution of X-rays produced by a _bea”m of moneneréetic elec-
‘trons striking an infinitely thin target. ' The distribution is obtained by

integrating the Bethe- Heitler cross section over radiation- straggled

' electron angles ‘and photon angles  The synchrotron X- ray target is

platinurh (Z’ '78) and is O, 020-inch thick. The spectrurn that has
been averaged over photon angles is used 1nstead of the 0 spectrum
because the’ scatter1ng of the electrons in the plat1num target has the
“effelt of sampling all angles of photon emission. 16 The constant of
the Schiff spectra has been taken to b:e 191. The analytic expression
for the distribution of gamma-ray energ1es has been evaluated on the
UCRL IBM 650 computer and are shown in F1g 16 for three
;s37nchrotr0n Energies The spectra have not been corrected for the |
~ s'pr"e:ad 1n k ‘due to the spread in beam spill-out t1me since it only

amounts to about 1 Mev. The. Sch1ff spectra are denoted by B(k , k)

““'and are normahzed to the same 1nten51ty at zero photon energy:

' B(k ) 1. OO for all k . With this choice, the spectra plotted in
"'Flg 16 correspond to about 2/3 of an equlvalent photon the exact

- value; Q for each spectrum is. glven below:

k| e
95 Mev |  0.6731 |
113 Mev 0.6802
[ 132 Mev 0.6864

Finally, the number of photons dn ' in the energy-interval. dk is

dn. = Qlexp) . Bk, ,k} .. . dk
m b
5 .k
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where Q‘(expu ) is the number of equiu\rra‘ilent- quanta that have been
incident on the target in an irradiation in the expérimental area. Qis
just the average value of B(km, k) over the interval O to km. The
spectrum B/Q is the X-ray intensity distribution normalized to one

equivalent photon.

D. Gamma-Ray Detector Efficiency

It is of primary importance, in the caléulatio'n of the scatter-
ing cross section, to know the efficiency of the converter telescope
for counting gamma rays. The efficiency for photons'incident parallel
 to the axis of the ':c‘ounter has been measured by exposing the detector
to the direct bremsstraﬁlung beam from the synchrotron; upon.appli-
cation of the photon difference method, the efficiency versus photon
energy is obtained. In the actual ‘scatte;ing experiment, the gamma
rays that are counted enter the detector at various angles of incidence
and at various positions across the converter, The efficiency, as
determined experimentally above, must be corrected for this effect of
the finite size of the target volume and detector in their close physical
prdximity; a calculation is resorted to in evaluating this correction.

In addition, consideration must be given to the effect on the gamma-
ray efficiency of the Compton wave-length shift of the scattered quanta
due to the recoil energy of the proton and of the loss of gamma rays
resulting from the conversion in the materials before the detector.
The fact that the detector has been calibrated in the bremsstrahlung
beam is (;f fundame'nta'l value, since by this method the absolute beam-
monitor sensitivity cancels out in the final cfoss—séction calculation,
The cross section is determined basically by the ratio of the counting
rates in the direc;t and scattered beams, hence, only a relative beam
monitor is required. Furth‘ermore, by this technique, one automati-
cally includé.s in the ultimate efficiency of the detector the effect of
the lower pulse-height limit in the film analy51s

For the counter cahbratlon experiment the detector was taken

from its position at 90° to the beam line and swung around into:the
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direct beam of X-rays from the synchrotron and located at 256-inches
from the source of X-rays. The pencil of gamma rays incident on the
face of the conv’erte.r was defined by a 1/4-inch-diameter lead colli-
mator situated a short distance ahead of the detector, as shown in
Fig. 17. Inasmuch as the detector is about 25% efficient for counting
gamma. réys, it was necessary to make a drastic reduction in the
beam intensity for the satisfactory opefation of the equipment in this
‘arrangement. A reduction in beam intensity by a factor of 5 x 105
was required. To achieve workably steady beams at an intensity as
low as this, which means the stable co.ntrol' of roughly 300 elec_:trons

in the synchronous orbit, a counter was located before the main '
~collimation, and the integrated butput p‘er beam pulse was displayed on
‘an oscilloécope for the tuning by the synchfotron ‘Operator. The low
intensity was obtained by reducivng the injector filament current and by
badly misaligning the injector gun. A féctqr—of— 100 reduction was

also obtained by locating the counter at a considerable distance from
the X-ray target and by colliméting the beam to a fine pencil (0.25-
inch diameter at 256 inches). No attempt to shape the beam pulse was.
made; the natural spill-out time of 10 to 20 microseconds' duration
was used. The intensity incident on the detector through the 1/4-inch
colhrnator was about half an equivalent quantum per bearn pulse

3 Q per second) The eff1c1ency measurements were made over the
energy region of interest by varying the synchrotron energy from 40

to 174 Mev. To monitor the beam at low intensities, a single monifor
counter was located in the beam after the 1/4-inch collimator, and was
calibrated at various energies with respect to the thick-walled ioniza-
tion chamber. The over-all error 'in the intensity reduction factor is

