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THREE EXPERIMENTS WITH HIGH ENERGY X-RAYS
I. Angular Distmibution of Photons in Showers
II. Angular Distribution of Bremsstrahlung Radiation
III. High Energy Photoprotons

Jack W, Rosengren
(Thesis)

Qeneral Introduction
Near the end of the year 1948 under the supervision of its inventor,

Professor E. M, McMillan, the construction of the Berkeley synchrotron was
completed. The successful operation of this machins, the first in its
energy range, made available in the laboratory x-rays with energies above
300 Mev in bnergy. It introduced the possibility of many naw-types of in=-
vestijations and the extension of other studies to much higher energies,
This is a report of three experiments that were conducted utilizing
the 322 Mev tremsstrahlung beam of this machine, Aside from being studies
all employing high energy x-rays they are eaaexitially unrelated, They
have been presented in three independent parts, each with its own abstract

and introduction,
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I.  ANGULAR DISTRIBUTION OF PHOTONS IN SHOWERS
Abstract

A study has been made of the angular distribution of the photons in
electron~photon cascgde showers initiated in Cu and Pb by high energy brems-
strahlung radiation. Targets of thicknesses 1.17, 2.52 and 5,30 radiation
langtha of Pb and 0,85 radiation lengths of Cu were exposed individually to
the 322 Mev bremsstrahlung beam of the Berkeley synchrotron. The angular
distritution of all but the lowest energy photons emerging from the far
side of the targets should be fdentical with the distributions at the same
depths in an infinite medium,

The photons were detected by the beta-activity produced in Cu foils by
the Cub3 (r,n) Cub? reaction, Tnis reaction 1s known to be produced mainly
by photons of energies near 17.5 Mev., Evidence 15 presented that the ob-
served activity was not produced by electrons or neutrons,

The target thicknesses of Pb employed corresponded to depths in the
shower of T/2, T, and 2T, where T is the depth of the shower maximum. An-
gular distributions were measured in the range from 6° to 50°, Rough agree-
ment is shown between the results and the theoretical calculations of Eyges
and .Fornbach. |

>



Introduction

For a theoretical interpretation of many experiments concerned with cas~
cade photon-electron showers, application of so-called one dimensional shower
theory 1s suffiocient®8°1*, This theory considers the longitudinal develop~
ment of & shower under the assumption that there is no traverse spreading.
Por an ii:terpretation of many experiments, particulgrly some concerning
showers produced in air by coamic rays, one needs to deal spedifically with
this lateral devgloment.; Considerable theoretical work has been done on
this subject. In general, one wished to find four distribution functions
defined by the followings |

P.(r,t,E)rdr;  the relative mmber of electrons of energy E at longitudie
nal depth t in the anmilar ring between r and r + dr
independent of direction of motion,

Pg(0,t,6)6d0; = the relative mmber of electrons of energy E at longiﬁ:di-
nal depth t with velocity vectors in the s0lid angle
between © and 6 + do iﬁdependent of lateral displacement
from the shower axis;

Qu(ryt)E)rdr  and

Qg(e, t,E)ede; tﬁe corresponding functions for photons.

Often, rather than seeking the distribution functions, the attempt is made to

cglaulo.te the root mean square a.ngula.r'or radial displacement,

The first treatment of the lateral development of showers was given

by Fuler and Wergelandz; however, ';heir results are now considered to give
far too small an extension of showers. L. Lande.u3 set up diffusion equations
for the sidewise develorment, but his numerical results were in 'arror.

G. Moliere? has made an extensive 1nves£1gation using an extension of landau's
method and has calculated the ra;.dial distributions of both electrons and
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photons and the angular distribution of electrons. His work is carried out
under approximstion A", | |

Boberg and Nordhein® have ovaluated the mean square angular and lateral
spreads of both electrons and photons at the shower maximum as functions of
their energy. ‘

Eyges and Fernbach have calculated the first several moments of the
distribution functions and by means of a trial and error fitting have inferred
the distridbutions., Using approximation A, they have determined the angular
distributioné of photons and electrons7 and the radial distribution of elec-
trons® at the depth of the shower maximm, iy S04 At 12t and 2t .
They have also calculated all four distributions at the shower maximum, taking
ionization losses into account, for E equal to twice the critical energy, ” ,
and for 5&and 10~ 990,

In the past, most of the experiments involving photon-electron cascades
dealt with the showersv produced in the atmosphere by cosmic rays. Now with
the availability of sufficiently high energy x-ray machines, experiments

involving oascade showers can be dons in the laboratory® 8 11’12.

Crowe and Haywardl3, ‘uiing a cloud chamber in the 322 Mev bremsstrahlung
beam of the Berkeley synchrotron, measured the energy spectrum and angular
distribution of glestrons at about the shower maximum in lead, obtaining
reaéomble agreenent with theory. The purpose of the present éxperiment was
to study the angular distribution of the photens in showers in lead,
Qualitative Description of the Sproad of s Shower

The mechanism of the cascade shower is well known, the electrons pro=-

*Rossl and Greisen5, in their review article, introduce the notation "approx-
imation A" for a treatment in which the ionization loss of electrons is
neglected, ' '
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ducing mmerous photéns by radiation, the photons in iurn‘forming electrons’
by pair production, At high energles, Compton scattering and loss of energy
by ionigzation are relatively unimportant, Since &t:these hijh-énergles= < -7
the radiation and pair production pro#stea propagate at very small angles ,
with the forward direction, the shower develops essentially along a straight
line, the nmumber of particles multiplying, the aveiage particle energy con-

stantly decreasing. For the lower energy particles, ionization loss becomes

1mportant. and eventually the eritical energy 13 reached at which the
average space rate of loss of energy by lonization is equal to that for loss
by radiation. These lower energy particles are then lost to the showerlaa
fér as coniinuad multiplication is cononrhod.

At a certain depth, thsx’ in the shower medium, the attemuation pro-
ocesses start to exceed the cascade processes and the shower reaches a maximum
development in mumber of particles, ionization, ete. Beyond ihia depth the
shower declines; eventually 4t dies_campletely, and the energy of the inel-
dent prtﬁsry eledtron or photon is reduced to heat energy of the gross medium,

Although until near its very end the main body of the shower proceeds
directly forward, there is gome lateral spreading from near the start, This
spreading 1s caused almost completely by the multiple Coulcmb scattering of
the shower electrons by the nuclei of the medium., This process gives in one
radiation length about ten times the deflection inherent in the radiation
on pair production processes. The root mean square deviation, eé acquired

’!ﬁteu;huut this paper, the term "electron® includes both positive and nege-
ative electrons,
#Mefinitions of the various terms used in shower theory are given in the review
article by Ressi and GreisenS.

The critical energy 1s the energy lost by an electron through ionization
in one radiation le

E critical is very roughly 600/3 Mev,



. '9. .
by an electron of energy E in one radiation 1engtl:; is roughly gﬁ, wh@re
Ey 48 the so-called characteristic energy', about 21 Mev. The consequence
of ‘this energy dependence is that scattering becomes important only at lower ‘
energies and . that, on the average a photon's deviation is due to the scatier-
ing of its most recent electron ancestors in the last few radiation lengths.

The high energy particles travel forward, maintaining a densely pop-
ulated, very narrow cemtral core (marrow when measured in radiation lengtha)'rﬁ
iover energy particles when formed are scattered outward from this core, di-
verging at large angles to give thw shower its transverse spread. This ex-
pansion radially is mot of indefinite extent; low emergy particles do mot
cascade much and their energy is soon attemuated. The shower will spread to
8 limit determined by the range of the low energy particles, and this limit
will be roughly maintained for the remainder of the shower's lenmgth, the
low energy div:argént particles being constantly supplied from the marrow,
high energy, central core.

For photons and electrons of the same energy, the root mean square an-
gular deviation of photons will be less than that of the electrons, since the
deviation of photon is inherited directly from a higher energy electron. Be-
oaus§ photons have longer mean free paths than electrons of the same energy,
it )xappena that, despite the smaller angular deviation, the rcot mean square
radial spread of the photoms is larger than that of the electrons of the

same energy.

* Ey» the "characteristic “ener s 18 merely a constant with the dimension of
an energy. E, = » (47« 137)% = 21 Mev,

## A radfation length, the thickness Xo, is defined in gm/om® by the equation

1/X0 = 4 n & r 2 In (1838'1/3), Where - = fine structure constant = 1/137
ry = classical afeetron radius ¢ 2,8 x 10-13 cr, & = atomic number and n e
mumber of atoms/gm. The radiation length is the fundamental unit of length
of cascade shower theory., The deseription of radiation phenomena is only
slightly dependent on & when thicknesses are measured in terms of this
unit,

% .
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Experimental Arrangement and Progedure for Measurement of Angwlar PAstributiop.

