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THREE EXPERIMENTS WITH HIGH .ENERGY I-RAYS 

I. Angular DistMbution ot Photons in Shovers 

II. Angular Distribution of BremsstrahlUD&" Radiation 

III. High Enera:v Photop~tons 

QeperaJ.. Int.roductiop 

Jack W. Rosengren 
(Thesis) 

Bear the eDd of the rear 1948 under the supervision ot ita iuventor, 

Professor E. M. McMillan, the construction ot the Berkeley eynehrotron waa 

completed.. The auocesstul operation or this machine, the first in 1 ts 

eneru range, made available in the laboratory x-rays vith energ:S.es above 

.300 Mev in tnergy. It introduced the possibilit7 ot 1SI8.D1 nev tJPeS ot in­

vesti~atioas and the extension ot other studies to much higher energies. 

This is a report of three experiments that vere conducted utilizing 

the 32.2 Mev bremsstrahlung beam ot this machine. Aside from bei13g studies 

all emplo7ing high eneru x-rqs the7 are essential.ly UDrelated. They­

have been presented in three imepeDient parts, each w1 th 1 ts own abstract 

a.Dd introduction. 
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I. ANOTJLAB DISTRIBtJVQlf 9l paO'J:OB§ 11! SHQWEIS 

Abstract 

A study bas been made of the &JJgU].ar distribution or the photons in 

electron-photon oasCI}de shovers initiated in Ou and Pb by high energy. brems­

strahlung radiation. Targets of thicknesses 1.17, 2.52 and 5.30 radiation 

lencths or Pb and 0.85 radiation leugtbs ot Cu were exposed iDdividua.ll;y to 

the 322 Mev bremsstrahlUDg beam of the Berkeley S)'llChrotron. The angular 

distribution of all but the lowest energy photons emerging from the far 

side or the targets should be identical with the distributions at the same 

depths in an infinite medium. 

1'he photons were detected )U the beta-a.ct1 vi t;y produced in Cu foils by 

the eu63 ( '(" ,n) eu62 reaction. This reaction 1s known to be produced mainly 

by photons of eDergies near 17.5 Mev. E"ridence is presented that the ob­

served activity vas not produced. by electrou or neutrons. 

The target thicknesses ot Pb emplofed corresponded to depths in the 

shover ot T/2, T, and 2'l, where T is the depth of the shover Jll&ldmwa. An­

gular distributions were measured in the raDge from 6° to 5cP. Rough agree­

ment is shown between the results and the theoretical calculations or E,ygea 

aDd Fernbach. 
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Iptroduct4,pp 

For a theore~iaal interpretation of ma~ experiments concerned with cas­

cade photon-electron showers, application of so-called one dimensional shover 

theory is suf'ticiente.g.l.. This tbeor,y considers the longitutinal develop-

ment of a shover wader the assumption that there is no traverse spreading. 

For an interpretation ot many experiments, particularly some concerning 

shovers produced in a.1r b7 cosmic rqa, oDe needs to deal spedif'ioally with 

this lateral developaent. · Considerable theoretical work has been done on 

this subject. In general, one wishes t.o find four distribution tunctioDS 

defined b7 the folloviDga 
l---

Pr(r,t,l!!)rclrJ the relative number of electrons of energy Eat longitudi• 

D&l. depth t in the annul.ar ring between r ar:td r + dr 

independent of direction of motion. 

P9 (e,t,S)8d&J · the relative nul!lber of electrons of energy E at longitudi­

nal depth t vi th velocity vectors in the solid angle 

between e and e ... de independent of lateral displacement 

tram the shower axis. 

Qr(r,t,E)rdr and 

Qg(e,t,E)ed&J the corresponding funotions for photons. 

Orten, rather than seeking the distribution fUDCtion8, the attempt is made to 

calculate the root mean square angular or radial displacement. 

The first treatment of the lateral development of showers was given 

by Euler and Wergeland2J however, their results are nov considered to give 

tar too small an extension ot showers. L. Iandau3 set up ciittusion equations 

for the sidewise developnent, but his numerical results were in error. 

G. Mol1ere4 has made an extensive investigation using a.n extension ot landau's 

method and bas calculated the radial distributions of both electrons and 
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photons and the angular distribution of electrons. His work is carried out 

• • under approximation A • 

Boberg and Nordh.e1m6 have ovaluated the mean square angular and lateral 

spreads ot both electrons and photons at the shower maximum as functions of 

their energy-. 

E,yges and Fernb&ch have calculated the first several moments ot the 

distribu.tion !unctions and by means of a trial and error fitting have interred 

the distributions. Using approximation A, they have determined the angular 

distributions ot photoDS and eleotrons7 and the radial distribltion of elec­

troDS8 at the deptb ot the shower maximum, \.x• and at 1/2 tmax and 2 tmax• 

They have also calculated all taur distributions at the shover maximum, taking 

ionization losses into account, tor E equal to twice the critical energy, .::: , 

ard tor 'C. and 10" 9,to. 

In the past, most of the experiments involving photon-electron eaaoadea 

dealt with the shovers produced in the atmosphere by cosmic rqs. Nov with 

the availabill ty ot suttioientl.T high energy x-r&Y machioes, experiments 

involving oasoade showers can be done in the laborator;ye.g. 11•12• 
l~ 

Crowe and Hqwardl3, using a cloud chamber in the 322 Mev bremssti-ahl.UDg 

beam of the Berkeley qncbrotron, measured the energy spectrum and angular 

distribution of electrons at about the shover maximum in lead, obtaining 

reasonable agreement vi th theory. The purpose · of the present experiment vas 

to stUd7 the aDgUl.ar distribution ot the photons in shovers in lead. 

Q!l!lltative Description Rl. tbe S,preP4 Rl..! §hM£ 

the mechanism ot the cascade shower is well know, the electrons pro-

•Rossi and Qreisen5, in their reviev article, introduce the notation "approx­
imation A" tor a treatment in which the ionization loss of electrons is 
neglected. 
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* ducing numvous photons b7 radiation, the photons in turn forming electrons 

b7 pair production. At high energies, Compton scattering a.l¥1 loss or energy 

by ionisation are relatively unimportant. Since U'these lli:gh~energiea~"', ( ··;;;•::-. 

the rac:t1atio11 and pair production processes propagate at very small angles 

w1 th the forward direction, the shover develops essential.l7 along a straight 

line, the number of particles mul.tipl.yiDg, the average Pa,rticle energy- con­

staDtl.J decreaa1Dg. For ~ lover eDergT particles, ionization loss becomes 
.J . ** importa.nt, and eventuall7 the critical energx is reached at which the 

average apace rate ot loss or energy by iord.ze.t1on is equal to that tor loss 

by radiation. These lover energy particles are then lost to the shover as 

tar as continued multiplication is conoarned. 

At a certain depth, 'max• in the shover medium, the attenuation pro­

cesses start to exceed the cascade processes and the shover reaches a maximum 

development in JWmber of particles, ionization, etc. Bqoo:S. this depth the 

shover declines J eventua.ll7 1 t dies completely, and the energy of the inci­

dent prlmaary eleatron or photon is reduced to heat energy of the gross medium. 

Although until near its veey end the !9A!D l!24z ot the shover proceeds 

directly forvard, there is .!S!I lateral spreading from near the s~. This 

spreading is caused almost completely b7 the Diul tiple Coulomb scattering of 

the shover electrons by the nuclei ot the medium. This process gives in one 

radiation length about ten times the denection inherent in the radiation 

on pair production processes. The root mean square deviation, &2, acquired 

lflii,iihOUt this paper, the term "electron" includes both positive am neg-
ative· electrons. · 
*'Detimtions ot the various terms us~ in shower theory are given in the review 
article by Rossi and Greis enS. 

The critical energy is the energy lost by an electron through ionization 
in one radiation length. 

E cr1 tical is very rougbl7 600/1 Mev. 
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by an electron of energ E in one radiation length is rough17 -A, where 
E: • E8 is the so-oalled characteristic eDel"fU 1 about 21 Mev. TJ.le consequence 

ot t.bis energy deptmdenee is that soatteriDg becomes important onl.7 at lover 

energies and d;h&t, OD the average a photon 'a deviation is due to the scatter­

lag ot ita most recent electron ancestors in the last tev radiation lengths. 

The high ener.a particles travel forward, maintaining a densely pop-

" ulated, very D&l"rrW cent,ral core (narrow when measured in radiation leDgths). 

Imrer eneru particles vhen formed are scattered outward trom this core, di­

Yerging at large angles to give thw shover its transverse spread. This ex-· 

p&DSion radially ia not ot indefinite extentJ low ener17 particles do not 

cascade lllUCh and their eneru is soon attenuated. the shover will spread to 

a llm1t determiraed b.Y the r&Dee td the low e:aeru particles, and this limit 

will be roughJ.T maintained tor the remainder or the shower'& length, the 

lov eurgr diverg~nt particles being constantly' supplied f'rom the narrow, 

high energy, central core. 

For photons aDd electrons ot the same ener§, the root mean square an• 

gular deviation ot photons will be less than that ot the electrons, since the 

deTiation or. photon is' 1nher1 ted 'directly' from a higher eneru electron. Be­

cause photons have longer mean tree paths than electroas ot the same energy, 

it bappeu that, despite the smaller aDgUlar deviation, the root mean square 

radial spread of the photous is larger than that of the electrons of the 

• ! 8 , the •characteristic en~e7", is merely' a constant vi th the dimension ot 
an energy. E1 • a e (4 r" • 137 )1' : 21 Mev. 