+ 11%. The detector counting rate per eqﬁivalent quantum versus the
machine energy km - for central rays is shown'in Fig. 18, itis
denoted by Ac(km) and is called the calibration activation curve. The
activation data is related to the central countef efficiency, eo(k),

by the relation :
A_(k ) f B/Q e, k) dk,
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. Fig. 17. The experimental layout for the calibration of the
© gamma-ray detector by the photon-difference method in the
direct synchrotron beam. :
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where B/Q is the br‘emsstrahlung intensity distribution for a peak
‘energy k (normahzed to one equ1va1ent quantum). To solve this
integral. equat1on for the central eff1c1ency, trial values of eo(k)

were tested until an optimum fit was obtained with .the AC (km) data in
-Fig. 18. The photon-difference method establishes the threshold
energy and .rr::agnitude of the efficiencyvbut not the detailed shape of the
efficiency curve. Smooth cufves for the shapé of the efficiency aé
expected for a counter of this type were used. The calculations with
the trial vélues of the central efficiency were carried out by assuming
that eo(k) is constant over 10-Mev energy int’eryals_below 100 Mev and
constant over 20-Mev intervals above 100 Mev, and the number of
photons in each'of.t:hese intervals is determinéd frq£n the brems-
strahlung spectra at various machine energies.. By this method a set
of linear equations is obtained which facilitates the calculation of the
right—hand side of the above ecjuation for various trial values of the
central efficiency. The set of 1in:ea-r...equati.ons, for k_ fanging over

the energy region considered, is

e, Kb (k_.k),

™

A ) =

where the coefficients of eO@k.) are

|
N

bk ,EK) = B(km,k)/Q(km) -

é
)

=

where K is the mean energy in each interval of width A. These co-
efficients times 103 are listed in Table II. The measured best-fit |
central efficiency is'shown in Fig. 19, and thé activation curve h
approprlate to thlS efficiency curve is plotted along with the activation
data of Fig. 18. It should be pointed out that the absolute efficiency
 depends on a knowledge of the sensitivity of the thick-walled ionization

chamber.
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Fig. 18. .Activation data for the calibration experiment.
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Table II. The coefficients b(km, k) ;:imes 103.

99

k .
(Mev): _
35 45 55 65 75 85 95 110 130 150 170
. |
(Mev)
40 181
.50 246 137
60 266 186 109
70 280 204 152 93 )
80 287 210, 162 127 79
90 295 ‘218 167 135 108 69
100 302 221 172 139 116 96 61 .
120 312 231 178 145 121 104 91 128
140 318 237 187 149 127 107 94 160 106
160 | 324 242 194 157 1310 109 97 .164 134 91
180 326 250 199 160 133 114 169 138 116 81
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- A calculation can'»nnw-be_ mad\e for the counter efficiency to
estimate the effect of the actual experimental geometry. . As.the first
‘step towards this, :let .us:considef.the».general problem ‘of'cal-culating
the efficiency of a gamma counte'-r of this type in the case where the
.photons are in_'cide,nt at off-axis angles and at any position.over the
: ar.ea of the con"verter. . The counter is characterized by the area and
thickness of the lead converter, the minimum energy to register a
count ,_(deter‘rhined by the ionization loss in the counter material only),
- and the sensitive solid angular-region.subtended at each point on the
-converter in which, if an.electron is emitted, it will register a count
(provided its energy is great enoughto penetrate all the coincidence
counters). The actual efficieney of the counter of this experiment,
then, is evaluated by averaging the efficiency described above over
theangles-of entrance into the counter and p:os.ltions over the face of
.-the-counter: for the partic‘ular. geome‘try used. The angle:of entrance
into the gamma telescope is determined by the position in the target .
where the scattering took place and the point on the converter where
the scattered gamma ray str1kes The limits of these angles are
determined by the boundaries of the converter and the lead _)a\x)s Wh1ch '
A def1ne the actual target volume of the liquid hydrogen. (See Figs. 6
and?). o :

. A general express1on 1s now developed for the eff1c1ency of
a garnma ray tele scope. Only the convers1on in the lead converter is
.cons1dered and 1t is assumed to be all due to pa1r product1on The
thickness of the converter will be taken as 1/4 1nch for all angles of

. ‘entrance cons1dered That th1s assumptlon is a reasonable one is
supported by the experlmentally known fact that the eff1c1ency of con-
verter telescopes of this type is at & maximum with l/4-1nch—th1_ck‘ _
converters and thus are-insensitive to small changes in the thickness
of the lead. Fufthermore, since we are malnly interested in the
'sca_tter.lng,- which varies as the. sq.u.are root of the thickness of the
-material, the ,va_riation of the charvactefisticv_ sc\attering angle with
thickness is gentle. In any case, the maximum varivativon in thickness

encountered for the widest angles of entrance is only:!8%. The
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scattering distribution in angies of the individual pair electrens is
assumed to be gaussian, and the 1/e scattering angle for the lead and
counter material in series is compounded as a scjuavre root.of the sum
of the squares of the 1/e scattering angles in the two materialé. The
: 'stxb'ag»gl’ing in the radiation loss of the pair electroné in the lead con-
verter will be treated as described by.Heitler.17(p. 378). If Eis
the initial energy of an electron and E' is the energy of that electron
(not includi.ng ionizationiloss) after traversing a thickness of material
(lead), then the radiation straggling is described by the probability
p(B, y) that the electron willllose an energy (E-E') due. to radia}tion.:
_ Lo a-1 - :
pB,y) = (,1%[3_(;)1 : ;

where a isa number proporfional to the thickness vy of lead
traversed (a=1.62 for y=0.635 cm), r‘ (a) 1s the gamma function, and
B=E'/E. The probability distribution p(B, y) is normalized:
., f P, y) dp =