Arrangement ’

To determine the angular distribution of photons at various depths in
a shower medium, the experimeﬁtal grrangement shown in Fig, 1 was used., The
322 Mev hremsstrahlung beam of the Berkeley synchrotron, collimated to a
diameter of one-quarter inch, impinged on a thick lead or copper target
placed directly on the ;ollimafbr wall, Photon-electron cascade showers
were produced in the terget medium, and these photons and ele&trons ererged
from the far side traveling at various angles with the shower axis, which
uaé the axis of the incident tremsstrahlung beam. The angular distribution
of Q;gg;gggggz particles at a given depth in a shower medium will in no
way be determined by the material beyond that depth; therefore the angular
distribution of the particles emerging from a target of thicknmess t will
correspond to the distribution in an infinite medium at depth t.

Detectors .

To detect the photons, the radicactivity produced dy a (Y ,n) reaction
in copper was used, VThe 016" thick copper detector foils were positioned
beyond the target on a lucite mount as athn in Fig. 1. The foile were
mounted as segments of cylinders with the beam as their axis., The basic
foil was three inches square, but to obtain reasomable angular resolution
at larger angles, the foils were cut into two 1~1/2 inch strips or into poure
3/4 inch strips and mounted as shown. The radial separation between the
foile wvas 2 cm. (An expression for the relative effective solid angle per
foil is derived in Appendix I1,)
| To obtain data between 5.5° and 30°, the mount was positioned 24 em
from the target. In this position each foil sibtended an angle of about

2 degrees. To obtain data at larger angles, the mount was moved into a



position 11 cm from the target. In this close posiﬁion only the four outer
foll radii were used. The angles were between 30° and 55° and each foil
subtended an angle of about 6 degrees. To monitor the incident beam flux,
& .016® copper foil (not shown in Fig. 1) was placed between the collimator
and the target where it intercepted the total incident beam,

The reaction used to detect the photons was Cu®> (- ,n) Cub?, The
resulting Cu®? 15 beta-sctive with a ten mimite half-1ife, §he excitation
curve for this (" ,n) reaction has been extensively 1nveat1gated14’15, The
curve has a resonance shape with a peak at 17.5 Mev and a full-width at
‘half-maximum of about 5.5 Mev; tHeFefore, the photons detected in this ex-
periment were of energy near 17,5 Mev,

Other 1nvestigations16 have ghown that a negligible fraction ofvthe
observed activity would be produced by electrons, The crosa section for
the 0u®> (- 4n) Cu®2 reaction ie of the order &00 times the cross section
for electro-disintegration., For comparison of experiment Qith shover theofy,
whiech is mosf reliable at high energies, it would have been desirable to use
a detaector sensitive to photons of energy higher than 17.5 Mev. Unfortunate
ely such detectors {e.g. CL2( » ,n) C* peaked at sbout 27 Mev) have mush
lover cross sections, and also for many materials, the radiocactivity pro-
~ duced 1s inconvenlent to sepafate from that of more predominant I;U energy
reactions, When one ia limited to photons of energy of the order of 17.5
Mev, the comparison of experiment with theory should be most essily made
for a high Z target medium, such as lead. This 1s because high Z materials

#
have a low critical energy and the present theory of lateral spread is re-

* Defined in footnote on page 3.
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liable only for energies much abo§e the critical energy.
ocedure

The experimental procedure was the followings After about a twenty-
minute bombardment, the various fractional foils at a given angle were
taped together with cellophéna tape to form a standard three-inch square
foll, To measure their beta-activity these folls were thén rolled into
the form of cylinders andwere slipped over Victoreen 1B85 alumimm wall~
633 Geiger tubes, The activity of these foils relative to that of the
monitor foil was determined by counting them all simultaneously for about.
fifteen minutes, Under these conditions only the desired ton minute bata-
activity was observed,
Evaluation of Memtron Comtrilution
 There is a possibility that the Cu®2 radicactivity used to detect
photons was produced by the 0u63 (n,2n) 0u®? reaction instead of by the
(V' ,n) process. To estimate the contribution of the (n,2n) process, the
relative yield of the n? (n,p) ngv reaction was investigated using the
same geometry, PFor thé neutron spectrum o which the foils would be ex-
posed, the Al reaction should have the larger cross section and its yield
should set an upper limit on the yiséld of the Cu reactionlv’le'. The Mg27
activity 1s convenient since it has about the same half=life of ten mine

utes as cu§2, and there is no other comparable half-life in this region

nﬂohen17 measured the average cross sections for two reactions using the
neutron spectrum produced by bombarding Be with 15 Mev deuterons and founds

,5127 (n,p) Mg? ’__j
v L cub3 (n,2n)0u®? < 19.6 mb

25 mb

"

The neutron spectrum produced by the synchrotron x-rays will be more
predominantly low energy than in the case of Cohen's measurements, The
lower threshold of the Al reaction will thus make its relative yield even
larger, ) '
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of the iaotope chart to 1nteré§re:. The important point, of coirse, is
that the “327 cannot be produced from aluminum by x-rays, When bombarded
in the saﬁe geonmetry as the copper detector foils, a small activity was
observed to be produced in the aluminum which, within statistical varia-
.tions, decayed with a ten mimite half-life, From the yield of this ac~
t4vity, an upper limit to the relative yield of the Cu®3(n,2n)Cu®? pro-
cess was estimated and is plotted as curve 6 in Fig., 2. It can be seen that
thetneutron contribution may be important at large angles,

Begulta

Geperal

The angular distributions of 17.5 Mev photons were measured at depths
of 1.17, 2.52, and 5,30 radiation lengths in lead (7.60, 16.4, and 34.4 g/
en® rospectively)’ and for 0.85 radiation lengths (11,3 gm/bmz) in copper,
These four curves, all normalized to the same incident flux at zerc depth,
are plotted in Pig, 2,

Also shown, as curve 5 of Fig., 2, is the relative intensity with no
target; its spread being produced Ly interaction of the beam with the walls
of the one~quarter inch collimator. Thies incident deviated radiation is
not as important as it might firast seem., At any reasonable depth in the
shower medium, most of the 17.5 Mev photons observed will be descended from
inbident photons of sppreciably higher energies; these higher energy quanta
would exhibit much less spread upon emerffing from the collimator than do
the photoné of curve 5,

. For comparison with theoretic#l results the distribution curves at the
thrse depths in lead are plotted individualiy in Figs. 3,4 and 5. It should

be noted that each point represents the average of two or more determinations.

{ e

2 5 for the radiation length
- % The ¥alue of 5.9 om' ven Rossi and Greisen
in Pb has been 1nor%2§ed hg#ten ggrcent to agree with results of recent

experiment19.
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2,5 radiation lengths is roughly the depth inm lead of the .shower maximum
for 322 Mev bremsstrahlung incident, It is the depth where the transi-
tion curve for the photons productig the reaction Gu63 ("',n)cu.é2 has its
maximm’ " apd 1s about the depth of meximm ionizationl?, The other two
depths, 1.2R.L and 5,3R, L., are in the vicinity of half and twice the
depth of the shower maximm, |

Bormaligation to Unit Incident Flux

The total flux (in artdtrary units) of photons near 17.5 Mev between
about 5,5° and 50° was obtained by mmerical integration of 2 ni?: I (0)
ein 6d0, The net flux between 0° and 5.5° was obtgined experimiézally for
each depth using a circular copper detector foil which intercepted the
central flux out to 5.5°. The yield of this foil relative to the monitor
foil was normalized to the same conditions as for the detéctor foils at larger
angles, Because of its amaller size the central foll beta-activities were
counted on the Geiger tubes with higher officiency than wére those of the
three inch square folls, and a correction fastor of 0,80 (uncertainty &
0.05) was necessary for normalization,

Negleoting the small contribution outeide 50 , the total flux at the
shower maximum was normalized to 1.55, which is known to be the value at
this depth for unit flux incident at depth zercll.’

Normgliszed in this manner, values of the flux through the central

5.5° and from 5.5° to 50° are given in Table I.

T

* This value was checked using a 1/4% collimator. A three inch square foil
was placed in the usual monitor position directly preceding the lead and one

was placed directly on the far side where it would intercept all the emerging
flux, The value obtained was 1,54 + .02,
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Table I

" ] Badl
Depth 1.17 2,52 5.30 i 0,85
(Radiation lengths) (Pb) {Pb) (Pb) + (Pb)
® to 5.5° 0,910, 5% | 069620, 5% | 0, 340z0.7% |0,86320.5%
5.5° to 50° 0.54 0.85 0.73
Tot&l’ :
neglecting © §O° 1.43 1.55 1,07
Tatal’ i )
from Strauch's curve 1,24 1.55 1.00;

The values given for the central flux each represent the results of two

or more determinations,

The uncertainties quoted for these values are

standard deviations based on counting statistics only, but should be the to-

tai unserteinties for the relative values.

The values of total flux given

in the fourth row are taken from Strauch'!s transition curve in lead for the

photons responsible for GuéB('?,n) Cuéz.