** A radiation length, the thickness Xo, is defined in ga/(fllJ.2 b7 the equation 

l/Io • 4 :·. 11 If. rr/ lD (18~-l/J). Where -:f. fine structure constant = 1/1.37 
r 0 : claaaical e~ectron radius : 2.8 x 1o-.aJ em. a • atomic number and n • 
DUJilber ot atoms/p. The radiation length is the fumamental unit of length 
ot cascade shover thear,y. the description or radiation phenomena is oDlf 
ellghtl7 dependent on a when thicknesses are measured in terms of this 
~~ . 
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J;xperimental £rangement ,W!1 PrOOedY.fe t,or Measyremen~ 9l. jnguJ..ar Rj§tribuUa. 

Afrangemept 

To determine the angular distribution ot photons at various depths in 

a shower medium, the experimental ~ement shown in Fig. l vu used. The 

322 Mev bremsstrahlung beam ot the Berkeley STflChrotron, oollima ted to a 

diameter of one-quarter inch, impinged on a thick lead or copper target 

placed directly on the collimator wall. Photon-electron cascade showers 

were produced il:l tOe target medium, and these photons and electrons emerged 

from the tar side traveling at various angles with the shower axis, whicih 

was the axis or the incident bremsstrahlung beam. The angular distribution 

or B!B;h energz particles at a given depth in a shower medium will in no 

vq be determined by the material beyond that dept,h; therefore the angular 

distribution of the particles emerging from a target of thickness t will 

correspond to the distribution in an infinite medium at depth t. 

Detectors 

To detect the photons, the radioactivity produced by a ( r ,n) reaction 

in copper wu used. The .016" thick copper detector toils were positioned 

beyond the target on a luci te mount as shown in Fig. l. The toile were 

mounted as segments :of cylinders with the beam as their axis. The basic 

toil vas three inches square, bat to obtain reasonable angul.ar resolution 

at larger angles, the foils were cut intO two 1-1/2 inch strips or into tour 

J/4 inch strips and IIIOUllted as show. The radial separation betveen the 

foils vu 2 em. (An expression for the relative effective solid angle per 

toil is derived in Appendi_x I.) 

0 0 
To obtain data between 5. S and .30 , the mount was posi t1oned 24 em 

tram the target. In this position eaoh toil ~teDde4 an angle of about 

2 degrees. To obtain data at larger angles, the mount was moved into a 
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position 11 em from the target. In this close position only the four outer 

foil radii were used. The angles were between )0° and 55° and each toil 

subtended an angle of about 6 degrees. To monitor the incident beam nux, 
a .01611 copper foil (not shown in Fig. 1) was placed batween the collimator 

and the target where it intercepted the total incident besm. 

The reaction used to detect the photoDS was eu63 ( ' ,n) eu62 • The 

reSl!lting eu62 is beta-e.ctive with a ten minute half-life. Jbe excitation 

curve for this C·· ,n) reaction has been extrmsively investigated14•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; t~¥efore, the photons detected in this ex-

periment were or energy near 17.5 Mev. 

Other investigat1oDSl6 have shovn that a negligible traction of the 

observed aet~vit;y would be produced by electrons. The erose section for 

the eu.63 (-. ,n) eu.62 reaction is of the order 400 times the cross section 

for electro-disintegration. For comparison of experiment with shower theory, 

vhich is most reliable at high energies, it would have been desirable to use 

a detector senei tive to photons of energy higher than 17. 5 Mev. Unf'ortunat-
. 11 

e]Jr such detectors (e.g. cl2( ! ,n) C peaked at 4bout 27 Mev) have much 

lower cross sections, and also for maOT materials, the radioe.ctivit;y pro-

dueed is inconvenient to separate from that of more predominant low energy 

reactions. When one is Umi ted to. photons of energy of the order ot 17. 5 

Mev, the comparison of experiment vi th theory should be most easil;y made 

tor a high Z target medium, such as lead. This is because high Z materials 

• have a lov ori tical e nerg;y and the present theory of lateral spread is re-

• Defined. in footnote on page 3. 
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liable ~Dlf tor energies much above the critical energy. 

frocedure 
I 

The experimental procedure was the followings After about a twenty-

minute bombardment, the various fractional foils at a given angle were 

taped together with cellophane tape to form a standard three-inch square 

toil. To measure ~heir beta-activity these foUs were then rolled into 

the torm or cylinders and \ere slipped ov11r Victoreen 1B8S aluminum wall­

idj Geiger tubes. The activity of these foils relative to that ot the 

monitor toil was determined bJr counting them all simultaneously for about 

titttten miDUtes. Urder these condi tiona only the desired ten minute beta­

activity vas observed. 

~uatipn .2! J!!!.tr9B ,OO!!lr1l?ut!<m 

There is a possibility that the eu62 radioactivity used to detect 

photons was produced b7 the 0u.6'J (n~2n) eu62 reaction instead of bJr the 

( \ ,za) process. To estimate the contriblttion or the (n,2n) process, the 

relative Jield of the Al.'n (n,p) 14g27 reaction was inv~stigated using the 

same geometry. For the DeUtron spectrum f)-o which the foils would be ex­

posed, the Al reaction should have the larger cross seotion aDd its yield 

should set an upper limit on the yield ot the Ou reaction17•18•. The~ 

activit7 is convenient since it bas about the same balf'-llfe of ten min­

utes as eu62, and there is no other comparable halt-lite in tb1s region 

-10hen17 measured the average cross sections tor two reactions using the 
neutron spectrum 'Produced by bombarding Be wi t.h 15 Mev deuterons and found a 

._:: ~.~27 (n,p) ~-~j :25mb 

,_ .. :·eu6J (n,2n)cu62 --. : 19.6 mb 

The neutron spectrUm produced by the eynchrotron x-rays 'Will be more 
predominantly low energy than in the case or Cohen's measurements. The 
lower threshold of the A1 reaction will thus make its relaiive yield e~en 
larger. · · 
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.. 
of the isotope chart to interfire ~·. The important point, ot co#I'Be, is 

that the Mc27 cannot be produced from aluminum by x-raye •. When bombarded 

in the same geometry as the copper detector foils, a small actiVity was 

observed to be produced in the aluminum which, w1 thin statistical varia­

tions, deea,yed 'With a ten miwte halt-life. From. the yield or this ac­

tivity, an. upper limit to the relative yield of the eu6.3(n,2n.)cu62 pro-

cess was estima~ and is plotted as curve 6 in Fig. 2. It can be seen that 

tbatDeutron contribution may be important at large angles. 

The angular distributions of 17.5 Mev photons were measured at dep~ 

or 1.17, 2.52, and 5.30 radiation lengths in lead (7.60, 16.4, and 34.4 gm/ 

cm2 respective]J')' aD1 tor 0.85 radiation lengths (ll.J gm/cm2 ) in copper. 

These tour curves, all normalized to the same incident nux at zero depth, 

are plotted in 11'1g. 2. 

Also shown, as curve 5 of Fig. 2, is the rel~tive intensity with no 

targe'tJ its spread being produced bJinteraction of the bee.m with the valls 

of the one-quarter inch oolltmator. This incident deviated radiation is 

not as important as 1 t might first seem. At au.v reasonable depth in the 

shover medium, most or the 17. 5 Mev photons observed will be descemed from 

incident photons of 411Ppreciabl.T higher energies J these higher energy quanta 

would exhibit much less spread upon emer-111 f'rom the ool.ll.m9.tor than do 

the photons or curve 5. · 

For comparison with theoretictl results the distribution curves at the 

three depths in lead are plotted individually in Figs. 3,4 and 5. It should 

be noted that each point represents the average ot two or more d.eterminationa. 

• The ¥Slue of 5.9 ~am2 given b.v Rossi and Gre1sen5 for the radiation length 
in Pb has been increased by ten p$rcent to agree 'With results of recent 
experimentl9. 
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2.5 radiation lengths is roughly the depth in lead or the shover maximum 

tor 322 Mev bremsstrahlung incident. It is the depth where the transi­

tion curve for the photons produoiig the reaction eu.63 ( · ,n)eu.62 has its 

ma.x1.muiza11 and fa about the depth of maximum ioDization12• The other two 

depths, 1.2R.L am 5.3R.L., are in the vicinit7 or half and twice the 

depth of the shower max:imum. 

Jormallzation l2 .lfsU Incident .11!11 

The total nux (in arb!. traey units) ot photons near 17. 5 Mev betveen 

about 5. ~ and 50° was obtained by !IUIIlerical integration of 2 ''~ r I ( Q) 
. 5.5° 

sin 9clQ. The aet nux between 00 and 5. sO was obta.ined experimentally for 

each depth usiug a circular copper detector foil which intercepted the 

central tlux out to 5.,0. The )"ield ot this foil relative to the monitor 

toil was DOl'Dial.1zed to the same conditions as tor the detector toils at larger 

augles. Because of its smaller size the central toil beta-activities were 

counted on the Geiger tubes with ~gher etticienc;r than were those of the 

three inch square foils, and a correction factor of 0.80 (UllCerta1nt7 • 

0.05) was necessary tor normalization. 
0 

leglecting the sma.ll. contribution outside so , the total nux at the 

shower maximum was nol'!ll8l.1zed to 1. 55, vhich is known to be the value at 
u• 

this depth for unit flux incident at depth zero • 

Normalised in this manner, values of the f'lux through the central 

0 0 0 
5. S and trom. S. S to SO are given in Table I. 