: SR el
" The ienizat_ion loss of the electrons is assumed'r to be independent of
energy (minimum ionizatien), and the fluct'uat/ion' of ionization loss is -
| not considered. The distribution in energy of the electrons in pair
production is taken to be uniform between zero and the energy of the

photon
The probab111ty that one of the pa1r electrons produced by a

photon of energy k will reglster a count is
Ek): & |,

where

1T 1

o . ‘ v o | -
‘ oy -Y)\ “dy “ ' |
B = f 'exP( YL" / Vo f - d\ j’ P, y)dp
T o /. Yo, .

b B

min min
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e - /E (6) d6 d¢.
R .

. This formula represents an average ovef\the;positi_-on in the converter,
y,. where the conve.rs_ion took.place. (Yb is the mean free path of a
photon.in lead, which is a function of ¢nergy;k,, y_L-is 0.635 cm, and y
is the distance i_n the lead measured from the back of the converter);
an average over the pajlrtitié.n'energies‘, Ak, of the pair electrons

v extending.from. the maximum energy k(A=1) to the minimum energy at
"the position y e
- min (y)
min k o

where Emin(y) is the minimum energy (ionization loss only) to register
a count; and an average over the energies of the radiation straggled
electron, the minimum energy necessary to traverse the rest of the
counter deterrnines the lower limit of the average!: Bmin = Emin(y)/)\k.
The factor ® is an integration over the angular region R deter -
-miﬁed by the sensitive volume of the detector as viewéd from a parti-
cular position on the converter (the angle §.is measured with respect
“to the direction of the photon), and G (9) is the diffuse angular dis-
‘tribution of "eligible" electrons composed of a weighted averagée
according to their physical distribution; over the variables'y, \, and
‘B of the respective gaussian scattering distributions. An eligible
electron is one which has at least énough energy to register a fivefold

coincidence. The distf"i'buvti‘on G (6)is not gaussian and is normalized,

f f G (6)dode = 1.
SRS

In the calculation of the efficiency, it must be remembered

that each of the pair electrons is potentially able to trigger the counter,
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so that in reckoning the probability of counting a photon it is'—'ﬁdt merely
the sum of the pzlobabilities that each of the electrons will be counted,
but also the usual law for adding iridependeﬁt probabilities, P ,+P,-P P,
must be used. Pl and P.2 are the probabilities of the respective  pair
members' registering a count. The efficiency-obtained so far for
counting a photon, 2E(k)@, must then be corrected by a'second-order
term’ which is closely approximated by

N :

where
.9 ' 1
' ' Y yTY ' [ o
x(k) = f exp [—| & f dNB(\, y)P(I-X, )
. Yo Yo -
YL min
‘Aa“‘nd‘___. S . :
A min
, P()\,Y) = . pp, y)dg , - ﬁmin-?: e
-ﬁmi'n ' '

The expre ssio'n‘vis ap‘proxiﬁléte because ®2 is used to.represent the
second_-or_delr. __s‘catt.ei"ing' factor. . Several examples were tested and
show that this is a good abproximationf(less than 10% error in the
ci‘oss term). i___The_ approximation to the second-order term is exact if
@ is.equal to one. The cross term becomes, of negligible importance
. when the efficiency of the counter is low (relative to.the maximum
‘possible efficiency, i.e., about 50%). Finally the efficiency for
counting a photon of energy k incident on the counter at some angle
and at some position on the converter (the dep‘endence on these var-
iables is contained in the factor ®) is

eff. = 2E(k) - ® - (k) - o?.
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Before this formula may be used, the average angular distribution. of
eligible. electrons, G(#), must be evaluated somehow. To accomplish
this, a Monte Carlo calculation was used to evaluate the distribution
in 1/e sbcettering ‘angles of em‘ergent electrons for a photon of particular
energy. A Monte Carlo calculation was appropriate because of the
very cur_hbersome expression of the composite 1/e scattering angle for
the 1e§d and counter materials in ser?es, which depend;s on the depth
y in theE con'v_erter, the energy of a pair electron at the time of its
creation.'-‘ E = Xk, and its energy after traversing the remaining lead,
E' = BE (not 1nclud1ng ionization loss). Tlhe Monte Carlo calculation
: »cons1sted of choos1ng the three variables y, E, and E' '(or y, N\, and B)
according to their phys1ca1 distributions and then with these three
variables calculat1ng the comp051te l/e scatter1ng angle for each
part1cu1ar event, .A0cord1ng to the usual Monte Carlo technique the
three varlables were chosen according to their physical distributions
by choosmg values of their 1ntegra1 distributions at random. Sixty
calculations of the l/e scatter1ng angles were made at several photon
energ1es and with the1r correspond1ng gaussian scattering distribu-’
tions the over- all angular d1str1but1on G (6) could be evaluated. It
should be noted that this final d1str1but10n is not gaussian, and refers
to only the e11g1b1e electrons at each photon energy. The width of
these distributions varies approxirha.tely as 1/k. Distributions are
shown in Fig. 20. With G(6) it__ié‘ possible to calculate the efficiency
for counting a gamma ray at ienei"gym, k wh.i_nchv.enters" at an arbiti'ary
position on the eonverter, 1f the angulaf hmlts r.lel‘ative to the direction
of the photon of the sensitive volume of the count'e'rxafe'known.
Armed with this means of calculating the efficiency, one can

evaluate the facto;‘s that enter in the final cross section calculation.