It might be of interest to express the distribution curves in terms of

the mmber of quanta per Mev intérval at 17.5 Mev, per steradian, per equiva-

# .
lent quantum incident at zero shower depth.

For the incident bremsstrahlung spectrum it is known that at 17.5 Mev

48(e) =

QIE

0.0846

ugnta

“M
Mev interval ¢ equivalent quantum

Then, since the distributions plotted in Figa.:2,3,4, and 5 are all as

accurately as possible normalized to unit inecident flux, we have

% The number of incident equivalent &Ehnta Q is given by
Qs——-—l—-

Boax

wvhere U is the total incident energy, Ehax is the upper limit of the brems-

strahlung.
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dN(17.5 Mev) = ©C,0846 I (8) quanta,
Q@ 4aF gteradign « Mev intervel - Q

where I (@) is the value of the crdinute in the figurss,

frenlar Distributicn al Snall Angles

The anguler éiétribution of yholune of & ~dvsa eacrpy i vory steep
near the shower axis, theoretic.lly the discripution lmsa 1/ sivvularity at
the axis, Thi:s sleepuness at small znrles 1s 1llustrated by ths cuive in
Fig. €, obtained at the depth of the shower maximum in leud, To get the
data at the small sngles,a geometry differ~nt from that using the three
inch foils had to be employed. Instead of the usual 1/4 inch collimator,
one 1/3 inch in dismeter was used. The det ctors were 5/32 inch copper
dises positioned at various angles on a mount 43 cnm from the lead target.
At this distance, tue diameter of each disc subtended an angle of 0.27°.
The monitor was a 5/32% dice centered on the beam axig, and the duta is
plotted taking the intensity averaged over this disc as unity. Data vas
taken at angles from 1.4° to 6.4° as shown. The larger angle duta (pre-
viously shown in Fig. 4) was arbitearily normalized to give a smooth con-
tinuation of the curve. The curve shown was drawn to fit the data and
is not besed on theory.

Theoretical Angular Distribution Curves

Detailed rredictions of the angular distribution functions for photens
in showers have been given YW Fyges anc FarnbachV’g’IG. They have caleu=~
lated the disiributions under thé following Eonditiéns and gssumptionss
(2) The pair prodﬁction crogs 2ection is a constant for the energies

considered and is vaken as the asymptotic vulue,

(b) The incident photons or electrons which produce the showers are

of much larger energies than the rhotons observed,

(c) PFor treatment of depth other than that of the shower maximum,
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tpaxt The photons observed have energies so much greater than
thov critical energy that ionization losses may be ignored (Ap~
proximation A).
(d) The scattering angles are small, |
(e) One can uniquely determ‘i;n.e the distribution funetion by a trial
and error fitting of a curve to the known moments of the distri-
bution function,
Do these conditions apply to 17.5 Mev photons in a éhouer produced in lead
by incident 322 Mev bremsstrahlung? Condition (a) does mot hold well. Near
17.5 Mev the pair production eross section 1s only 0.4 of the asymptétic
oross section. Condition (b) does mot hold well for an incident bremsstrah-
lung spedtrum, but not as badly as it might first seem, Because of the
multiplication and attentation processes, the primaries producing the
photons deep in the shower medium on the average must have considerably
larger energies than the photons observed, Condition (c) obviously does
not hold sinse the critical energy in lead is of the order of 7 Mev; haé-
ever, it holds much better for lead than for lower Z materials, Condit-
ion (d) 1s worse for high Z materials since the scattering probability varies
as Z2, Nevertheless for electroms of emergies quite a bit larger than
17.5 Mev, the condition holds fairly well. Assumption (e) has been ex-
perimentally tested by Eyges and Fernbach and they are confident of the
accuracy of their method, The fitting of a distribution to values of its
moments does not, however, determine the distribution with accuracy near
the origin, ‘
The distribution caleulated by Eyges and Fernbach7 for 1/2 tmax’ tmax’
and 2 ¢, . are shown in comparison with the experimental data in Figs. 3,4,
and 5 respectively, Their curves were caloulated 1&: terms of the general
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;rgmnt g: @ (vhere Ey is the so-called characteristic energy, ~21 Mev),
and have been evaluated for E o 17.5 Mev. At 1/2 ty,, and 2 ty.y, the

only available curves are calculated in Approximation A, At the shower
maximm, tpays Pyges and Fernbach?#10 have caloulated, for different pho-
ton energies, a serles of curves which do take ionization loss into ac-
count, Their distribution at tna:-: for E = 2: (where - g critical energy,
7 Mev in lead), evaluated for E » 17.5 Mev, 1s shown as the dotted ourve in
Fig. 4. .

Discussion of Results

The diatributions given( by Approximation 4 are observed to give a
fair fit at 1/2 ¢, ut to become very poor with increasing depth, being
too flat, This 1s to be expected since the effect of fontzation loss
would be to increase the average energy at which the scattering of the elec-
tronsancestors of the 17.5 Mey photons ocours. For angles above about 40°
the experimental distributions seem to becoms much flatter, an effect which
might be due to neutron backgrounds or to inadequate subtraction of Geiger
counting background, The curve for tmax whic_h takes ionization loss into
asccount gives a reasbnable fit to experiment for intermediate angles,

In general, the egreement' in ahape' of the experimental distributions
and the theoretical curves is better than might be expected since the com-
parison 18 made under circumstances where the conditions, as listed above,
for real confidence in the theory have not been fulfilled,



I1. ANGUIAR DISTRIBUTION OF BREMSSTRALUNG RADIATION
trac
A measurement has been made of the angular distribution of the 322 Mev
bremsstrahlung radiation from the Berkeley synchrotron. The bremsstrahlung
is produced by bombarding an internal 0.020" thick Pt target. The photons

vere detected by the beta-activity induced in small Cu disca by the Cu >

(v ,n) ‘.‘21162 reaction. This reaction would be produced mainly by that part
of the tremsstrahlung spectrum of energy near 1'7..5 Mev,

The angular spreading (of order of 6m2/E) is observed to be much
greater than the spread (of order mo-/E) intrinsic in the bremsstrahlung
production procesa, The theory of Schiff attributes this greater spread
to the multiple Coulomb scattering of the electrons in the target before
radiation. The observed angular distributions is compared with some
theoretically predicted distributioms and found to be considerably narrower,
Ite full width at half meximum is 9,2 + 0,6 milliradians, This fact in~
- dicates an over estimate of electron séattering at 322 Mev, although the
narrower distribution might be attributable to the special conditions pre-

sent in a synchrotron.
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ntroducti

In addition to the intrinsic interest that it offers, the angular
distribution of the bremsatrahlung radiation from a synchrotron ia of .
considerable prestical coﬂeern. It enters into such matters as the
selection of.optim collimation, the determination of the total output
of the machine, and the caleulation of the bremsstirahlung spectrum pas-
eing through a collimator. The angular spread (full width at half max-
dimum in radians) intrinsiec in the bremastrahlung radiation process is of
the order me?/E where E is the total electron energy md mo? is the‘ rest
energy. The radiation from thick targets such as those in aync'hrotrcna
has, however, a considerably btroader angular distribution, the full angle
at half maximum being of the order éme?/Bofor the 322 Mev Berkeley syn-
chrotron. This increased spread is believed to be caused chiefly by
the .mltiple scattering of the electrons inm the target before radiation.

Schiff20 has given a theory for the angular distribution of thick
- target bremastrahlung based on the multiple scattering of the electrons
in the target, lansl and Hanson®l, in an attempt to f£it their own ex-
perimental data, have calculated somewhat narrower distributions than
Schiff'a using. a different evaluation of the electron scattering.