• This va.lue vas checked using a l/4" ooll1mator. A three inch square foil 
was . placed in the usual moDi tor poai tion directly preceding the lead and one· 
wu placed directly on the tar side where 1 t would intercept all the emerging 
nux. 1'te value obtained was l.S4 + .02. -



Depth 
(Radiation lengths) 

-15-

Table I 

1.17 
(Pl)) 

2.52 
(Pb) 

5.30 
(Pb) 

0.85 
(Pb) 

0° to 5.5° 

5.5° to 50° 
Total, 

neglecting 9 500 
Total, 

I ! 
0.891.:0.5% 0.696..0.5~ l 0.340:P.71- !0.86.3:0.5~ 

I 
- ! . : . . 

' I 

0.54 0.85 j 0.73 i 
, . ! I 

1.4.3 1 1. 55 ! 1.01 : 
I 

1.24 1.55 l 1.00 ~ 

I 
from Strauch's curve 

The values given tor the central nux each represent the results of two 

or more determinations. The uncertainties quoted for these values !JLl'e 

standard deviations bo.sed on counting statistics only, but should be the to­

tal unoerts.inties for the relative values. The values of total nux given 

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

photons responsible for eu63( .. t ,n) eu62. 

It might l:ie of interest to express the distribution curves in terms ot 

the number of quanta per Mev interval at 17.5 Mev, per steradian, per equiva­

* lent quantum incident at zero shover depth. 

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

dlf(e) : 0.0846 
QdE 

,guanta , _ 
Mev interval • equivalent quantum 

'!'hen, since the distributions plotted in J.t"'igs. • .2,3,4, aDd 5 are a.ll as 

accurately as possible nonnallzed to unit incident flux, we have 

I-.. 
• The number of incident equivalent quanta Q is given by 

Q: tl 
Emu 

Vhere U is the total iDOident eneZ"g7, Emax is the Upper limit of the brems­
&trahlUDg. 



dN(l? .t.:S Mev) 
Qd dE' = o.OB46 I (e) q~nta 

wher.o I (e) is th<> V9] llE" cf th'3 (;:!'din::.:. \.o 

the ax:ls.. This st.eerne:;;s "it smP.ll .lnf!l ~s is il111str~.":-"'d b:r th2 curve in 

Fig. 61 obtained at t~1e depth of the sh01...r""r m.-'l.Ximum ln le:l.d. To get the 

data at the mr.all ~.ngles,a geometry differnnt from that using thr=> three 

inch foils h9.d to be e.-rnployed. Instead of the usual 1/4 inch colli..mstor, 

one 1/3 inch in diameter W'd.S used. The_ det ctors "''"'re 5/32 i~ch copper 

d1scr> positioned lii.t various anglP.s on a mou11t 4'3 CJ'l froa th~ lead tarGet. 

At this dist::tnce, t:ue db.JuetP.r of eB.ch disc subtP.n..i'9d an n.!1gle oi' 0. 27°. 

The monitor was a 5/3211 dice centerf..>d on the ~'u"n a..xis, ':inC the d:.;.ta is 

plotted ·caking the intensity avf1ra.ged ov~r th:f.s disc a.s unity. D:.1ta vas 

taken at angles from 1.4 ° to 6. gO as ohown. The lnrger angle d.:..tta. (pre­

viously shown in lt'lg. 4) was arbit2arily normalized to giv~ a SI.'10oth con-

tinua.tion of the curve. The curve sho·,m was drawn to fit the d:tta and 

is not based on theory. 

Theoretic~l Angul~r Distrib.1tion furv~s 

Detail~d predictions of tho c.ngular distr:i.bution fun~tions for photons 

, by ~ - 1 . .,._ ~ 7' 9 f 10 in snowers have been given Fyge;:.. anc ,:t,;:r nbach • '1'hey have calcu-

lated the cii::;tributiona illrlcr the folle;'Jj_ng conditions and assumptions• 

(a) The pair product.~ on crosH ·~ection is a constant for the energiet. 

conaidere<l and i~ t.::Ucen a.s the asymptotic V~UEl • 
• 

(b) 'lne incident photons or electrons \-lhich produce the sho'Jers are 

of much larger energies than the photons observPd. 

(c) For treH-tment of dep'tili'S othAr than that of thB shove-r maximum, 
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1imaz• The photons observed have energies so much greater than 

the critical energ that ionization losses Dllq be ignored (Ap­

proximation A). 

(cl) The scattering augles are small. 

(e) One can unique]¥ determine the distribution function by a trial 
~~ 

and error fitting of a curve to the known aoments of the distri-

bQtion function. 

Do these conditions apply to 17.5 Mev photons in a shower pDOduced 1n lead 

by incident 322 Mev bremsstrahlung? Condition (a} does not hold well. lear 
• 

17.5 Mev the pair production cross section is onl7 0.4 ot tbe auynptotic 

oross section. CoDdition (b) does mot bold well for an incident bremsstrah­

lUDg spedtrum, but DOt as badl.7 as it might tirst seem. Because of the 

multiplication and atteuaation processes, the primaries producing the 

photons deep in the shower medium on the average must have considerabl7 

larger energies than the photons observed. Condition (c) obviousl7 does 

not hold since the critical energy in lead is of the order ot 7 MeVJ how­

ever, it holds much better tor lead than tor lower Z materials. CoJ'ldit-

ion (d) is worse tor high Z materials since the scattering prob&bili tT varies 

as z2. Nevertheless tor electrou ot energies quite a b1 t larger than 

17. 5 Mev, the coudi tion holds fairly vall. Asswnption (e) has been ex­

per1mentall1 tested by ~ges and Fe~ch and the7 are contident ot the 

accuraey of their method. The tittiug of a distribltion to values or its 

lllCPments does not, however, determine the distribution with accuraey near 

the origin. 
7 . 

The distribution calculated by Eyges and Fernbach tor 1/2 tmax' tmax' 

and 2 \wz are shown in comparison vi th the experimental data in Figs. .3,4, 

aD! 5 respect! ve]Jr. Their curves were calcul.a ted in terms of the general • 
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argument I; 8 (where E8 is the ~led characteristic energy, ,......21 Mev), 

and have baen evaluated tor E • 17. S Mev. At 1/2 \we and 2 tm&x• the 

onl7 available curves are calculated in Approximation A. .At the shover 

marhnm, tmax• Eyges aM Fernbach9JlO have calculated, for different pho­

ton energies, a series of curves vhich do take ionization loss into ac­

count. Their distribution at tmax torE : 2 c (vhere - • critical energy,-----' 

7 Mev in lead), evaluated tor E • 17. 5 Mev, is shown as the dotted curve in 

Pig. 4. 

Discussion st. Be!!AY 

The distributions given by Approximation A are obsel"!'ed to give a 

fair t1 t at 1/2 tmax' bu.t to become very poor vi th increasing depth, being 

too tlat. This is to be espeoted since the effect of ionization loss 

vould be to inoreaae the aTerage ~mergr at which the scattering of the elec­

tronMDCestors ot the 17. 5 Me¥ photons occurs. For augles above about 40° 

the experimental distributions seem to become much tlatter, an effect which 

migllt be due to neutron backgrounds or to inadequate subtraction of Geiger 

counting background. The curve tor \we which takes iord.zation loss iDto 

account gives a reasonable tit to experiment tor intermediate angles. 

In general, the agreement in shape of the experimental distributiou 

aDd the theoretical curves is better ~ lllight · be expected since the com­

parison is made under circumstances where the conditions, aa Usted above, 

tor real coDfidenoe in the theoey have not been fulfilled. 
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II. AlftBlUR piSTRIBYTION .Q! JREMSS1'RAHLUNG RADIATION 

Abe tract 

A measurell18nt bas been made of the angular distribution ot the )22 Mev 

bremsstrahlung radiation trom the Berkeley synchrotron. The bremsstrahlung 

is produced by bombarding an internal 0. 020" thick Pt target. The photons 

were detected by the beta-activity induced in small Cu discs by the eu63 

62 . 
( '( ,n) Cu reaction. This reaction would be produced mainly by that part 

of the bremsstrahlung spectrum of energy near 17. S Mev. 

The angular spreading (or order of 6mc2 /E) is observed to be much 

greater than the spread (of order mc2/E) intrinsic in the bremsstrahlung 

production process. The theoey 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 vith some 

theoretically predicted distributioDB aDd found to be considerably narrower. 

Its .full width at baif maximum is 9. 2 + 0.6 milliradians. This fact in--
dicates an over estimate ot electron seattering at 322 Mev, although the 

aarrower distribution might be attribl.ltable to the special conditions pre-

sent in a synchrotron. 



;ntroduct1o.» 

In addition to the intrinsic interest that it otters, the angular 

distribution of the bremsetrahlung radiation from a synchrotron is of 

considerable praet1cal comern. It entera into such matters as the 

selection of optimum collimation, the determination of the total output 

ot the machine, and the calculation of the 'bremsstrahlung spectrum pas­

sing through a colllma.tor. The aDgU].ar spread (f'Ull width at half max­

imum in radians) intrinsic in the bremsstrahlung radiation process is ot 

the order me'-IE where E is the total electron energy md mo2 is the rest 

energy. The radiation trom thick targets such as those in synchrotrons 

bas, however, a considerably. broader angular distribution,· the tull angle 

at halt maximum being or the order aao2/lotor the 322 Mev Berkelq syn-

cbrotron. This increased spread is believed to be caused cbiefiy b;y 

the multiple scattering ot the electrons in the target before radiation. 

Sch1tt2° baa gben a theoJ7 tor the angular distri bu.tion ot thick 

target breJIISatrahlung be.s1'd on the multiple scattering or the electrou 

in the target. Lanal and Bs.nson21, in an attempt to tit their own ex­

perimental data, have calculated somewhat MrrOver distributions than 

"Schif't •s using a different evaluation of the electron scattering. 