" The liquid hydrogen target volume will be approximated by a line .

. source; the distance from the center ‘of the target along the beam axis

is denoted by x. The exper1menta1 geometry considered in this cal-
culation is shown in Fig., 6 and 7. .The effective target length L and

the efficiency times: solid angle Qe which appear in Section III-E on
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‘the cross-section calculation are expressed in the relation
o oo -
, LQ e = /

{

where

(eff(. ) d dx,

i
converter

eff. =2E(k) ©® - x (k) - 0°.

The integral repres:e'nts an average of the detector efficiency over
the length of the target, x, and the average'over the surface of the
converter weighted by the solid angle of the converter subtended at
‘the position x. Thé efficiency in the 'ac__t_:lual,"c-oun\‘lte‘r geometry is
normalized to the exp'erim__entally measured efficiéncy of the counter

for central rays by

¢ k) [2Ek)® - x (k)@z] Expérimental Geomietry
o 12 E(k)® - x (k)@<] Central Rays ‘

The expression in‘the denominator is the calculated central efficiency

shown in F1g .19. . The efficienc’y.time‘s solid angle at a particular

/ o (eff. ) dQ -

Converter

I1Qe¢ =/ € (x)2(x)dx.

Here Q(x) is defined as the solid angle of the converter subtended at

value of x 1is

e (x) Q(x)

and

x, and includes the collimation by the lead jaws that define the count-
er aperture; Q(x)/Q(0) is shown in Fig. 21. €(0) = 0.198 steradian,
‘Also shown'in this figure is ¢ (x)/e (0). The effective target iength

L of the liquid hydrogen target is d‘efir.xed as '

!
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Fig. 21. Weighting factors as a function of position in the target.
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Q0
L = —:%))-.g%‘dlez.oém.
/o Lo

The counting_ rate from the various targét positions, x, is weighted
by e(x)Q(x), whichis also shown in Fig. 21. With this choice of the

effective target let'lgth, then we have
Qe = Q(O) € (0).

Tmhou'gh this choice of the definition of L is arbitrary, of course, the
quantity L Q ¢, which deterr'nine“s the cross Séction, is not arbitrary.

, The solid angle times efficiency is finélly modified by
(2) The loss.of gamma rays by conversion in the material before -
the detector. This loss arr;ounts to about 15%, and it is virtually
independent of the angle at which the photons traverse the materials _
to enter the detector.’ _ (

(b} The shift in: scattered gamma-ray energy due to the‘ recoil
proton amounts to evaluating the efficiency at k' instead of k
where k! =-k/1+M1—<—C-2,
duction in counting efficiency.

The solid angle times efficiency, averaged over. the experi-

_The correction amounts to about a ‘10% re-

mental geometry, and corrected for losses in the matér_ial preceding
the detector and for the proton recoil, is denoted by RQe' and is
plotted in Fig. 22. This is the quantity that appears in the final
cross-section calculation. - v

The differential cross section versus scattering angle is
Wéighted by the relative angular aperture:of 'the_ detector , a(@),
which is proportional to ﬁhe coqntér efficiency at a given value of 6

averaged over the length of the target,



Efficiency times solid angle.
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' Fig. 22. . Efficiency times solid angle of counter telescope in experimental arrangement.
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a(@) .~ Q‘(<x)’eff., (6) dx,
.-m . )
and a(f), normalized so that a(900) =1, is shown in Fig. 23. Asa
first approximation the scattering cross section is assumed to depend
on angle as the Thomson cross secjtio‘n, 1+ cosze; Averaging this
function over the eff'ective angular aperture centered at 90°, one
obtains |
™ '
2
J (1 + cos™ 0) a(8) 4o
) ‘ = 1.037.
pres —

J a(6)do.

(o]
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Fig. 23. AC»ountin_g _efﬂciency versus scattering angle.
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. E. Calculation of the Cross Section

- The net liquid hydrbgen gamma-ray counts per equivalent
quantum, A(km), for a peak bremsstrahlung energy of k ., is called
the activation curve. It is related to the scattering cross section in

the following way:
- B/Q do u
A(k_) = L / PR e 4,
: o]

where n is the number of protons/cm3; L is the effpgtive target length,
B/Q is the bremsstrahlung intensity distribution fér a peak energy km
(normalized to one equivalent quantum); %._—(;TZ is the differential cross '
section for photons of energy .k, which has been aive,ra'gved over the
aﬂgular aperture of the detector centered at 90°; and Qe' is the efficiency
times solid angle of the counter telescope averaged over thié experi-.
mental geometry. The prime sigp_ifies. that it has been ,mo&ified' by the
shift in the scattered gamma-ray energy due to the recoil of the proton,
and corrected for the loss of.counts 1n the materials before the detector.
The exper‘irhentally determined values of A(km) are given in Section II-I
on experimental results. \