The angular distribution of bremsstrahlung has been measured by
various experimenters at lower energies, In the cases where a specialized
target (often a wire) was used, there could be no direct comparison with
theory, Koch and Carter2, using a uniformly thick 0,005 inch Pt target
‘at 19.6 Mev, found an angular distribution which within statistics agreed
with Sohdff's function, The distributions measured by Lagzl and Hanson

using various targets at 16,9 Mev are narrower than those predicted by
Schiff but are in good agreement with their own calculations, Baldwin
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ot al.zahavo studied the angular distributions produced by 70 Mev electrons
in synchrotron targets of various thicknesses and 2, finding excellent
agresment with Schiff's theory for low Z btut narréwer distribut.?ona for
high Z, o

- The following is a report of a study made of the angular distritu-
tion of the bremsstrahlung frm' the 322 Mev Berkeley synchrotron.
Jheory ,

imgmc Spread (Thin Target Distributions)

Sommerfeld®and Schiff®” have derived expressions for the intrimsic
spread, wvhich should be applicable to very thin targets. These expressions
are obtained by integrating the Bethe-Heitler differential bremsstrahlung
cross section over the angles of the scattered electron.’ Sommerfeld 's
derivation does not include screening of the muclei by their electron
clouds, vhereas the following expré:aion obtained by Schiff takes screen-
ing into account:

o (k,x) dkdx = 4 8% 12 ;1_1; x4 x P (x,k,E,) (1)

vhere F(x,k,E ) is the angular distribution function

PlokE) = P - _(Bgum)?
o v~
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® These results when in turn integrated over the photon angles give the Bethe-
Heitler bremsstrahlung spectrum,




where
o = 1/137 = fine structure constant
| L incident electron energy
E = scattered electron energy
k = EO-E = radiated photon energy
x = B,8/mo%, the reduced angle
0= angle between incident electron and photon
r = e2/uc® = classical electron radius
¢ =183/ =111
f = base of matural logarithms
This becomes the same as Sommerfeld's result when in M(x,k) Z is set to

‘ v : 3 2
equal zero (no screening) , Complete ascreening holds when\c I)) > 2

B&)a L.e., k/E, amall,

Z X |
© ‘fhe shape of the angular distribtution is given by the function

.VE(’-"k’Eo)' vhich is proportional to the photon intensity per unit solid
angle. For complete screening it 1s séen to depend on k and E_ as a func-
tion of k/‘Eo only. Actually the shape, plotted in terms of the reduced
angle x = Eoe/mz is only slightly dependent on k and F,. As a consequence
the radiation spectrum 13\ roughly independent of angle, although low energy
quanta are slightly more peaked toward € g O,

Ihick Target Distributions ,

'The angular distribution of bremsstrahlung from thick targets was first
treated by Schi££%® vith the following considerationss For small angles
the William's multiple scattering theory26 pfedicts the following angular
distribution of electrons as a function of depth, t, into a target (normal-
ized so that the integral over all angles is unity)s |
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P(o,t) = 5'-1%"5 exp ( -ez/zpt) (3)
T :
vhere f)z /9,282 ¥ 5
!\‘ go /}

N = mmber of atoms per unit volume

B,z electiron energy
This assumes that the attemuation is negligible, Since radiation is equally
probable at all depths ¢ the effective angular distribution of the radiate
ing -electrons is the integra.li of Eq. (3) over the total target thickness X.

M0 2 Em (e/2%) | “)

where E1 is the exponential integral funotion given by
4 -8 ,
~Ei(~y) :ufy__g__ ds, -0 forO0-y. . ,
)

axd 4s tabulated in Jahnke and Emde?’,

8tnce the intrimmic radiation spread is marrow, compared with the spread
of the electrons , the photons will be radiated essentially in the direction
of the electron's line of motion and P(0) will also be the angular distri-
bution of the radiation, This is not true at angles of the order me?/E
about € = O aince at these angles the bintrinaic :adiation spread becomes
important in deternining the distribution, (It might be noted that P(e)
given in Eq. (4) diverges at @ = 0), For small angles Schiff, by numerical
calculaﬁions, folded together P(8) and an expression for the imtrinsic
spread which was approximately the same as that of Bq, (2)., He obtained
finally for the 1ntonaity of radiation at angle @, relative to that at 0 g O

10) = EL/2. 1) ' (5)

1n 2¢ xE2-0. 5772
n04
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I(8) as given in FEq. (5) does not contain any dependence on k, the
photon energy, and Schiff states that his numbrical calculations indicated
I1(8) was esesentially independent of k.

Essentially the following derivation of the thick target bremsstrahlung
angular distribution, which does not involve numbrical integration, has
been given by Lawaon28 and by Lansi and Hanaonzl.

The function F(8,k,B,), eq. (2), for the intrinsic spread of the ra-
diation may for small angles very accurately be approximated by the sum
of two gaussians,

F(O,k,By)~ay exp  ~(E0/mc?81)?  + a, exp (B 0/mo%0,)°  (6)

The constants a), ay, 6;, and 6, actually are slightly dependent on
ky E, and 2,

The electron multiple scattering distribution at depth t (normalized
such that the integral over all angies is unity) may, for the small angles

that concern us, be expressed as a gaussian function.

P(e, B, t)’w.f% exp ( -E°292M) (7)

When F(8, k, E,) and P(§,E,t) are folded” together, we obtain the con=
tribution to the angular distribution from radiation at terget depth t.

I(G,k,Eo,t) = a—lg-z_(‘fﬁ exp -Eozaz/(bt + mzﬂl‘ei) (8).
m?048§+bt _— | .
- a22m2649§ exp .-Eﬁ 62/(bt+m2040§)
n2Che5+bt

% The convoluticn of two two-dimensional gaussian functions (written exp

6%/2002 ® exp -0%/20,2 18 %.1.5213?2 exp -02/2(892+8,%) uhen &jand

02 are small, 2
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Integrating over the total target thickness T we obtain the net
"
radiation pattern, normalized to unity at 6 = 0 ,

( )anezt:—m-“vz_:o%) (zzcagzﬂ 9)

2,8, %101 1-@@264912] - 2g8,% 1n E—b'r/nzc‘a _]

The valus one obtains for the constant b in the gaussian approximation

1(e,Xx,E,)

of the electron scattering distribution differs among the various multiple
scattoring theories, The theory of Moliere?? which predicts somewhat

narrower spreads than do the theories of Williamsze’

and others, especlally
for large Z, appears to give the best £it to experiment?0, Moliere's
theory gives a very involved expression for P(8,E,t); however, for any spe-
cific case a vilue of b can be obtained graphically which makes (7) a very
good approximation,

Experimental Conditions and Procedure

Arrangement

The angular distribution of the bremsstrahlung from the Berkeley syn-
chrotron was measursd under the following conditions. The so-called short
bean was used, in which case the rf accelerating voltage is turned off sharply
at peak field. (For the "long beam®™ the envelope of the rf voltage is more
~ gradually brought to zero, producing a beam spread out much more in time.)
Loss of energy by radiation causes the electron orbit to collapse, electrons

striking the Pt target on the inner wall over a period of about 20 ;. sec.

* -g, (-8) diverges at @ » 0, but I(8) can be determined from the asymptotic
expression -Ey (-y,) + By (-y,)-:1n (yz/yl)
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The elegtron energy upon reaching the target has been estimated by Powell

et u.BOa

to be 322 + 6 Mev, During the collapse of the short beam, it is
estimated that the radius of the electron orbit 1s reduced 3.0 x 10~%am per
turn,

The target employed was the 0,020 inch thick Pt target that was in use
in the Berkeley synchrotron during the period 1948-1951 and is the same
thickness as the one now in the machine, The targatl was in the shape of a
uniformly thick flag about 5/16" x 1® x 6,020%, Its thickness represented
1,15 gn/en® or about 0,18 radiation lengths.

| Datectors
_ The hr_emsstx'ahlung was detected by the activity produced in small,
0.035* thick Cu dises of 1/8 inch dismeter by the ou®3 (Y ,n)0u62 reaction;
hence, the angular distribution measured was that for photons of energies
~ around 17.5 Mev (cf. Pe 105. To maintain the detector disecs in accurately
deternined poaitionq guring bombardment they were mounted on an Al frame
in 1/8" diameter depressions spaced 0,15 inch apart as shown in Fig. 8,
Actually, to obtaim more e.cti;:ity, ‘t.wo discs, one behind the other were
mounted at each point, |

Since Pig. 8 18 not drawn perfectly to scale it might appear that the
Pb wall (usually used to ooilimato the beam) that 41s shown could produce
some interference with the beam. Actually the aperature through which the |
beam passed subtended an angle of 62 milliradians, which is outside the
angular range in wvhich measurements were made, Fffects due to scattering
at the edges of the aperature would be negligible,