The angular d1etr1 bution or bremsstrahlung bas been measured by 

various experimenters at lower energies. In the eases where a specialized 

target (otten a wire) vas used, there could be no direct comparison with 

theorr. _Kooh and Carter22, using a uniformJ.7 thick 0.005 inch pt target 

at 19.6 Mev, toUDd an angular distribution which within statistics agreed 

w1 th Schitt •s function. The distributions measured by 14Jtzl and Hanaon21 

using various targets at 16.9 Mev are narrower than those predicted b.Y 

Schiff but are in good agreement with their own calculations. Baldwin 
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23 
et al. have studie~ ·the angular distributions produced by 70 Mev electrons 

in SJDOhrotron targets of various thicknesses and z, finding excellent 

agreement with Schiff's theoey for lov Z but na.rrover distribution& for 

high z. 
The following is a report of a study made or the angular distri bl.t­

tion of the bremsstrahlung tram the . .322 Mev Berkeley BJllChrotron. 

Theorr 
IDtr1M1c feread Ub!a Target Distributj.opo) 

Sammerfeld24&Dd Sch1tr25 have derived expressions for the intrinsic 

spread, which should be applicable to very thin targete. These expressiona 

are ob"tained by integrating the Bethe-Hei tler differential bremsstrahlung 

• cross section over the angles or the scattered electron. Sommerfeld •s 

derivation does not include scree!ling of the nuclei by their electron 
j~ 

clouds, whereas the folloving expression obtained by Schiff takes screen-

1ng lDto accounts 

~r (k,x) dkdx : 4 a2 r2 A X d X , (x,k,Bo) 
. 0 k 

where F(x,k,E
0

) is the angular dletribution function 

F(~;k;E0 ) : l6z3s 
<x2+l)~o 

... s:.r 
-<x2tl )2 r.: 

~ 
- (~•l)~ 

-
(~ l+ l)'&Q. 

lD M (x,k) 

'+:' 11/J . ' 2 

:. o(x2-+-l) ,· 

(l) 

(2) 

*These results when in turn integrated over the photon angles give the Bethe­
Hei tler bremsstrahlung spectrum. 
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where 

Q : 1/137 : fine structure constant 

E
0

: incident electron energy 

E : scattered electron energy 

k : E
0
-E : radiated photon enero 

x a E
0

i/mtJ
2

, the reduced angle 

9 = angle between incident electron and photon 

2/. 2 r
0

a e ,me : classical electron radius 

c = 183/ '\II[ = 111 

£ : base of m tural logari tbm.s 

This becomes the same as Sommerfeld's result when in M(x,k) Z is set to 

equal zero (no screening) • ( ~/3 ) 2 
Complete screening holds when~<%2-l) ) ) 

('¢ r 1 •••• k/Eo small. 

The shape of the ~distribution is given by the function 

P(x,t,E ), which is proportioDal to the photon intensity per unit solid 
•. . 0 . 

a~t~le. · For complete screening it is seen to depend on k and E as a func­
o 

tion ot k/E onl.7. Actually' the shape, plotted in terms of the reduced 
0 

angle x : E
0 
t/ac2 is onl¥ slightly dependent on k and E

0
• As a oonsequence 

the radiation spectrum is roughly iDiepeDdent of angle, although low energy 

quanta are slightly more peaked toward 9 : o. 

1'bick Ts.rget D1st£ibutiog 

The angular distribution of ~strahlung from thiclll targets was first 

. ...20 
treated ~ Schifr- with the following considerations• For small angles 

. 26 . 
the William's multiple scattering theory predicts the following angular 

distribution of electrons as a function of depth, t, into a target (DOrmal­

ized so that the integral over all angles is un1 ty) 1 



exp ( _.2;2 ~ t) 

\2. 
I 

I 

I a !NIIlber or atoms per UDi t volume 

Eo= electron enat"87 

(3) 

This assumes that the attenuation is negligible. Since radiation is equall.7 

probable at all depths t the effective augul.ar distribution ot the radiat­

iDg electrons is the integral. ot F,q. (3) over the total target thickness x. 

P(8) = ~ ;E· E1 c-e2/2!J,..x)--
2if~ !__ I 

(4) 

where E1 is the exponent1al. integral function given by 
. oG 

•Ei(-y):J, :-ada,;-;Ofor0"7- , 

aDd is tabulated in Jahnke and F1114en. 

Since· the intrimdo raciiation spread is narrow, compared with the spread 

9t the electrons , the photoDa will be ra.dlated essentially in the direction 

ot the electron's line ot motion and P(e) will also be the angular distri­

bution of the rad!a.tioa. This is not true at angles of' the order mc2/E 

about e • 0 since at these angles the intrinsic radiation spread becomes 

important in determining the distribution. {It might be noted that P(8) 

giilten in Eq. {4) diverges at e = 0). For small angles Sohitf', lv' numerical 

calculations, folded together P(&) and an expression tor the intrinsic 

spread which w.s approximately the same as that of Eq. (2). He obtained 

f'inall7 tor the intensity of radiation at angle e, relative to that at e • 0 

I(9) : 
2 -Ei(-e /2,:. x) ...... 

1n 2 e xr.2 -c. 5772 

m2D4 

(5) 
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I(&) as given in Eq. (5) does not contain any dependence on k, the 

photon energy, and Schiff' states that his nwrierical calculations ildicated 

1(9) vas essentially iDiependent of k. 

Essentially the following derivation of the thick target bremsstrahlung 

angular distribution, vhich does not involve numerical integration, bas 

been given by' lal11Son28 and by' !anal and Hanson21 • • 
The fUnction r(e,k~0 ), eq~ (2), tor the intrinsic spread of the ra-

diation may for small angles very accurately be approximated b.f the sum 

ot two gaussian:s. 

F(9,k,B
0

)--a1 exp , -(E0 9/mc2ej)2 · + a2 exp -(E
0
6/mo2e2)2 (6) 

I, 

The constants •1• "2• e1 , and e2 actually are slightly' dependent on 

k, E0 aDd z. 
The electron multiple scattering distribution at depth t (normalized 

such that the integral over all angles ia unity) may, for the small angles 

that concern ua, be expressed as a gaussian function. 

P(9, E, t) -~ m; exp ( -E
0 
2e2/bt) 

;·;'bt 
(7) 

When F(&, k, Ec,) and P($,E,t) are folded* together, ve obtain the con-

tribution to the angular distribution tram radiation at target depth t. 
a .. rrP-cf.~ -

I(e,k,E0 , t) : • ::J. exp '-Eo 2e2/(bt + m2o4ef) 

~·bt 
+ &22m~ exp ~ e2/(bt+m~) 
m2~ .. bt 

(8). 

• The convolution ot tvo tvo-dimensional gaussian tunotiou (written exp 

..iil-/2~2 • ~ -e2/2e22 is -2 !,~ exp ...e2/2(9:1.2.e22) when 8:tand 
':1.2 - e22 



Integrating ctVer the total target thickness T we obtain the net 

• radiation pattern, normalized to unit7 at 8 : 0 • 

I(t,k,E0 ) 

-,_e.f~~\ ~ Ei(~\l•¥l J..;uf-;2e2 \..;u(-'Bo2e2 :\1 (9). 
L ~~2} JD · ~J T L \ bT~2) m2c4e22)J 

The Yalue one obtains f'or the constant b in the gaussian approximation 

ot the electron s ca.tteriDg distribution differs among the various multiple 

acatteriag theories. The theory of Mollere29 which predicts somewhat 

narrower spreads than do the theories of Williams26 aDd others, especiallJ 

for large z, appears to g~v. the best f'i t to experiment3°. Moliere •a 

theory gives a ver7 involved expression for P(8,E,th however, .for a.n;y ape­

cU"io case a vllue of b can be obtained graphioall7 which makes (7) a very 

good approzimation. 

ExneriJiental. CoMitioms !:D£ Prooedurt 

AlnDgemeqt 

The angular dietribu.tion of' the bremsstrahlung .from the Berkele7 ayU-

ohrotron was measured UDder the following condi tiona. The so-oalled abort 

beam was wsed, in which case the rt accelerating voltage ie turned off' aharpl7 

at peak field. (For the "loDg beam" the envelope of' the rt voltage is more 

graduall7 brought to zero, producing a beam spread out much more in time. ) 

Loss of energ)" b,y radiation oa.uses the electron orbit to collapse, electrons 

striking the pt target on the inner wall oYer a period of about 20 /-'- seo. 

· • -B1 (-8) diverges at e • o, but I(&) can be determined from the aeymptotio 
expression -11_ (-71) • Et (-y2)-:c:.ln (T/71 ) 



... 

The electron energy upon reaching the target ha.a been estimated by Powell 

et al. lOa to be .322 + 6 Mev. During the collapse ot the short beam, it is · - . 

estimated that the radius of the eleotron orb1 t is reduced 3. 0 x l0-4cm. per 

turn. 

The target employed vas the Q.020 inch thick Ft target that waa in uae 

in the Berkelq Sf!lChrotron during the period 1948-1951 and is the same 

thickness as tll,e one nov in the machine. The target was in the shape of a 

uniformly 'thick nag about 5/1.6• X l• X 9.020". Ita thickness represented 

1.15 ~cm2 or about 0.18 radiation lengths. 

De:ttectore 

The bremsstrahlung was detected 'by the acti v1 t7 produced in small., 

0.0.35" thick Cu discs of 1/8 inch diameter b,y the eu63("' ,n)eu62 reactionJ 

hence, the angular distribution measured vas that tor photons or energies 

around 17.5 Mev (cf'. P• 10). To maintain the detector discs in accurately 

determined poaition,~uring bombardment they were mounted on anAl frame 

in l/8" diameter depl!esaiona spaced 0.15 inoh apart as shown in Fig. s • 
• 

Actually, to obtailfiii.'Ore activit7, two discs, one behind the other were .. 
mounted at each point. 