At ea‘ch'-'machine energy, krn’. the differential cross.section as

a function of energy, g;gz , is weighted by the_ function BI{Q - Qe!,

which is the bremsstrahlung photon distribution modifiéd by the counter
efficiency, which cuts off the lower part of the sﬁectrum. *These
weighting fimcti_ons are shown in Fig. 24. The expérimentaily deter-
mined va‘lues of A(km) and the activation curves expected for the Thom-
son, Klein-Nishina, and Powell cross-sections are shown in Fig. 25.
The photon difference method is used to‘.get the c‘1"oss section
at a particular energy. To carry out this calculation the cross section
is assumed to be constant over three energy intervals: (a) 40 to 95 Mev,
(b) 95 to 113 Mev, and (c) 113 to 132 Mev. | The fel‘ation between the
activation data pvoin_ts and the cross sections in these intervals is

contained in three linear equations:
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Fig. 24. Cross-section weighting functions.
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10" A( 95 Mev) = A =5.050,

I
>

10" A(113 Mev) 5 5.68 oy +1.64 Py

),

Ag

5.90 01 + 2.1502 +1.72 0'3.

10" A(132 Mev)

The differential cross sections in the intervals defined above are
denoted by crl, 0'2, and 03, ar_ld are in units of the Thomson differen-
tial cross section at 90°:

: 2..
e’ 32

, N ) o : .
do | (907) _ 1 — - 2 : 3
= M—Z‘/ = L18x 1.0 cm”/steridian.

d€22 | Thomson
i {

The numerical coefficients are obtained by evaluating, in the respective

energy i_ntervéls, the quantity

’ ] Q :
. aL - 1.037 (Mcj Qe ' dk.,

The integral is proportional to the areas of the regions bounded by the

weighting functions and the vertical lines in Fig. 24. The factor 1.037
follows from an a\:;ef'age of the differential cross éection over the .
aperture of the detector (the dependence of the cross sect1on on scat-
terlng angle is assumed to be 1 + cos 9)

The solution of the linear equatlons for the cross-section values

‘1n terms of the actlvatlon data is

0.198 A,

017 1
o), = 0.602 A, - 0.679°A,
0, =0.581 A, +0.169 A - 0.756 A,.

The errors in each of the cross section values are obtained as the
square root of the sum of the squares of the fluctuations of the terms

in each equation, due to the errors in the activation data points, A(km).,



-72-

The cross-section values obtained are

These results are plotted in

1.32 + .08,

1.58 + .42,

1.92 = .54,

Fig. 26.
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Fig. 26. The differential cross-section values
~obtained from the photon difference calculation.
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IV. RESULTS

"A. Discussion of the Results

. As ‘the cross vsectior; is expected to be;nearly the Thomson
value in the _1ew-eqergy reg‘i’on of_ this experiment,, the experirﬁent_al
results are conside(red high. The high yalues avr,ea%ppafrent aé'_c_ each
point of the activation data, and hence, in the crose section values.
The dlscrlpancy seems to be umforrn w1th energy and amounts to
abput 30%, which, 1f it is compared with the Powell cross sect1on is
well outside the counting-statistics errors of the act1vat1pn data. It
1is felt that this disei‘ipancy must be a_ttributed to a consfadt—factor
"error at each experifnental point. This suppbsition can now be con-
sidered in the light of the experimental techniques used.

It is believed that this discripancy cannot be attr1buted to an

‘error in the counter efficiency. Inasmuch as the detector was cali-
brated in th_e beam relative to the sé.me beam monitor as was used in
the scattering equipment, aﬁ error in the absolute value of the beam-
monitor sensitivity would cancel out in the final result. - Actually, this
is true only if the sensitivity of the beam monitor is i»nde‘pendent of
| energy. The beam-monitor senéitivity is a slowly varying function of
the brevmsstrahlun‘g‘energy,_ and the fact that the calibration experi-
ment was carried out at“energi.es overlapping those of the scattering .
e}.xvperiment rrnli_nimizesva:ny_ errors of this origin. Further, since the
‘measured and caleulated‘ efficiencies ere iAn good agreement, the'
error 1ntroduced by the energy dependence of the beam monitor on
energy appears to be small The calculatlon to rnod1fy the central
counter eff1c1ency to that of the actual exper1menta1 geometry is con-
sidered an accurate mod1f1cat1on and, in any case, it is only a cal-
culat1on of a correction to the over—all efficiency, so that an error in
this correction has a rel_a_ti_ve1y small effect on the over-all efficiency.
~An error in;tvhe‘ determination of the synchrotrgn e‘ner_gy.should be of
small importance in the magnitude of the final cross section, as it

affects the calibration data and scattering data in roughly the same
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way, hence tends to cancel out in the final result. Since the error
seems to be the same at_eacH energy, one might suspect errors in
the solid angle subtended by the counter (which is sensitive to the dis-
tance between the target and detector in the close geometry of this
expe;'iment) or in the effective target length, or some systematic error
in the calibration 'e_x‘perimentiin steppihg down the beam intensity by
"a factor of almost a million (st>aﬁstica1 errors of 11% atre’ e;cpected).