Procedurs

The mount vas centered in the bremsstrahlung beam using the relative
activities induced in the Cu dises at the four pésitions immediately ad=-
jacent to the center, The usual method of aligning the apparatus using a
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transit was not sufficiently accurate, In fact, when by means of photo-
graphic £ilm the mount had been accurately centered in the beam passing

through a 1/8 inch collimator, it was found to be about 6 x 107

radia,&
(about 12 percent of the half angle of the cone at half intensity) from
the position of maximum intensity. Actually for no run .was the mount
perfectly centered in the beam, but the position of the center could easily
be determined from the data.
The procedure was to expose two to four detectors at a time, a de-
tector at center serving as a monitor for each exposfire, After a 15 to
20 minute bombardment the sativities of the various discs were counted
simultaneously for 15 mimutes, using Victoreen mica-end-window Celger
tubes, The counting efficiencies §f the different Ceiger counters were
normaliged and contimually checked using two uranium standards. The
efficlencies were observed to remaln constant and differed among the
tubes by less than 6 percent. |
Over a peﬁod of three monthes three separate measurements of the
distripution were made, The distances from detector mount to the syn-
chrotron target in the three cases vere 81 inchee, 165 inches and 18}
dnches, 1In the first measurement, data was taken along two perpendicular dia-
meters through the center of the radiation pattern, 1In the other two
cases, excapt for data taken just around the center to fix that point,
moasurementq were made only along the horizontal radius in the direction
AB shown in Fig. 1.
- Rogults
The results of the three series of measurements are shown in Fig. 9.
The directions labeled in Fig, 9 ar? perhaps confusing. The direc--
tion denoted. *left" refers to the horizontal direction labeled AB in the
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plan diagram of Fig, 8., For the electrons striking the 0,020" Pt target
this is the direction towards the closer target edge. The angles sube |
tended by the dlameters of the detector discs are indicated in the leg-

end and were 1,85, 0,91 and 0,92 milliradians for series 1,2, and 3, re-
spectively, The uncertainties shown are standard deviations based on count
ing statistics only. 4lso shown in Fig. 9 are the theoretical distribu-
tions given by Schife20, Eq, (5), and Lansl and Bansén‘u, Eq. (9). To
evaluate Eq. (9), the values of the constants a), a,, @;, and 8,, were
determined by a graphical fit of the intrinsic spread F(x,k,E;), Ea. (2),

to be an a; = 0.73, ay = 0.27, 8,° = 0,340 radlan?, and 6,2

= 2,37 ra-
dian®, The value of BT appropriate to the 0,020 inch Pt target was de-
termined from Moliere's theory'C to be 24/ - n°D% radian?, These valuss
give the curve B shown in the figure. The curve C was obtained using the
value BT = 140 - mich radianz, vhich implies a multiple scattering spread
21 percent smaller than predicted by Moliere's theory,

The following features of the experimental data may be noted: There
1s no definite assymmetry within the angles of observation; one might X~
pect the spread to be smaller in the -direction of scattering cut the tar-
get's edge. There seems to be somewhat of a disagreement among the throé
measurements. This inconsistency might be attributable to unknown dife
ferences in the operating ‘condition‘s of the synshrotron, i.e., differences
in the manner in which the electrons were striking the target. The mea-
sured distribution is narrower than the theoretical predioted radiation

patterns, A reasomblg Jfit, curve C, is obtained only when we assume

the electron scattering to be considerably less than predicted by theory,

The measured pattern has a full angle at half-maximum of 9.2 ¢ 0.6 mile-
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liradians, which 1s 14 percent narrower than the curve of lanz]l and Han-
gson, and 22 percent less than the width of Schiff's distribution,
Discussion of the Results
A number of reasons may be listed as to why, in general, it is dif=
ficult to compare the angular distribution of btremsstrahlung from a beta-
tron or synchrot;on target with a theoretically predicted distribution,
(1) The target may not be of uniform thickness, Aotually the stand-
ard target in many machines is in the form of a wire,
(2) Oscillations of the accelerated electrons cause them to strike the
target at a variety of angles, tending to spread out the radiation
distribution,
(3) The electrons because of‘the small pitch of their apiral path
1§to the target strike close to.the outer edge of the target., In
the subsequont scattering of the electroms in the target, the ones
geattered to larger radii may be acattered out of the target through
its edge. This should lead to an asymmetry in the angular distribu-
tion of radlation. If the target is not perfectly normal to the en-
tering beam it is conceivable the beam could nick the edge of the
target without passing through the full target thickness, This con-
dition would also lead to an asymmetry in the angular distribution of
the bremsstrahlung,
(4) With thin targets multiple traversals of the electrons through
the target will influence the resulting bremsstrahlung.
(5) Flectroms deflectad by the target through scattering or ioniza-
tion loss will strike the walls of the dorut mccelerating chamber or

elgevhere, producing radiation from secondary sources,
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Of these possible objections, only (2) and (3) seem to apply to this
measurament, limited to the compénent of the tremsstrahlung arcund 17,5 Mev
at small angles, The effect of the oscillations of the electrons would be
to broaden the angular distribution; hence, it can not account for too
narz;aw a distribution, | The effect of the electrons striking the edge of
the target should be to produce an auymetry in the radiation pattern,
though perhaps only at ].érge angles, This effeot may mcount for the dis~
erepancy at large angles between series (3) and series (1); however, in |
series (1), where the pattern has been measured in four direations, there
is no definite asymmetry within the angles covered.

The fact that the measured distribution is somewhat marrower than
those predicted by theory does not seem to be easily explainable by the
circumstance that the measurement was made 'under the special conditions
found in a synchfotron. The above results suggest that even Moliere's
recent thaory overestimates the scattérin‘g of high energy (300 Mev) elec-
trons in high Z materials,



I11. HIGH ENERGY PHOTOPROTONS
Abstirac

- An investigation has been made of the characteristics of the ejection
of protons from various elements by high energy x-rays. Various targets
vere axposed to the 322 Mev bremsstrahlung beam of the Berkeley synchrotrom,
and the high energy protons produced were detected by means of a counter
telescops consisting of three liquid scintillators. Fach scintillator
bas vieved by two or three RCA-1P21 photomultiplier tubes with their out-
puts comnected in parallel.' “The protons were required to stop in the
8econd counter and a form of pulse-height analysis in the first counter
wag used to differentiate protons from less heavily ionizing particles
(eg.' mesons) of the same range. The minimm energy of the protons that
could be detected by the telescope was 65 Mev,

The angular distributions of protons of energy near 70 Mev from Ii,

c a.nd Ta were observed to be essentially identical and to have a large
forward asymmetry. FEvidence from C indicated that this asymmetry in-
creases with energy. Over a wide range in energy the yield of photoprotons
was found to be direct%y proportional to atomic number, Data were also ob-
Sained on the emsrgy specrum of the protons ejected from C from 70 Mev to
vaboVe 200 Mev., The absolute differential cross section for the production
" of 72 Mev protons at 90° from C was found to be 0,72 + 0,25, b/Q-Ster-Mev.
A disoussion is given of possible mechanisms for the production of

these high enérgy photoprotons,
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The mechanisms for photodisintegration processes in ﬁncléi are at
present not well establiéhed. The chafacteristiga of the emission of
low energy particles frqm.materials under x-ray bombardment can only in
part'be acoounted for by the process af evaporation from the excited nuw--
8lsus. Bven for lov excitation emergles, of the order of 20 Mev., (Y,p)
to (- ,n) ratios have been found? which are orders of msgnitude higher
than predicted by an ejaporaticn medel. The energy distriﬁutions of the

emitted protens have high energy ta11332

vhich are much larger than for
the maxwellian-like distribution from evaporation, This higher energy
component has beén‘found to differ from the lower energy protons in that
1ts angular distribution is anisotropic>?, These facts have been inter-
preted33 as evidence for a direct photoelectric effect in which the phe-.
ton interacts directly with one of the protons, ejecting it from the nue
¢leus without forming a "compound nmucleus" state,

Experiments with high energy bremsstrahlung, of the order of 300
Mev,, have revealed the production in unanticipated mmber of protons
vith energies ranging up to above 200 Mbg.34’35’36'37

Levinthal and S1lverman ® using proportiomsl counters studied the
protons produced by bombarding different materials with 322 Mev brems-
straﬁlung. They 1nvastiga§ad the energy spectra frem C, Cu and Pb at
90° from ebout 9 Mev to 70 Mev obtaining & yield propertional to B2
where 8 & 1.7 » 0.1 for €, 1.9 + 0,1 for Cu and 2.2 + 0,2 for Pb, Their
inveliiigation of the Z dependence at 90° for production of 40 Mev pro=-

tons revealed a yleld closely proportional to 2. A measurement of the

angular distribution of 40 Mev photoprotons from Be, C, and Cu revealed



| distributions that were similar and that had large forward asymmetriss,.
The purpose of the present experiment was to extend the measurements
. of Levinthal and Silverman to higher proton energles, _Recently Keck3 5
has reported on somewhat similar experimental work with high energy photo-
protons produced by 300 Mev bremssirahlung. In any phases where the work
of Keck and the present experiment overlap there is provided a comparison
between results oblained with fairly different detector systems,
| Recently Wm37 using nuclear emulsions in connection with a study
of star production by high energy x-rays has gathered some quantitative
and considerable qua.litat.hre knouledge of the production of photoprotons.
More will be said of this in a discussion of the results of the present
experiment,
The magnitude and the characteristics of the differentdal cross sec=
tions for the production of high energy photoprotons can definitely not
be accounted for by an evaporation medel, Various possible mechanisms
have been suggested and each may account for scme part oi". the observed
production. Some of these possible mechanisms are the followings
(1) Compton process between the photon and an individual proton
inside the mucleus, (The'observed eross section for this process
with a free proton is too small to account for much of the observed
photoproton production),: '
(2) The interaction of a photon with a micleon to form a high energy
proton and a meson, {(The meson may be absorbed in the remainder of
the nucleus to form a star)}
(3) Production of high energy rrotons upon reabsorption of a meson in
the nucleus in vhich it was formed,
(4) A direct photosffect wherein a photon interacts directly with an
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individual muoleon or subsiructure of the nucleus such as é. quasi-

deuteron,

For the direct photoeffect Levinthal and Silverman’® made some cale
culations based on independent proton wave functions using an emperical mo=-
mentum distribution, Levinger?8 has made some quite detailed calculatione
using a quasi-deuteron model, i.e. an intergction of the photon with two
clossly interacting mucleons in the nﬁcleus. Levinger's caloculations
vere based on the caloulations of Schiff3? on the photodisintegration
of the deuteron. |
Experimental Arrangement