SiDCe Fig. 8 is not drawn perfectly to scale it might appear that the 

Pb wall (usually used to collimate the beam) that is showri could produce 

eome interferel'lC~ with the beam. Actually th' aperature through which the .. . 

beam passed subtended an angle of 62 m1llirad.1ana, which is outside the 

aagular range in which measurements were made. Effects due to scattering 

at the edges ot the aperature, would be negligible. 

Prooedurt 

The mount vas centered in the bremsstrahlung beam using the relative 

activities induced in the Cu discs at the tour positions ~diatel)" ad­

jacent to the center. The usual method of aligning the apparatus using a 
,· 
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trauit vas not autficientl.T accurate. In f'aot, when b,y means of photo­

graphic film the mount had been accurately centered in the beam passing 

through a 1/8 inch collimator, it vas fOUDi to be about 6 x 10-4 radi~ 

(about l2 percent ot the halt angle of the cone at halt intenai t7) from 

the position of maximum intensity. Actually for no run was the mount 

perfectl)" centered ip the beam, but the position of the center could easlzy 

be determined from the data. 

The procedure vaa to expose tvo to four detectors at a. time, a de­

tector at center serving as a monitor tor each expost1re. After a 15 to 

20 minute boabardment t-he activities ot the various diaos were counted 

simultaneously for 15 minutes, usiDg Victoreen mica.-ead-window Geiger 

tubes. The counting efflcienoiea of' the different Geiger counte%"8 were 

normallraed and oontinuall.T checked using two uranium st.andarcts. The 

eftioienoies were observed to remain constant and differed among the 

tubes b,y less than 6 percnt. 

OYer a period of three months three separate measurements or the 

d1str1PI1t1on were made. The distances from detector mount to the syn­

chrotron target in the three cases were 81. inches, 165 inches and 184 

~nches. In the tirst measurement, data vas taken along two perpendicular dia-. 

meters through the center of the radiation pattern. In the other two 

cases, except tor data taken just aroUDd the center to fix that point, 

measurements were made onl)" ~ng the horizontal radius in the direction 

AB show in Fig. l. 

The reaulta ot the three series of measurements are shown in Fig. 9. 

!he directions labeled in Fig. 9 are perhaps contusing. The direc:..,. 

tion denoted •lett• refers to the horizontal direction labeled AB in the 



plan diagram ot Fig. 8. For the eleotroDS striki.Dg the o. 02011 pt target 

this is the direction towards the closer target edge. The angles sub­

teDded b;r the diameters ot the detector discs are indicated in the leg-

end aDd were 1.85, o. 91 aDd o. 92 mUllradiaDS tor series 1,2, aDd 3, re­

spectively. The uncertainties shown are standard de1'1ations 'based on count-

ing statistics only. Also shown in Fig. 9 are the theoretical distribu.­

tioDJJ given b;y Soh1tt20, F.q. (5), am La.ul-aDd Hans~n21 , Eq. (9). To 

evaluate Eq. (9), the values of the constants a11 ~~ e1, and e2, were 

determined by a graphical tit of the intrinsic spread F(x,k,E
0
), Eq. (2), 

- 2 2 2 
to be an a1 a o. 73, a2 : 0.2'1, &:a. • 0.340 radia.u , and i2 • 2.37 ra-

d1an2. The value of bT appropriate to the 0.020 inch pt target was de-

terllined trom Moliere •s theor.r'-0 to be 21.4 • m2rl+ rads.an2. These values 

give the curve B shown 1~ the figure. The curve C was obtained using the 

value bT = 140 • a2c:l+ raclian2, which implies a lllUl.tiple scattering spread 

21 percent emaller than predicted 'tv Moliere 'a theory. 

The following features of the experimental data may be noteda There 

is 110 definite assymmetry within the angles of observation; one might ex-, . 

peot the spread to be smaller in the direction ot scattering out the tar-

get 's edge. There seems to be somewhat of a disagreement among the three 

measurements. 'lhis inconsistency might be attriblltable to unknown dit-

terences in the operating conditions ot the s;rnchrotron, i.e., ditterences 

in the mar.mer in which the electrons were striking the target. The mea­

sured distri 'bution is na.rrover than the theoretical predicted ra.cU.a tion 

patterns. l reasonable fit, curve c, is obtained only when we assume 
j,.. 

the electron scattering to be considerably' less than predicted b;y theory. 

The measured pattern bas a full angle at half-maximum or 9.2 : 0.6 mil-
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llradians,. which is 1.; percent narrower than the curve or Lanzl am Han­

son, and 22 percent leas than the width of' Schiff' 's distribution. 

A number of reasons mq be listed as to vhy, in general, it is di.f'· .. 
.ficult to compare the angular diatrirution o£ bremsstrahlung !rom a beta-

' 
tron or synchrotron target vi th a theoretioalJ.y predicted distrl bution. 

(1) The target may not be of unifol'm thickness •. Aotuall3' the stand-

ard target 1n many machines is in the form or a wire. 

(.2) Oscillations of the accelerated electrons cause them to et.r1ke the 

target a.t a variety of ogles, temUng to spread out the racliation 

distribution. 

(J) The electrons because ot the sme.l.1 pitch of their apiral path 

into the target strike close to the outer edge of the target. In 

the subsequent scattering of the electrons in the target, the ones 

scattered to larger radii may be scattered out of the target through 

its edge. This should. lead to an asymmetry in the angular distribu­

tion of radiation. It the target is not perfectly normal to the en­

tering beam it is conceivable the beam could nick the edge of the 

target 'Without passiug through the Ml target thickness. 'fhia con­

di tion would also lead to an asynmetry in the angular d.istri bution of 
' 

the l:rremsstrabl.UDg. 

(4) Wi tb thin targets mu1 tiple traversals ot the electrons through 

the target will iDf'luence the resulting bremsstrahlung. 

(5) nectrons deflected by the target through scattering or ioniza­

tion loss will strike the valls of the donut acceleratiz:tg chamber or 

elsewhere• producing radiation tram secondary .sources • . 



• ot these possible objections, onl7 (2) ani (3) seem to appJ.¥ to this 
. . 

measurf)Jilent, llmi ted to the co:mpinent or the bremsstrahlung around 17. 5 MaY 

at small &Dgles. The effect of the oscillations of' the electrons vould be 

to broaden the &DgU].ar J!"i.tri butionJ hence, it can not account tor too 

uarrov a distribution. The effect of the electrons strildng the edge ot 

the target should be to produce an asymmetry in the radiation pattern, 

though perhaps onl7 at large angles. This effect may ccount tor the dis­

crepano;r at large a~~gles between series (3) and series (l)J hovever, in 

aeries (1), where the pattern has been mea8Ul"ed in f'our directions, there 

is no definite asymmetry vi thin the angles covered. 

The tact that the measured distribution is somewhat aarrover than 

those predicted b,r tbeo1"7 does not seem to be easil;r explainable bT the 

circumstance that the measurement vas ma4e under the special concH tions 

f'OUDd in a ayDChfotron. The above results suggest that even Moliere's 

recent theor;r overest.ima.tes the scattering of high energy (300 Mev) elec­

trons in high Z materials. 



-31-

' 

III. lWJB EgRGl fBOTQlRqlOIS 

Abstract 

. An investigation has been made of the characteristics of the ejection 

of protons t'rom ·various elements b7 high energy x-rays. Various targets 

were exposed to the .322 Mev bremsstrahlung beam of the Berkeley synchrotron, 

• atd the high energy protons produced were detected by means of a counter 

telescope consistiDg of three liquid scintillators. F...ach scintillator 

kas viewed b.1 two or three RCA-lP21 photomultiplier tubes with their out­

puts connected in para.llel.1 ,..The protons were required to stop in the 

second counter and a. form ot pulse-height analysis in the first counter 

was used to differentiate protons tram less heavily ionizi~ particles 

(eg. mesons) of the same range. The minimum energy of the protons that 

could be detected b,y the telescope was 65 Mev. 

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

C and Ta were observed to be essentially identical and to have a large 

forward asymmetr,r. Evidence from C indicated that this asymmetry in-

creases w1 th energy. Over a wide range in energy the yield of photoprotons 

was found to be directl7 proportional to atomic number. Data were also ob­

tained on the eurgy spec;rum of the protons eJected trom C from 70 Mev to 

above 200 Mev. The absolute differential cross section for the production 

of 72 Mev protons at 90° trom C was found to be 0.72: 0.25;c.b/Q-8ter-Mev. 

A discussion is given of possible mechanisms for the production ot 

these high energy photoprotons. 

'• 



-.32-

Int.roduct1op 

The mechanisms tor photodisintegrat1on processes in tmclei are at 

present not well established. The characteristice of the emission or 
low energy particles ,from materials under x-ray bombardment can ·only in 

I 

part be accounted for by the .process of evaporation frcm the excited J1llio!oo.· 
~ 

ou.t.. B\ren tor low excitation energies' or the order of 20 Mev. ' ( y 'p) 

to ( · ,n) ratios have been rounc131 which are orders of magnitude higher 

than predicted by an evaporation model. The energy distributions ot the 
' 

emitted protons have high tmergy tails32 which are muoh larger than for 

the maxwellls.n-l.D!e distribl.ltion from evaporation. This higher energy 

component has been found to differ f'rom the lower eneru protons in that 

its angular distribution is an1sotropic32• These f~cts bave been inter­

preted33 as evidence for a direct photoelectric effect in which the pbf­

ton interacts directly with one ot the protons, ejecting it from the nu-

cleus without forming a "compound nucleus" state. 