"~ To check the absolute value of the cross secti.on' neutral-
"meson data were collected and compared with the' exper1menta11y
knowa cross sect1on for neutral-meson product1on “At the end of th1s
e’xpeﬁrrieht" the synehreti‘on energy was raised above the threshold
“energy for meson productlon ‘and countmg rates were obtalned at
'energ1es up to 200 Mev, where experlmental data are available on the
'rro cross section.” The comparlson was made with the data of Mills. 18
‘ As the experimental arrangements of the two experlments were similar,
it was possible to make a direct comparison between the neutral-meson
‘activation data instead of comparing’ the actual'n’ cros s section, with
"due considération of the differences in solid aﬁgle, counter efficiency,
‘and target volume. - in the comparisod a srha'll interpolation‘ of Mills'
data from 84° to 90° wa's required, and in comparing the efficiencies,
both experiments were sub_]ect to the same assurnptwns conceérning
' the’ averag1ng_ ‘of the ¢ounter efficiency’ over the decay gamma—ray
4'spec;cruf.n'ferrn neutral mesons plr'od-uc“e'd in hydrogen. The result of
'fh‘i's:\cofhpafi‘sOn shows again that the data of this 'exper.'in:len't are high.
. If the 70 activation data of this experiment are divided by the factor
“that is'n-ec‘e‘ssery to normalize the observed elastvi'c—s'cattervi'ng cross

‘section to the value 'expected at 70 Mev (1.24), then agreement:is ob-

' tavirie’d; within the st.atist'i'cs of the rheas'ufemen,ts, with the‘n0 data of
Mills. ' o | |

It is concluded that the data are high 'beca'L'use of some error

factor that is independent of‘eﬁ'erg“y and independent of the process
" being observed, whether it be ‘elastic scatter1ng or photoproductmn

of neutral mesons
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The cross-section data are normalized to the expected cross
section at 70 Mev and shown in Fig. 27, ready for a comparison with
theoretical expectations. The data at each energy have been divided

by a common factor of 1.24.

B. Comparison With Theo‘r‘y

"The scattering cross section is given as the square of a
scattering amplitude, which is composed of individual terrhs which
originate in the various types of interactions that give rise to the
s_catvtering of gamma rays. It is easier to study these contributions by
studying the sca‘ttering amplitude rather than the scattering cross

' sec'tibn, since, on squaring, the re spe\ctive terms afe mixed because.
of interference, and the resulting expre s‘sioAn is not readily analyzed
for physical significance.

The basié unit 'ovf‘ cross section for the scattering of gamma

‘rays by protons is: | . -

: 2

2
e

Mc2

which is understood in terms of the proton Thomson scattering. The
proton Thomson scattering amplitude is
e "
(\Mcz) @ 2,

- where € and €' are unit vectors in the direction of the polarization of

the primary and‘scattered.quanta; The Thomson scattering cross

section is given by ‘ )

‘ S | | 5 \2
do _le A arl2 2] e 2
a5 Thomson = N2 .e e =5 (‘1\7122> (1+cos” 0),

where the factor % (1 +c0526) arises from the averaging over the/spins

and polarization directions of the incident and scattered photons. It

is convenient to expresszt e contributions to the total scattering

amplitude in units of i—z . In this notation the Thomson scattering .
_ Mc ‘ '
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-amplitude becomes

SThomson

- Thesnext scattering effe‘c_tﬂ to be.consider__evdv is that o_f'the mag -
netic mome nt of the proton. Unlike the Thomson ampl-itude t'he mag-
netie moment amplitude depends (Hnearly) on the primary photon energy.
The magnetic moment of the proton is composed of two parts the
1ntr1ns1c (or Dirac) part and the anomalous part. For a rather obscure
reason the scattering from these: two parts of the proton total moment
is not exactly the same, and is supposedly due_to the quantum-mechan-
ical treatment of the scattering from a curfent loop and a point

(intrinsic) magnetic moment. If the anomalous agnetic mome’c is
denoted by A, in units of the 1ntr1n51c moment @M‘\ then the total

v magnet1c moment is

NtEL : ! .
The magnetic-moment scattering amplitude is given by several

-authorsz’ 3,’ 4 as

= 5 /‘. A Ay E
sfnagnetic moment™ 'O‘(AZ)\+ 1)o- (€ x@')

F2i (V4150 - @xk) x @rxRr)
tiz (\+1) {8 ckkx2) + (Rxé)’ﬁ]

+ 0 [ﬁ'(i‘(x/e\' )+ R'x g')ﬁ"] Bt },
where a = %CZ and 6 is the unit epin vector of the proton;’ Rand &
are unit vectors in the direction of the incident and scattered quanta.
The physical significance of the first term is not clear; it represents
electric dipole absorption and magnetic dipole emission orlvice versa,
and has no classical analogue. The second term is due to the mag-
netic dipole absorption in the action of the magnetic field of the inci-
'dent._‘photon\on the magnetic moment causing rotational vibration and,

because of this forced rotational vibration of the moment, it emits '
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magnetic dipole radiation. The last term is due to two effects: (a)
magnetic quadrupole absorption associated with the translation vibra-
tion caused by the directional gradient of the incident magnetic field" -
on the magnétic moment and the conséquent electric dipole emission.
because of this vibration of the protons charge, and (b) electric dipole
absorption associated with the translational vibration of the pi-oton.
caused by the action of the electric field on the ché.rge and the con-
sequent magnetic quadrupole radiation because of this vibration of
the magnetic moment. The magnefic—»rﬁomerit scattering amplitude is,
- or course, a spin-dependent in.teraction.v