In this experix;ment an investigation was made of the protons emitted
from various targets when bombarded with the high energy x-ray beam of the
Berkeley synchrotron, Protons above an energy of 70 Mev were detected
using a counter telescope of three liquid scintillation counters. A
drawing of the general experimental mangsment is given in Figure 10,

The bremsstrahlung radiation from the Berkeley synchrotron is pro-
duced when the intermal electron beam orbit collapses into the 0_.620" Pt
target near the inmer wall of the donut acceleration chamber. For this
" pulse the rf aocoleratiaéwvoltage is modulated such that the electrons
spill into the target over a period of aﬁout 3000 seec., The repetition
rate of these pulses is six per sec, Because during these 3000 sec, the
nﬁgnetic field is changing (1t varies approxinmately as a 30 cyele sine
wave) the eiectrons will strike the target at various energies. If the
nominal energy can be taken to be 322 Mev then the electron epergies ac-
tually ranged from 298324 Mev. The net bremsstrahlung specfrum can be
found by combining the bremsatrahlung spectra corresponding to the various
quantun limits (electron energles) welghted by the relative beam inten- |
sities at these electron energies, In Figure 11 is given the resulting
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bremsstrahlung distribution, the relatlve energy per energy interval
ploi_‘.ted vs., photon energy. OCurve 4 is for 322 Mav electrons striking
the target, curve B, calculated by W. S, Gilbert, is roughly that given

'by the spread-out beam pulse, |

As is shown in Figure 10, at 55 inches from the Pt target the syn~
chrotron beam passed through a collimating hole in a léad wall nine in-
ches thick. This hole was 3/4" in diameter at ita entrance and vas
tapered, being part -of ‘s cons whose apex was &t the synchrotron target.
Beyond this collimator was a lead shield six inches thick with & hole
for the beam about one inch in diameter; this hole was also part of a
cone with the target at its apex, These collimators and 4the X~-ray tare
gol were aligned by means of a transit,

The counter telescope was installed in a lead house with‘ three inch
thick walls to shield it from the general background radiation around the
ayném'otron. A 1-1/2 inch diameter hole in the front wall of the house
determined the effective s;ﬂsid angle subtczxied by the counter telescope.
The lead house was mounted on a carrlage which could be revolved about
the center of the x-ray target. The lead house was 11.4 inches from the
target center, its aperture‘ subtending a plane angle of 6°, To monitor
the beam two lonigation chambers, shcwn in Figure 10,_ that were part of
vthe standatd synchrotron installation were employed, The pre-collimator

40
ionization chamber had been calibrated abaclutely by Blocker and Kenngy

and was relied on primarily.

Proton Detection and Identification
Particles were identified as protons esaentiall_y from their dR/dx

and residual range., The counter telescope employed consisted of three
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scintillation counters in line as shown in Figure 12, A particle'’s range
was specified by demanding that it pass through the first counter and stop
in the second, The protons were then distinguished from other particles
by requiring a certain minimum pulse height in the first counter. By this
method a deuteron would be recorded as a proton, but at the high‘ energles
investigated (corresponding to deuteron energies 90 Mev) it is doubtful
if the deuteron contribution is appreciable,

The counter teleécope employed in this experiment was built by the
author in collaboration with W, S, Gilbert and was first used in an invest-
igation of the photodisinteégration : of the deuteron at high energ:lesu.
The counters (cf, Figure 12) were liquid secintillators of terphenyl dis-
solved in toluene, The first counter, in which the particles dF/dx was
1nvest1gated, was three inches in diameter, 1.6 gm per em? of toluene in
thickness, and was viewed from the side by three RCA-1P2] photomultiplier
tubes with omtputs connected in parallel. Counter 2, which consiiéted of
0.67 gm per cm® of 1iquid, and counter 3, which was 1.1 gm per om? thick,
were both four inches in diameter and were each viewed by two ECA-1P21
photomultiplier tubes. 2.6 gm per cm2 of copper absorber were permanently
placed between counters 1 and 2 to improve the discrimination of the
telescope,

A hlookAdiagmm of the electronics employed is given in Figure 13,
The pulaeé from each counter were fed to a pulse height discriminator and
gate former, For pulses from counters 2 and 3 these Mtiona vere pro-
vided by UCRL Invmer Discriminators, For coﬁnter 1, in vhich a form of
pulse height analysis was made, the known high stabllity of the UCRL Lin-
ear Amplifier and Variable Cate warranted their use. The recovery time of
the Variable Gate 1s long, apbro:dmately one .. sec, but because of the



large pulse demanded from the first counter its counting rate was always
much lowér than the rates in 2 and 3,

All three¢ counters were connected in a coincidence ciroult and the
first two counters were connected in a separate double coincidence circuit,
A subbraction of the two coincidence rates give the rate of particles stopping
in the second counter, The coimcidence circuits emplbyed were orystal
diode Rossi circuits known as UCRL Eight Channel Mixers.

A measure of the number of accidental double coincidences was given
by a delayed coincidence channel, as shown in Figure 13. This chamnmel
gave the mumber of random coincidences between signals ffom counter 2 and
signals from counter 1 that had been delayed by two:. sec, The gate lengths,
.the recovery time, and the resolution time of the electronics were all
about 0.4 : sec,

In identifying partiﬁies as protons it was necessary to distinguish
protons from mesons, For particles of different magses and identieal
residual ranges the ratio of the dB/dx's in traversing matter is approx-
imately (ml/hz)o’é4. In the case of protons and mesons, this ratio equals
2.3, This means that a proton would give up 2.3 times as much energy in
~ eounter No. 1 as would a meéou, and if the scintillators were perfectly
proportional, the proton pulse woulé be 2,3 $imes as Imrje as the meson
pulse. This ratio, call it the ﬁafit ratio, is a limiting maximum since
it holds only for identical residual ranges or, to put it another way,
for a second oounter'of gero thickness, In practice, counter No. 2 was
of finite thiokﬁess and the ratio of the smallest proton pulse to the
largest meson pulse was calculated to be 1.8, For protons the band of

energies accepted was 62-71 Mev, with the corresponding energies givenm
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up in the first counter being 20-17 Mev, reSpect1Ve1y; For mesons the
band was 28-32 Mev, and the energy lost in the first counter was 9,3-8
Mev, respectively, To examine higher energy particles, a copper absorber
was insérted between the target and the counter telescope.

To ascertain the conditions under which one would be counting pro-
tons with full efficiency, a run was made using the 50 Mav neutron beam
of the Berkeley l84-inch synchro-eyclotron., This neutron beam is ob-
tained by deuteron stripping and has a wide spread in energy (a total
wvidth at balf maximum of about 30 Mev), This beam was used to bombard
a paraffin target, and since the energy is below the threshold for meson
production, the partioles observed will be almost entirely protons with
a small fraction of heavier particles., The curve giving counting rate
per unit beam vs. photomultiplier high voltage is shown in Fig. 14. The
arrov indicates a standard point on the curve. The operating conditions
of the firset counter at this point were made réproducible by determining
the singles counting rate of this counter with a beta source in a stand-
ard geometry. To be able to count the betas a standard 20 db attenuator,
present in the output of the first counter during proton.détection, wag
removed,

In Fig, 15 4s shown an integral blas curve of coincidence counting
rate vs, discriminator tdas of the first counter obtained at 60° from a

carbon target in the 322 Mev x-ray beam of the synohrotBon. The arrow
indicates the calibration point obtained using the 90 Mev neutron beam,

The dotted curve indicates an i1deal integral blas curve when there are
only protons and ‘mesons. The meximum protoﬂ pulse is arbitrarily taken

|+
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as shown and the other points are calculated from range ensrgy relations.
The absolute value taken for the meson yleld is based on the experiment§1
. data of Peterson, Gilbert and White‘l.z.

The observed curve from carbon is affected by electrons at the low
blas end and perbaps by deuterons at the large bias points. An operating
point vas selected at a blas five volts lower than the calihraﬁion point
from the oyclotron run] From comparison of the ideal curve and the obe-
served curve, it is believed that only protons were counted at the op-
erating point and that the protohs were counted with full efficiencj.