Experiments with high energy bremsstrahlung, of the order of 300 

Mev., bave revealed the production in unanticipated number of protons 

vitb energies ranging up to above 200 MeJr. 34,35,36,37 

Levinthal and S11Ve1"11141134 usirtg proporUonal counters stucl1ed the 

protons produced by bombarding different materials w1 th J22 Mev brems­

strahlung. They iDVestigated the enera spectra f'rom c, CU and Pb at 

9o0 floom e. bout· 9 Mev . to 70 Mev obtaining a yield proportional to p;-8 

where s • 1. 7 • 0.1 for c, 1.9 + 0.1 tor Cu and 2.2 -+- 0.2 for Pb. Their - - -
invel~gation of the z dependence at 9o0 for production or 40 Mev pro-

tons revealed a yield closely proportional to z. A measurement of the 

augular distribution of 40 Mev photoprotons from Be, c, ard. Cu revealed 
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distributions tbat vere s1milar al3d that bad large forward a&1Detri•s•c 

The purpose of the present experiment was to extend the measurements 

. of Levinthal am Silverman to higher proton energies. ·Recently Keck35 

bas reported on somevba t similar experimental work vi th high energy photo­

protons produced b;y 300 Mev 'bremsstrahl.UDg. In &Jl1' phases where the work 

or Keck and the present experiment overlap there is provided a comparison 

between results obtained vi th fairly different detector systems • .. 
Reoent]Jr ~biJ7 using nuclear emulsions in connection with a stud7 

~ 

of star production bT high enero x-rays bas gathered some quantitative 

and considerable qualitative knowledge of the production of photoprotons. 

More vill be said of this in a discussion of the results of the present 

aperiment. 

The magnitude and the cha.raoteristios of the differential cross sec-

• tiona for the production of high enerQ photoprotons can defi.Di te]Jr DOt 

be acCOUDted for by an evaporation model. Various possible mechanisms 

have been suggested aDd each may account tor some part of. the observecl 

production. Same of these poseible mecbaDisms are the followings 

(l) Compton process beWeen the photon and an imliVidual proton 

irudde the nucleus. (The'observed cross section for this process 

with a tree proton is too small to account for much of the observed 

photoproton production)j 

(2) The interaetion of a photon with a nucleon to form a high ener§ 

proton and a meson. (The meson iJa7 be absorbed in the remainder of 

the 11ucleus t.o form a star).) 

(3) Production ot high energy protons upon reabsorption ot a meson in 

the· nucleus in which it vas formed. 

(4) A direct photoetfeet wherein a photon interacts directly vi th an 
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individual mcleon or substructure of the nucleus such as a quasi-

deuteron. 

For the direct photoeffect Levintbal and Silverman34 made some cal­

culations based on independent proton wave fUnctions using an emperical mo­

mentum distribution. Levinger38 bas made some quite detailed calculations 

using a quasi-deuteron model, i.e. an interq,ction of the photon with two 

cl;osely interacting nucleons in the nucleus. Levinger •a calculations 

were based on the caloula.tions of Sohit£.39 on the photodisintegra.tion 

of the deuteron. 

In this experiment an investigation vas made of the protons emi tte<i 

trom various targets when bombarded vi th the high energy x-ray beam of the 

Berkeley syn.cb.rotron. Protons above an energy of 70 Mev were detected 

using a counter telescope of three liquid scintillation countert. A 

draviDg of the general experimental arrangement is given in Figure 10. 

The bremsstrahlUQg radiation tram the Berkeley synchrotron is pro­

duced when the interml electron beam orbit collapses into the o. 020" pt 

target near the il)Der vall ot the donut acceleration chamber. For this 
~~ 

pulse the rt aooelers.ting voltage is modulated such that the electrons 

spill 1nt.o the target over a period of about 3000 sec. The repetition 

rate of these pulses is s±x:, per sec. Because duriDg these .3000 sec. t.he 

magnetic field is changing (1 t varies approxima:tel7 as a .)0 cycle siue 

wave) the electrons vUl strike the target at various energies. It the 

DOJrd.Dal enera can be taken to be 322 Mev then the electron energies ao-

tual.l¥ r&Dged trom 298-324 Mev. The net bremsstrahlung specjrum can be 

tOUDl by combining the bremsstrahlung spectra corresponding to the various 

quantum l.iraits (electron energies) weighted 'b7 the relative beam inten­

sities at these electron energies. In Figure ll is given the resulting 
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bremsstrahlung distribution, the relative energy per enargy interval 

plotted vs. photon energy. Curve A is for J22. Mev el~trons striking 

the target, curve B, osJ.culated b;y W. s. Gilbert, is roughly that given 

by the sprea.d-out beam pulse. 

As is shown in Figure 10, at 55 inches from the pt targ~t the s;yn­

ehrotron beam passed through a colliwAting hole in a lead wall nine in­

ches thick. This hole was J/4" in diameter at ita entrance am was 

tapered, being part of ·a cone whose apax was at the sync~otron target. 

Beyond this collimator vas a lead shield six inches thick \lith a bole 

for the beam about one inch in diamet&rJ this hole was also part ot a 

cone with the target at its apex. These collimators and the x-ray tar­

got were aligned by means of a tranai t. 

The countor telescope was installed in a lead house w1 th thi-ee inch 

thick w.lls to shield it from the general background radiation arouni the 

synchrotron. A 1-1/2 inch diameter hole in the front wall of' the house 

determined the effective sdl!d angle subt~nded ~ the counter telescope. 

The lead house was mounted on a oarriag.-. which could be revolved about 

too center of' the x-Ta7 target. The lead house was 11.4 inches from the 

target center, its aperture subtending a plane angle of 6°. To· monitor 

the 'bealn two iordzation chambers, shewn in Figure 101 that were part or 

the standai-.d synchrotron installation were employed. The pre-ooll1mator 
. 40 

ionization chamber had been calibrated absolutely b.1 Blocker and Kennti 
and wa.s relied on primarily. 

prot2n Detection and IdentificatiQR 

Particles were identified as protons essentially from their dE/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 

171: 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 energies 

iDVestigated (correspcmding to deuteron eMrgies 90 Mev) it is doubthl 

it the deuteron contribution is appreciable. 

The counter telescope emplo7ed in this experiment was built br the 

author in collaboration with w. s. Gilbert and was first used in an invest­

igation of the pbotcdisint&g$t1dn ·< ot the deuteron at high energ1es41• 

The counters (cr. Figure 12) were liquid scintillators of terpheeyl dis­

solved in toluene. The first counter, in which the particles dE/dx was 

investigated, was three inches in diameter, 1.6 gm per cm2 of toluene in 

thickness, and was viewed from the side b7 three RC.A-lP21 photomultiplier 

tubes with Olltputs connected in parallel. Counter 2, which consi*ted of 

0.67 gm per cm2 o~ liquid, aDd counter 3, which was 1.1 gm per cm2 thick, 

were both tour inches in diameter arJd were each viewed by two KCA-lP21 

photomultiplier tubes. 2.6 p per am2 of copper absorber were permanentl7 

placed between counters 1 and 2 to improve the diacrim1nation or the 

telescope. . 

A block diagram of the electronics emplo;ved is given in r.tgure 13. 

The pulses from. each counter were fed to a pulse height discriminator and 

gate formerZ For pulses trom counters 2 and 3 these fUnctions were pro­

vided by UCRL Inverter Discrimi.Dators. For counter 1, in which a torm of 

pulse height analysis vas made, the kuown high stability of the UCRL Lin-

ear Amplifier and Variable Gate warranted their use. The recover.y time ot 

the Variable Ga.te is long, approximately one , seo, but because of the 



large pulse demanded from the firs:t; counter its countiDg rate vas alvays 

muoh lover than the rates in 2 and J. 

All thre4i counters were connec$ed in a coincidence ciroui t and the 

first two counters ware connected in a separate double coincidence circuit. 

A subtraction ot the two coincidence rates give the rate of particles stoppiDg 

in the seoolld counter. · The coiuidenoe circuits employed were crystal 

diode Rossi circuits kraovn as UCllL Eight Channel Mixers. 

A measure ot the number ot accidental double coincidences vas given 

bJ a delqed coincidence· channel, as shown in Figure 1.3. This channel 

gave the aumber or random coincidences between signals ffom counter 2 and 

sigDB.ls from couter 1 that had been delayed b¥ two,;· sec. The gate leagtbs, 

the recove17 time, and the resolution time ot the electronics were all 

about 0.4 :. sec. 

In identit,.ing particles as protons it was nece8S8l7 to distinguish 

protons from mesons. For particles of different masses aDd identiaal 

residual ra~»ges the ratio ot the dB/d:l:•s in traversing matter is approx-

.. _te,_ (m.. '-
2

)0•44• I th r to -..~~ ti .uua ...., -~fw. n e case o pro DS a~~~.~ mesons, this ra . o eqUals 

2 • .3. This means that a proton would give up 2.3 times as much energy 1n 

counter No. 1 as would. a meson, and it the scintillators were perfectl7 

proportioaal, the proton pulse would be 2. J *imes as IBDIJe as the meson 

pulse. This ratio, call it the merit ratio, is a limiting maximum since 

it holds onl¥ for identical residual rauges or, to put 1 t another way 1 

tor a aecoDd counter or zero ·thickness. In practice, counter llo. 2 was 

ot finite thickness aJJd the ratio ot the smallest proton pulse to the 

largest meson pulse was calculated to be 1.8. For protons the band ot 

energies accepted vas 62-71 Mev 1 w1 th the corresporading< energies g1 vea 
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up in the first counter being 2D-17 Mev, respectively. For mesons the 

bani was 28-.32 Mev, and the energy lost in the first counter was 9.3-S 

Mev, respectively. To exa.ml• higher energy particles, a copper absorber 

was ins~ted 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 macle using the 90 Mev neutron beam 

ot the Berkeley 184-inch synchro-o;yclotron. This neutron beam is ob­

tained b7 deuteron stripping and bas a wide spread in energy (a total 

width at half maximum ot about JO Mev). This beam was used to bombard 

a paraffin target, and since the energy is below the threshold for meson 

production, the particles observed will be almost entirel;y protons with 

a small traction or heavier particles. The curve giving counting rate 

per unit beam vs. photomultiplier high voltage is shown in Fig. 14. The 

arrow indicates a standard point on the curve. The operating conditions 

of the first counter at this point were made reproducible by determiniDg 

the singles counting rate of this counter vi th a beta source in a stand­

ard geometey. To be able to count the betas a standard 20 db attenuator, 

present in the output of the first counter during proton detection, vas 

removed. 