Mesonic po‘larizati»o.n sc?ttering is now considered. A simple
desériptioﬁ of_tb-is effect is that the inc’i.dent photon induces in the
charged meson cloud an electric and magrietic dipole in the direction
of its electric and magnetic field vectors of the photon. Such induced
dipole moments would not depend on the direction of the spin of the
proton, i.e., the interaction would be ‘spin-independént. As the
polarization arises from a mesonic origin, and as it is known that the
meson-production interaction is spin-dependent, then it would be ex-
pected that part of the polarization scattering is spin-dependent. The

polarization amplitude, S is then composed of a spin-

polarization’
dependent and a spin-independent part; and also in the discussion

below, only the dipole polarization terms are considered. The

19

classical spiﬁ-independent polarization is given by

-A aZ

ga’e- 8+ AMQZ @xR). @xRY,

where the first term is the electric dipole term and the second is the

Amag”n'eti‘c dipole term. " The spin-depen&ent polarization amplitude is
givenby!? I :
2 A

28 . (6 x @)+ By a0 (@xk)x @,

-BE a

where the first term is ‘the electric dipole term and the second is

the maguetic dipole term.
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Finally, the resultant scattering amplitude is the sum of the

above scattering contributions,

-5 =395

: + S -+ Lo
Thomson smagnetlc moment + Spolarlzatmn.

The total scattering amplitude S is now grouped into electric and
magnetié dipole terms, which are spin-dependent and spin-independent,

and a quadrupole term due to the magnetic moment:
= LR ; A (B O
S'=dg(@ {é )+,157E 0.(e)<§ ) ”
ey Cxk) - @xk)+iB, T @xk) - @ xk

+ .Qu'ad,rupole Term. ’
The coefficients in this expression follow from the amplitudes already

described: v : . -
. - 2 ' = .
Ay =1-Aga®, &= -(2\+1)- B a

a2 | . 2
Cop = Byp &5 o %y = 1%+ By a”

The quadrupole term is the last member of the magnetic moment

- scattering amplitude described in the magnetic moment section.,

In the introduction, the formulas there follow from particular

~ choices of the above coefficients. It should be pointed out that so far

the effect of the proton recoil and the finite size of the proton have not
been included. The inclusion of recoil appears mainly in the factor

(a'/a)z,_ which is due to the transformétion of solid angle from the

frame of the recoiling proton to the laboratory frame, and tends to

lower the cross section. The finite size of the pfoton is accounted
for, appr‘oximately‘, b‘y a form factor - f," as is done in the Stanford
scattering experiments. ZO This correction lowers the cross section,
but th“é ,eff»evct is small (5%) for phgtonvvenergies below 146 Mev.

‘ vWith the inclusion of recoil and the finite si‘ze of the proton,

the differential cross 'seption becomes

_d_'o' = I ez fZ 'all 2 —S-‘Z N .
de ~ \Mc? al C
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Some special céses of thve above formula, which were discussed in the
introduction, are now treated. The Thomson proton.cross section is
obtained by throwing out‘all the scattering amplitudes except AE =1,
and setting the form factor and recoil factor equal to one. If only the
Thomson amplitude and the intrinsic'magnetic—.moment terms are kept,
one obtains the proton Kllein—Nishi‘n‘a formula if the recoil is accounted
for relativistically (also with the form factor equal to one). If, further-
more, the anomalous magnetic moment is _incvluded, but not the polar-
ization amplitude, then the Powell formula is o'bt!a'ined. The exact
inclusion of -reco'il,:riay be seen in the Powell formula, where not only
the factor (o,'/u)2 éppears but also the terms that x}ary as the square of
the photon energy, az, are aétually given by.ad". This inclusion has
the effect of lowering t:hé magnetic moment term by a factor of (I + a)_1
This reduces the resu_ltént cross section by abouf 8% at 146 Mev. If
the magnet‘ic i’nbméﬁt and the spin-dependent polarization scattering
- amplitude are riegl.e_cted, the .Ra'yleigh forfriula is obtained.

- A simple special case of the differential cross section is ob-
‘tained if it is assumed that the spin-dependentzpolarization amplitudes
are zero. In this case the cross section is essen‘tiarlly. the sum of the

- Rayleigh and Powell formulas. In this case, we have

d 2 \Mc

. - , o | ,
do_ 1 <e 2> fz(%) {[(1_ A'qu_)2 + A1v21 a*] (1+4cos?b)

- 4AMa2(1 - AEQZ) cos 6 + aa' (1-cos 9)2 + aa' f(@)} ,

‘The term £(g) is defined in the Introduction.

' \ The heglect of the sp_in—dep‘enderi‘t pdlarizé_ition 'arn'plitude isa
serious omission, since such amplitudes are expected from fﬂe facts
that mesons are produced through a spin-dependent interaction and .tha't,
though the sauaré of these amplitudes may be  small, the interference

of these terms with the large mag:nefic*rriomént an”iplitﬁdesﬁ necessitates

a considerable correction to the net scattering cross section.
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As a first approximation, let us consider only the dipole
scattering amplitudes of S: | I

—_ /\ ~ ~1 K
Sdipole_'d.Eex +1f’b’ (e xe')

+ Q,M € x k)- (@,'gﬁv)ﬁﬁMe- ('e‘f{ﬁ)x (' x k'),

- The differential cross section obtained with only these dipole terms '

is

-%:7<2>2 () {~A' l }‘(1>+cc>>sz.9).'f.