To insure that the proper bias setting was constantly maintained
during a given series of measurements frequent checks were made of the
counting rate in counter 1 given by a beta source in a standard geom-
etry (20 db attenuation removed, as mentioned above). These-checks were
made about once every hour during a fun;

Experimental Measurcments

Angular Distributions

The angular distributions of protons of energy near 70 Mev from Ii,
C and Ta were measured in the range from 30° to 1500, the results being
given in Pigs, 16, i?, 18, and 19. All values are plotted taking d o/Qd L
dE =1 ﬁt 900. The boxes at each point indicate the standard deviations
based on counting statistics only and the plane angle subtended by the
detector system., The acﬁual energies of the protons detacted were for‘
11, 74 4 8.2 Mev; C, 72 § 8.5 Mev and for Ta, 69 4 3 Mev. The energy
aﬁreads are due to the energy interval of the second counter and due to-

the energy loss in the targets.

i
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For measurements made with 8 < 90° the targets were along the line at

8 = 1359 for @ >90° the targets were along the line 6 m 45°. Because of
. the high electron yield at the forward angles, thimnmer targetw were em-
ployed at these angles. Adjustments of the data were made to take into
account the fact that protons emitted at different angles suffer different
enorgy losses in the target and the fact that different target thicknesses
were used, 7This adjustment was made by determining the mean proton energy
for each situation and correcting for the dependence of yield on energy
(taking the measured dependence in C to hold for all three materiala)'and
for the dependence of the effective energy intervel of the second counter
upon energy. This correction waé at its largest eight percent for C and
five percent for Li and Ta.

The angular distribution of photoprotons from carbon was alsb mea.sured
at angles from 11° to 45° fgg;energies of 77 2 12 Mev, 127 & 8 Mev, and
174 £ 6.5 Mev, The results are éhown in Fig. 21. In order to reach the
angle of 11° 1t was necesgary to move the detectors to a radius of 44
inches from the target center, For comparison the measurements at 20°,
30° and 45° were also made at this radius. At this distance the detec-
tion system subtended an angle of 2°, This was the only measurement in
which the standard geometry previously described w;a not ua;d.

% Dependence
The Z dependence of photoproton production was investigated at two
energles, 72 £ 10 Mev and 142 &+ 5.? Mev, The measurements were all made
at an angle of 45 ¢ 3°. The results are plotted in Flg.22, The targets
employed in this study were ones that had been constructed by G, Igo and
R, Eisberg especially for measurements of this kind. The targets were all

about 1.5 gl/bm? in mass thickness and were all laminated in such a manner
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as to all present the same physical thickness and area, Adjustment of the
data vas made to take acdount of the fact that the mean emsrgy of the pro=
tons from the different targets differed slightly due to differences in
energy loss in the targets. At its largest this correction amounted to
three percent. Correction was also made for attenuation of the x-ray beam
in the targets. This was done using the pair production cross section at
320 Mev and the correction at its largest was 15 percent in the case of Pb.

Energy Spectrum

The distributions in energy of the photoprotons produced at 45° and
90° in carbon by 322 Mev bremsstrahlung were measured for energles above
about 70 Mev., The observed speatra are given in Figs. 23 and 24. The
mean energy of protons accepted by the detector system was varied by
placing Cu absorbers between the target and the first counter. For the
measurements at 90° the absorbers were placed outside the lead house as
shown in Fig. 12 bt for measurements at 450 the apparatus was modified
to permit the absorbers to be placed inside the lead house close to the
first counter, precluding any effect due to multiple Coulomb scattering of
tbe protons in the absorber.

As the mean energy was increased the thickness of the target was
also increased to help maintain a reasonable counting rate. None of
these carbon targets were so thick that it was necessary to correct for }
&:ttenuation of the x-ray beam, When absorber sufficient to stop 330
Mev protons was in place a small counting rate was still observed, Theaé
counts were hrasumah&y produced through the agency of neutrons which |
produced protons in the absorber or perhaps in the first counter 1tse}£.
For purposes of correcting the data for this background the yield from .
this effeot was taken to be proportiénal to target thickness and 1ndepeﬁ-

dent of absorber. The correction was only appreciable, about 30 percent
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at the high energy points where conditions were similar to those under which

the background was measured.

The date was corrected for nuclear absorption of protons in the Cu ab-

sorber.,

A cross section equal to the geometrical area was used, giving a

2 .
mean free path, L, 4n Cu of 112 gm/cm . The correction factor, exp (x/L),

ranged up to 1,60 for the thickest absorbers used. For the geometry used

for the measursments at 90° a correction for loss due to multiple scatter-

ing was made which ranged up to 30 percent,

Absolute Cross Secticn

The absolute oross section for photoproton production from carbon at

90° and 72 Mev was measured to be 0,72 microbarns/eff. quantum, steradian, Mev,

The major uncertainty in this measurement is due to uncertainty in absolute

beam intensity.

The absolute calibration of the beam monitor ionization

0 4
chamber was done by R. W. Kenney and W. Blocker4 » who estimated the uncertainty

as 20 percent, A comparison of the above experimental value with values

obtained by other experimenters is given in Table II,

Table II
' °
ferentigl Cross Sections for 70 Mev Photoprotons at 90
Synchrotron '/Lbseff.quant. Maximum
Method Epergy Mev, | ~ gter, Mev, |{likely Error |
Proportional
Counter 210 0,15 factor of 2
Huclear 200 0,95 z 55 percent
8 N
Scintillation
nt 300 Q.74 = 30 percept |
Beintillation
Counter 310 0,72 = 35 percent
| Caloulation 200, 0,22
Calculation 300 0,29 Factor of 3 |
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Summary of Results

Angular Distributions

At 70 Mev the angular distributions from 14, Cy, and Ta, as compared
in Pig, 19, are within the precision of the measurements found to be iden-
tical, In Fig. 20 the observed distribution from C at 70 Mev is dompared
with tBAD observed at 40 Mev by Levinthal and Silverman’®, and with that
observed by Keck’> at 100 Mev. There 15 no definite difference in the
distributions at 40 and 70 Mev. The 100 Mev distribution found by Keck
1s somewhat higher between 90° and 30%, Other data of Keck at 130 Mev
and 175 Mev show increasing forvard asymmetries. This is also indicated

- in the data obtained at small angles from C as shown in Fig. 21,

]

Z Depéndence

Iike the date obtained for 40 Mev protons at 90° by Levinthal and
8ilverman and for 130 Mev protons at 67,5° by Keck, the present data at
450 for 72 and 142 Mev protons (Fig. 22) show yields directly piOportional
to atomic number., The straight lines drawn through the data in Fig, 22
have slopes of 1,06, The ylelds from Il and Ta, though not shown, when
measured relative to C under sompwhat different circumstanbes also showed
the same direct dependence upon Z. .

Energy Sbectra.

The energy apectra of photoprotons from C observed at 45° and 90°

1.7

(Figs. 23 and 24) seem to be smooth continugtions of the E ' epectrum

found by Levinthal and Silverman below 70 Mev at 90°, 1In the region of

140 Mev there appear to be breake in the spectra similar to the break at
0

130 Mev observed by Keck at 67.5 . The slope bsyond the break is at

neither 45° nor 90° as steep as observed by Keck at 67.5°,



Absolute Cross Section
The value of 0.72 microbarns / eff. quantum-sterad-Mev for photopro-

ton production from carbon at 72 Mev is in good agrecment with the value
found by Keck, but is considerably larger than the result obtained hy
Levinthal and Silverman, When an integration is made over the observéd
angular distribution at 72 Mev, 6ne finds the value for the total cross
section for photo-proton from carbon to be 9.9 # 3.5 microbarns / eff.

quanta -~ Mev,

Discussion of Theory and Results

A great deal of information on the mechanism of high energy photo-
protén production is given by the study made by Kikuch137 using muclear
emulsions. Fxposing emulsions directly to high energy hremsstrahlung
radiation with two different upper energy limits, 150 Mev and 300 Mev,
Kikuchl studled the yields of single protons and protons from stars amd
compared their values for the two energy limits. His date as far as an-
gular distributions and energy spectra are concerned are, within fairly
large statistical uncertainties, in agreement with data obtained with
counters, His results, howsver, tell much about the origin of these high
energy protons, Kikuchi reports that for the photoprotons between 20 Mev
and 60 Mev about half came from stars produced by x-rays above 150 Mev,
the remainder were oneg observed as single prongs., Half of these single
protons were produced below 150 Mev and half above, For protons above
about 60 Mev most came from stars produced by x-rays of energies above
150 Mev, | ﬂ

The theory of Silverman and Levinthal involving a direct photo effect
can at most then only account for part of the protons of energies from 10
to 70 Mev that they observed., Their calculations were basgd on & direct

correlation between the x-ray and proton energies; protons of energy F
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being ejected by photons of energy E + 25 Mev, ' Actually it appears that
three-fourths of the protons which they observed were produced by x-rays
of energies above 150 Mev.