In Fig. 15 is shown an integral bias curve ot coinaidence counting 

rate vs. discriminator bias of the first counter obtained at 60° from a 

carbon target in the )22 Mev x-ray beam of the s;ynchrotlon. The arrow 

1Mioates the calibration point obtained using the 90 Mev neutron beam. 

The dotted curve indicates an ideal integral bias curve when there are 

Onl.;y protons am /mesons. The JDAXJmum proton pulse is arb.ttre.rily taken 
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as ahovn and the other points are oaloulated t'rom range energy relations. 

The absolute value taken for the meson yield is based on the experimental 

42 
. data of Peterson, Gilbert and White • 

The observed curve f'rom. carbon is affected by electrons at the low 

bias end and perhaps by deuterons at the large bias points. An operating 

point vas selected at a bias five volts lover than the calibration point 

t'rom the qclotron runl From comparison of the ideal curve and the ob­

served curve, it is believed that only protons were counted at the op-

erating point and that the protons were counted wiU tull efficiency. 

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 run. 

~rimental Measurements 

Angular pistributions 

'the arJgU).ar distributions of protons of energy' near 70 Mev from Li, 
0 0 

C and !a were measured in the range from JO to 150 , the results being 

given in Pigs. 16, 17, 18, and 19. All values are plotted taking d a/Qd Sl. 
. 0 

dE :: l at 90 • The boxes at each point indicate the standard deviations 

based on counting statistics only and the plane angle subtended by the 

detector system. The actual energies of the protons detected were for 

L1, 74 ± 8.2 Mev; o, 72 I 8. 5 Mev and for Ta, 69 :t .3 Mev. The eneru 

.,Preads are due to the enero interval of the second counter and due to 

the energy loss in the targets. 
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For measurements made w1 th 9 ( 90° tha targets were aloug the line a·t 

9 = 135°; tore >90° the targets were along the line 9 • 45°. Because ot 

the high electron yield at the forward angles, thinner targetv 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 

energy losses in the target and the fact that different target thicknesses 

were used. This adjustment ws ma.de by determining the mean proton energy 

for each situation and correcting tor the depemence of yield on eneru 

(taking the measured dependence in C to hold for all three materials) and 
... 

for the dependence ot the effective energy interval of the second counter .. 
upon energy. This correction was at its largest eight percent for C and 

five percent for L1 and Ta. 

The a~ar distribution of photoprotons from carbon was also measured 

at angles trom 11° to 45° r9~ energies ot 77 : 12 Mev, 127 ±: 8 Mev, and 

174 t 6.5 Mev. The results are shown in rig. 21. In order t~ reach the 

angle or ll 0 1 t was necessarr to move the detectors to a radius of 44 

inches trom the target center. 
0 

For comparison the measurements at 20 , 

.30° and 45° were also made at this radius. At this distance the detec­
o tion system subtended an angle ot 2 • This was the onl.y measurement in 

which the standard geometry preViously described was not used. 

J Dependenca 

The Z dependence of pho'toproton production was investigated at two 

energies, 72 ± 10 Mev and 142 • 5. S Mev. The measurements were all made - . 
at an angle or .45 ::t: J0

• The results are plotted in F1g.22. The targets 

employed in this study were ones that bad been constructed by G. Igo and 

B. Eisberg especially tor measurements or this kind. The targets were all 

about 1. S ga/cm2 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 \las made to take aeeount ot the fact that the mean energy of' the pro­

tons t.rom the different targets differed slight~ due to differences in 

eDera 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 ot Pb. 

Energz Spec:tom 

The distributions in energy ot the photoprotons produced at 45° and 

90° in carbon by )22 Mev bremsstrahlung were measured tor energies above 

about 70 Mev. The observed speatra are given in Figs. 23 and 24. The 

mean energy of protons accepted b;y the detector BTStem 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 bouse as 
0 

show in Fig. 12 ~t for_ measurements at 45 the apparatus was modified 

to.permit the absorbers to be placed inside the lead house close to the 

tirst counter, precluding &fiT effect due to multiple Coulomb scattering of' 

the protons in the absorber. 

As the mean eneru vas increasec! the thickness ot the target was 

also increased to help maintain a reasoDable counting rate. None ot 

these carbon targets were so thick that it vas· necessary to correct tor 

&;ttenuation of the x-ra:r beam. When absorber llllf'f'icient to stop 330 

Mev protoll8 was in place a small counting rate was still observed. These 

counts were presumably produced through the agency of' neutrons which 

produced protons in the absorber or perhaps in the :f'irst counter 1 tself. 
' ' 

For purposes of' correcting the data tor this backgrou!¥i the yield f'r()Jil . 

this effect vas taken to be proportional to target thickness and indepeli­

dent ot absorber. The correction was only appreciable, about 30 percent, 



-42-

at the high energy points where conditions were similar to those under which 

the backgro~ was measured. 

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

sorber. A cross section equal to the geometrical arM was used, giving a 

2 
mean tree path, L, in Cu of 112 gm/em • The correction factor, exp (x/L), 

ranged up to 1.60 for the thickest absorbers used. For the geome~ used 
' 

0 tor the measurements at 90 a correction for loss due to multiple scatter-

ing was made which ranged up to 30 percent. 

Absolute Cross .§!Lotion 

The absolute oross section for photoproton production from carbon at 

90° and 72 Uev was measured to be o. 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 
40 . 

chamber was done by R. W. Kenney and W. Blocker , who estimated the uncerta1nt7 

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

obtained by other experimenters is given in Table II. 

Table II 

ison of Different 

Nuclear 

)8 
C culation 

200 

00 

.0.95 

7 

0 

I 
c 55 percent ' 

... 



-43-

~ ~ Results 

Angul!£ QJ.stributio.nt 

At 70 Mev the _angular distributions from L1, c, a.nd Ta, as compared 

in Pig. 19, are within the precision of the measurements found. to be iden­

tieal. In Pig. 20 the observed distribution from C at 70 Mev is oompu-ed 

with *~ cbserv"ld at 40 ~v by Lflvintbal and S1lverma.n34, and with that 

observed by Keck
35 

at 100 Mev. There is no dafini te difference in the 

distributions at 40 an:l 70 Mev. The 100 Mev distribution i'oUl'.ld by Keck 

is somewhat higher betv~en 90° and 308• Oth~r data of Keck at 130 Mev 

and 175 Mev show increasing for\la.rd asywnPtrias. This is also indicated 

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

1 RePi1¥iepoe 

Like the data obtained for 40 Mev protons at 90° by Levintbal and. 

SilvermaR and for 130 Mev protons at 67.5° b.f Keck, the present data at 
0 

45 for 72 and 142 Mev proto118 (Fig. 22) shov Jields directly proportional 

to atomic number. The straight linea drawn through the data in Fig. 22 

have slopes of 1.06. The Jie1ds from L1. and Ta, though not shown, when 

measur~d relative to 0 UDder somewhat different circumstances also showed 

the same direct dependence upon z. 
Eneru Siectra. 

The energy apectra or photoprotons from C observed at 45° and 90° 
-1.7 

(Figs. 23 and 24) seem to be smooth continuations o£ the E spectrum 
. 0 

found b.1 Levinthal and Silverman below 70 Mev at 90 • In the region of 

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

1.30 Mev observed by Keok at 67.5 • The slope be;rond the break is at 

neither 45° nor 90° as steep as observed b,y Keck at 67.5°, 
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Absglute Cross SeetiOD 
~ 

The value of o. 72 micro barns I err. qua.ntum-sterad-Mev tor photopro­
~ 

ton production from carbon at 72 Mev is in good agreement vith the value 

found by Keck, but. is considerably larger than the result oPta!ned by 

Levinthal and S11verman. When an integration is made over the observed 

angular distribution at 72 Mev, one finds the value for the total cross 

section tor photo-proton rrom carbon to be 9.9 ± .3.5 microbarns I err. 

quanta - M~v. 