} (3- cos®6) + (AgA, + BB, )4 cos 0].
M

+{’BE|Z+‘B EAM

l 2
M

The final step towards getting a cross section is to somehow evaluate

19

the pblariéation amplitudes. Capps ’ has obtained these values °
through the ﬁ_se of dispersion relations. By considering only the di-
pole amplitudes, and with the knowledge of the total photomeson
cross section at essentially all energies, it is possible to arrive at
_’chevs'ign and magnitude’ of the quantities AE, AM’_ 'BE’ and BM

(the polarization amplitudes). ' _

_ .. Since this éxperimen_t was done at 90° scattering angle and
there is an additional simplicity in the theory for the scattering at
this angle (the electric dipole and maghnetic dipole amplitudes are 900
out of phase so they will not interfere), we will write down the differ-
~ential cross section for 90° scattering angle. Scattering at 90‘O in
the center--of—massv frame is not the 'samé as scattering at 90° in the
laboratory system; however, there is little difference at the energies
of this experiment.

If the dipole cfoss section given above is expahded in terms
of the various amplitudes attributable to the charge, magnetic

moment, and polarization, one obtains the following formula for 900‘

scattering angle:
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2 {al . 2
f (E) [1+44aa' + (AE

+ A +B +B_.“) 0.4»— ZAEa2 -.'

t2{BgN+1) +By, (A+1)%) &3],

Aside from the 1éad'1ng factors, which are the 900 Thomson cross
section, the form factor, and the recoil factor, the contributions in
‘;he*square bré.ckets are, in‘order, (a) the Thomson scattering,

(b) the magnetic moment scattering, (c) the p'olarizé.tion scattering,
(d) the interference between the spin-independent polarization scat-
tering aﬁd the Thomson scatfering, (e) the interference between the
spin-dependent polarization-scratterir-lg' and the magnetic moment
-.Scattering. This expression is correct except for a recoil correction
of about '10%, and for the magnetic moment quadruple »éc.atte'ring inter-
ference with the polarizati.o’n'sca'ttering (which has been neglected).
This expression, using the -polari'zdtion amplitudes‘ given by Capps,

is plotted in .Fig.. 27 along with the Powell and Klein-Nishiha cross
sections for 90° scatfering angle, According to the Stanford experi-

me'nts,.zo the form factor f° 'is given, approximately, by

2 _ . . ane 0k :
f-=1-0.05 <_I—37> .

. The magnitude of the coefficient in this expression depends on the

-

. size of the proton, and the energy dependence is the low-energy

approximation of the form factor.
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C. Comparison With Other Experiments

Results on elastic gamma-ray scattering by protons have

- only recently been obtained, 'owing to the experimental difficulties

inherent in Iow cross-section measurements. Available results are
plotted in Fig. 28. _

The first report on a cross section value was by Mllls at
Il1linois, where, in his experiment on,photoproductmn of neutral
mesons, he obtained a value for the elastic scatter1ng as a background
point with the betatron set'at 140 Mev. 1‘8 The point represents an
average over the energy region from about 20”t0 140 Mev. The
statistics are not quoted, but from his activation data the errors
seem to be about + 20%. ' o '

Oxley and Telegdi at the UmverS1ty of Chicago measured

the scattering at various angles averaged over the photon energy
2

- region 60 % 35 Mev. , ! Their 90° po1nt agrees with the Powell cross

section.
Pugh, Gomez, Firsch, and Janes at MIT. have carried out

egten51ve exper1ments on nuclear scatterlng of gamma rays, includ-
ing that by hydrogen, at various scattering angle_s and photon energies
from 50 to 130 Mev. ‘5 ‘Their 90° hydrogen data are plotted in the .
figure, and tend.to decrease at higher photon'energies. Their two
data points above 100 Mev lie below the cross section they expect
theoretically and below the data points of this experiment.

_ The data points of this expériment are for 90° scattering
angle and for phbton energies ranging fr_bm 40 to 132 Mev: These
results are shown in Fig. 28, and are normalized to the Powell cross
section at 70 Mev. .A» comparison with the MIT _data{ seems to in-
dicate a disagreement, though the errors_a,fe rather large. The
data_'points of this experiment suggest an increasing cross section

as the photon energy approaches the.'m:éson threshold.
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Fig. 28. Differential cross section at 90° for the elastic
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D.Summary.

The differential cr_oss.s'_eétion_f‘orxj the elastic scattering of

gamma rays to 90° by protons has been,'m-eas:ured for phuton energies

below the threshold for neutral meson p'ro,du,ctiou, in the region from -

40 tO 132 Mev.

The scatter1ng is descrlbed by the K1e1n N1sh1na formula for

o a part1c1e of protonic mass that has been mod1f1ed to include the

add1t1ona1 scattering arising from (@) the 1arge anomalous magnetlc

_moment of the proton and (b) the electric and -rn_agnet1c polari-. -

; zamhty of the mesonic structure of the proton..

The cross section is observed to 1ncrease w1th photon energy.

The destruct1ve interference between the ‘Thomson and electric

polarization amplitudes.-is out-weighed by the increasing scattering

from the anomalous magnetic moment, and perhaps an increasing

L c_,on.tribution‘from the interference between the polarization and the

magnetic-moment amplitudes. For the wave lengths’ in this exper-

iment, the effect of the finite size of the proton is of small importance.
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