Kikuchi has suggested that the chief mechanism for photodissochétton
at high energles (x-ray energies above 140 Mev) might be what he calls the
free mason effect, In this process mesons produced in the interior of a
nudleus are reabsorbed with a subsequent dissocihtion of the nucleus., The
.baais for this suggestion is twofold. (1) Photo-meson production from
various nuclel has been observed43 to be proportional to the surface area
of a mucleus (i.e. proportional to A?/B),_indicating absorption of those
produced in the interi;;i (2) The studies by Kikuechi and Miller44 show
that the cross section for the photo production of stars increases mark-
‘edly above the threshold for meson production.

Kikuchi then conjectures that the majority of photoprotons with en-
ergieé between 20 and 60 Mev are protons ejected from the mucleus by the
process in which the meson is initially formed. The largé forward asym=
metry for photoprotons of 40 Mev observed by Levinthal and Silverman is
not incompatible with that expected for nmucleon recoil from a meson.

This mechanism cannot account for the protons above about €0 Mev
that were observed in this experiment. For exposure to 300 Mev brems- |
strahlung there ié not sufficient energy for a mucleon to recoil from a
meson with energy much above 60 Mev, .

1f, as Kilmchi suggests, stars are produced by meson reabsorption
within the mucleus in which it was formed then the protons above 60 Mev
night be produced in this reabsorption process. The measared angular

distributions for free meson productioﬁ‘s are more or less isotroplc amd
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and the protons resulting from the reabscrption process would then be ex-
pected to be roughly isotropic. Such i3 not the fact., As the results of
this experiment show (Figs, 16 to 21), these high energy protons have a
large forward asymmetry. Another mechanism must be soughtl.

Levinger38, as was mentioned in the introduction, attempted to account ’
for Bhe high energy protons in terms of a direct photodissociation, Be- |
cause the protons observed have large energles at large angles to the
x-ray beam they must have had high momentum inside the mucleus before the
photointeraction. This high momentum will be rresent if tﬁe proton is
acted on by strong forces dﬁe to bging very near other nucleons, i.e,
mjoh closer than the average spacing inside the nucleus. Lefinger assumed
that 1f a mucleon is very close to another nucleon it 4is probably not very
close to a third and used in his calculationa a quasi-deuterbn model,
levinger's computations were based in turn on the calculations of 3ch1ff39
for the photodissociation of the desuteron, |

The results of Lovingeris caleulations, while perhaps accounting for
some of the characteristics of high energy photoproton producfion, have
serious deficioncigs. The absolute cross sections predicted (ef. Table
II) are apparently a factor of four too low and no account was taken for
the fact that only a fraction of the high energy protons produced by the
primary process will leave the mucleus with their initial energy. If
Levinger's model can be believed to be a good one then the indication is
that the theory of 8Schiff on which Levinger's work is based predicts too
lov a result,

Actually Schiff only considered his results to be valid up to ener-
gles near 140 Mev since his calculations take only nucleon electric dipole

and quadrupole transitions into account and do not consider meson effects,
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Levinger, having nothing else available; employed these results at ener-
gles considerably above 140-Mev., Recent experiments*™?4C nave revealed
cross sections for deuteron photodisintegration at high energies that are
much larger than predigzéd by Schiff.‘ The evidence is that the cross sec-
tion actually reaches a minimum near the threshold for meson production
(near 140 Mev) aﬁd then increases. While the true angular distribution

‘at these high energies (above 140 Mev) is s8till not definitely determined,
it seems indicated that instead of the approximately #in%9 distribution
(center of mass) given by Schiff, an isotropic distribution may be correct,
_ The above shows that one cannot expect levinger's calculations closely
to fit the e:perimentally observed high energy photoproton yields, The
absolute cross sections predicted (of, Table II) appear cﬁnaiderably to0
low. The angular distribution calculated for 70 Mev proions which is
compared with experiment in Fig. 20 i8 not a very good fit,

Eeck has interpreted the sharp breek in the energy spectrum he ob~
served at 67.5° as evidence for the validity of a deuteron model, This
interpretation 1s based on the fact that the observed break ococurred at
about half the maximum bremsstrahlung energy, which should be true for a
proton recoiling from a single mucleon rather than, for example, from the
remainder of an alpha particle. If this interpretation is correct, the
point of the break in the spectrum should depend on angle as given by
the censervation equations for deuteron dissociation, The fact that the
observed distributions at 45° and 90° (Pigs, 23 and 23) are quite similar
casts doubt on Ke;k'a interpretation, A

The calculated curves of Levinger for energy spectra were available
to the author only from Levinger's article and were in a form such that
they could not be accuratadly plotted for comparieén with the results in
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Figs. 23 and 24. BecaPQe of the presently known invalidity of the energy
dependence used by lLevinger for deuteron photodisintegration, his calcu-
lated specira cannot be taken seriously. It can be said that below 100
‘Mev where the variation seems to be as E-l'v.Levinger's curves are much
steeper; hence, his curves do not show the observed breaks,

At present there are no adequate theoretical calculations to account
for the characteristics of photoproton production. Because of the in-
validity of the basic dissociation formulse used by levinger, his calcu~
lations need to be repeated with appropriate corrections. There are ine-
dications that an application of his deuteron model using accurate em=
pirical data for the deuteron photodissoc1ation (when it is available)
would lead to results closer to experiment,

An isotropic distribution for high energy deuteron photodisihtegra~
tion (for which there is evidence) when used in Levinger's theory would
lead to proton angular distributions of closer fit than shown in Fig, 20,
More apparent, it would lead to roughly identical distributions for neu-
trdns and protons. This would be in accord Qith the recent evidence‘7 for
e forward asymmetry for high energy photoneutron production, Levinger!'s
calculations predicted a neutron distribution more or less symmetric about

909, .

R. R, Hilson48 has pointed out how the free meson effect suggested
by Kiluchi and the model of Levinger are actually compatible, The effects
predicted by both will occur i1f£ s large fraction of the time a meson when
préduced in a nucleus 1s absorbed by its parent nucleon's nsarest neighbor,
i.s, the other nucleon in a quasi-deuteron, The meson creation and reab-

sorption will then appear as a deuteron photodissociation, the system re-

taining the momentum of the proton. : .
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 Appendix

So0lid Angle Calculation

The geomeiry of thé detector folils used in the study of the aggular
distritution of photons in showers ia shown in Figs. 1 and 7,

Let 1 = length of foil along circumference (of. Fig. 7)

Iet n = number of atoms per unit area of foil ‘

Iet - = crosé section per atem

Referriﬁg to Fig., 7, the solid angle subtended by one atom in the in-
terval dx is - /r?, and the total solid angle subtended by atcoms in dx ie

diz(-/?)nldx |
In terms of the angle 8:

dx = rde/sind

r = R/siné
Then .

d.=«1 ndé/R

To £find the ‘total eo0lid angle subtended by the atoms in a foil we inte-
grate over @ 8 and obtain finally:

s i;=n.' g/R

Then_ to find the relative photon intenstiy we weigh the relative activity
of a given foil with the factor R/l " © since n and 'are identical for all foild.
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Figurs Captions

1,

3.

4o

5.

9.

10,

11,

13.

Fxperimental arrangement for measurement of angular distribution of
shower photons,

Angular distributions of 17.5 Mev, shower photons at various shower
depths, 322 Mev tremsstrahlung incident,

Angular distribution of 17.5 Mev shower photons at 1.2 radiation
lengths depth in lead (mislabeled 1.7 radiation lengths).

Angular dietribution of 17.5 Mev shower photons at 2.5 radiation
lengths depth in lead,

Angular c¢istribution of 17.5 Mev shower photons at 5.3 radiation
lengths depth in lead.

Angular distribution (including small angles) of 17,5 Mev shower
photons at 2.5 radiation lengths depth in lead,

Geometry of detactor foils for measuring angular distribution of
shower photons, . -
Fxperimental arrangement for measurement of the angular distribution
of bremsstrahlung radiaiion.

Angular distribution of 17,5 Mev photons in the 352 Mev bremsstrahlung
beam of the Berkelsy Synchrotron.

Plan diagram of the experimental arrangement for the study of photo-
protons, ’
Bremsstrahlung distributions; energy per energy interval §s. X~rey
energy.

Proton counter telescope.

Block diagram of electronies,

Voltage plateau for detection of protons produced by 90 Mev neutron
bean, |

Representaiive bias plateau for aetection of photoprotons.



Figure Captions (contd,)

16.
17.
18,
19.
20,
21,
22,

23,

Aﬁgular distribution of 74 Mev photoprotons from lithium,

Angular distribution of 72 Mev photoprotons from carbon

Angular distribtution of 69 Mev photoprotons from tantalum,

Angular distributions of photoprotons near 70 Mey from Li, C, and Ta,
Angular distribtutions of photoprotons from oarbon,

Angular distributions of photoprotons from carbon, small angles,

Z deperdence of photoproton production,

Fnergy spectrum of photoprotons from carbon at 45°,

Fnergy spectrum of photoprotons from carbon at 90°,
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