Discussion !4 Theory ~ Results 

A great deal of intorma.tion on the mechanism or high energy photo-
. 37 

proton produotion is givAn by the study made by Kikuchi using nuclear 

emulsions. ~sing emul~ions direct~ to high energy bremsstrahlung 

radiation with two different upper energy limits, 150 Mev and .300 Mev, 

Kikuchi studied the )'ielde of single protons and protons from stars and 

compared their values for the ·two enera l1m1 ts. His data as far as an­

gular distributions and energy spectra are concerned are, within fairly 

luge statistical uncertainties, in agreement with data obtained w1 th 

counters. His results, however, tell much about the origin of these high 

energ7 protons. Kikuchi reports that for the photoprotons between 20 Mev 

and 60 Mev about half came trom stars produced by x-rays above 150 Mev, 

the remainder were ones observed as single prongs. Half of these. single 

protons vere produced belov 150 Mev and half above. For protons above 

about 60 Mev most· came from stars produced by x-rays of energies above 

150 Mev. 

fhe theory of Silverman and Levinthal involving a direct photo effect 

oan at most then only account for part of the protons of energies from 10 

to 70 Mev that they observed. Their calaulations were based on a direct 

correlation between the x-ray and proton energiesJ protons of energy E 
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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 photodissocWflan 

at high energies (x-ray energies above 140 Mev) might be vhat he calls the 

tree meson effect. In this process mesons produced in the interior of a 

nucleus are reabsorbed w1 th a. subsequent disaoc:latalon of the nucleus. The 

basis for this suggestion is twofold. (1) Photo-meson production from 

43 various nuclei has been o'bserveci to be proportional to the surface area 

ot a nucleus (i.e. proportional to A2/ 3), indicating absorption of those 
J _.,., 

produced in the interior. (2) The studies by Kikuchi and M1ller44 shov 

tba t the cross section for the photo production or stars increases mark-

edly above the threshold for meson production. 

Kikuchi then conj eotures that the ma.j ori ty of photoprotons 'ld th en­

ergies between 20 and 60 Mev are protons ejected tram the nucleus by the 

process in which the meson is 11li;t!a.JJ.x formed. The large forward asym­

metry for photoprotons of 40 Mev observed by Levinthal and Silverman is 

not incompatible with that expected for nucleon recoil from a meson. 

This mechanism cannot account for the protons above about 60 Mev 

tbe.t were observed in this experiment. For exposure to 300 Mev brems-

strahlung there is not suff1aient energy for a nucleon to recoil tram a 

meson vi th energy much above 60 Mev. 

If, as Kikuchi suggests, stars are produced b;y meson reabsorption 

vi thin the nucleus in which it was formed then the protons above 60 Mev 

might be produced in this rgabsorption~rooess. The meaaared angular 

distributions for free meson production45 are more or less isotropic and 



and the protons resulting from the reabsorption process would then be ex­

pected to be roughl:y isotropic. Such is not the fact. As the results of 

this exper,iment show (Figs. 16 to 21), these high energy protons have a 

large forward asymmetry. Another mechanism must be soughtl. 

Lev1nger38, as was mentioned in the introduction, attempted to account 

tor ~e high eneru- protoDS in terms of a direct photodissociation. Be­

cause the protons observed have large energie11 at large angles to the 

x-ray beam they must have had high momentum inside the nucleus before the 
~ 

photointeraction. This high momentum will be present if the proton is 

acted on by strong forces due to being veey near other nucleons, i.e. 

mtOh closer than the average spacing inside the nucleus. Lefinger assumed 

that if a nucleon is very close to another nucleon it is probably not very 

close to a third and used in his oaloula.tions a quasi-deuteron model. 

Levizsger 1s computations were based in turn on the calculations of Schit.r'1 

tor the photod1ssoo1ation of the deuteron. 

The results of Levinger •s calculations, while perhaps accounting tor 

some of the characteristics ot high emrgy photoproton production, have 

serious deficiencies. 'fhe absolute cross sections predicted (of. Table 

II) are apparently a factor of four too ;low and no account vas taken for 

the tact that only a traction of the high enero protons produced by the 

prima.ry process will leave the nucleus w1 th their initial energy. It 

Levinger 's model can be believed to be a good one then the indication ia 

that the theory ot Schiff on which Levinger 's work is based predicts too 

lov a result. 

Actually Schiff' only considered his results to be valid up to ener-

gies 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 availe.bleJ employed these results at ener­

gies considerablY" above 1.40·Mev. Recent experiments41•46 have revealed 

cross sections for deuteron photodisintegration at high energies that are 
r~· 

much larger than predicted by Schiff'. The evidence is that the cross sec-

tion actually reaches a minimum near the threshold tor meson production 

(near 140 Mev) am then increases. While the true angular distribution 

at these high energies (above 140 Mev) is still not def'1n1tel.7 determined, 

it seems indicated that instead of' the approximately ain2e distribution 

(center of' mass) given by Schiff', an iaoiropic distribution may be correct. 

The above shows that one cannot expect Levinger 's caloulations closely 

to fit the experimentallY" observed high energy- photoproton Jields. The 

absolute cross sections predicted (of. Table II) appear considerably too 

low. The angular distribution calculated for 70 Mev protons which is 

compared with experiment in Fig. 20 is no.t a very good fit. 

Keck bas interpreted the sharp break in the e:aeru spectrum he ob-
o . 

served at 67.5 as evidence for the val14itJ of a deuteron model. This 

interpretation is based on the fact that the observed break occurred at 

about half the· maximum bremestrahlung energy-, which should be true for a 

proton recoiling from a single nucleon rather than, for example, trom 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 conservation equations for deuteron dissociation. The fact that the 

observed distributions at 45° and 90° ·(Figs. 23 and 24) are quite similar 
~ 

casts doubt on Keck 'a interpretation. 

The calculated curves of' Levinger for energy spectra were available 

to the author only tram Levinger's article and were in a form such that 

• theJ could not be acouratilY plotted for comparison vith the results in 
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Figs. 23 and 24. Beca~e of the presently known invalidity of the energy 

dependence used b.Y Levinger for deuteron photodisintegration, his calcu­

lated spectra cannot be taken seriously. It can be said that below 100 

·1.7 Mev where the variation seems to be as F. Levinger's aurves 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 formulae used by Levinger, his ca.lcu-

lations need to be repeated with appropriate corrections. There are in-

dieations that an application of his deuteron model using accurate em-

pirical data for the deuteron photodissocia.tion (when it is available) 

would lead to results closer to experiment. 

An isotropic distribution for high ~nergy deuteron photodisintegra­

tion {for which there is evidence) uhen used in Levinger 1s theory would 

lead to proton angular distributions of clo~er fit than shown in Fig. 20. 

More apparent, it would lead to roughly identical distributions for neu-

trona and protons. 
47 . 

This would be in accord with the recent evidence fer 

a forward asymmetry for high energy photoneutron production, Levinger'a 

calculations predicted a neutron distribution more or less symmetric about 

906• 
48 

R. R. Wils~n has pointed out how the free meson effect suggested 

by Kikuchi and the model of Levinger are actually compatible. The effects 

predicted qy both will occur it a large fraction of the time a meson when 

produced in a nucleus is absorbed by its parent nucleon 1s nearest neighbor, 

i.e. the other nucleon in a quasi-deuteron. The meson creation and reab-

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

taining the momentum or the proton. 
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'Apl?§ndix 

Solid Angle Ca.l®lation 

The geometr,y of the detector foils used in the study of the aggular 

distribution of photons in showers is shovn in Figs, 1 and 7 •. 

Let l : length o£ foil along circumference (of, Fig. 7) 

Let n : number of atoms per un1 t area ()f foil 

Let '~ = cross section per atom 

Referring to Fig, 7, the solid angle subtended by one atom in the in­

terval dx is · · /r?, and the total solid angle subtended by atoms in dx is 

d :: ~ ( · /r?-) n 1 d x 

In terms of the angle 9; 

dx: rdi/sin9 

r = B/sini 

Then 

d .. _. 1 . n d e/R 

To find the ·total solid angle subtended by the atoms in a foil we inte­

grate over d 9 and obtain finallfa 

.. : : 1 · n j/R 

Then to find the relative photon intenstiy we weigh the relative activiV 

ot a given foil with the factor B/1 '9 since nand ·are identical for all foild, 
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f!gure Captions 

1. F.xperimental arrangement for measurement of angular distribution of 

shOYer photons. 

2. Angu.ln.r distributions of 17.5 Mev. shower photons a~ various shower 

depthB, 322 M~v bremsstrahlung ineid~nt. 

3. Angular distribution or 17.5 MPV shover photons at 1.2 radiation 

lengths de?th in lead (mislabiied 1. 7 radiation lengths). 

4. Angular distribution of 17.5 Mev shower photons at 2. 5 radiation 

lengths depth in lead. 

5. Angular cistribution of 17.5 Mev shower photons at 5.3 radiation 

lengths depth in lead. 

6. Angular diatri bution (including small angles) of 17. 5 Mev shover 

photons at 2.5 radiation lengths depth in lead. 

7. Geometry of detector toils for measuring angular distribution or 

shower photons. 

s. Experimental arrangement for measurement of the angular distribution 
.. 

ot bremsstrahlung radiation. 

9. Angular distribution of 17.5 Mev photons in the 322 Mev bremsstrahlung 

beam or the Berkeley Synchrotron. 

10. nan diagram ot the experimental arrangP..ment tor the study ot photo-

protons. 

11. Bremsstrahlung distributions; energy per energy interval vs. x-ray 

energy. 

12. Proton counter telescope. 

13. Block diagram ot electronics. 

14. Voltage plateau for detection of protons produced by 90 Mev neutron 

1,. Representative l:das plateau tor detection ot photoprotons. 



Figure Qap~ions (contd.) 

16. Angular distribution of 74 Mev photoprotons from lithium. 

17. Angular distribution of 72 Mev photoprotons from carbon 

18. Anffular dis~bution of 69 Mev photoprotons from tantalum. 

19. Angula.r distributions of photoprotons n~ar 70 Mev from Li, c, and Ta. 

20. Angular distributions or photoprotons from aarbon. 

21. Jtngular distributions of photoprotons from carbon, small angles. 

22. Z dependence of photoproton production. 

2J. F.nergy sp~ctrum of photoprotons from carbon at 45°. 

24. F.nergy spectrum of photoprotons from carbon at 90°. 
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