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HIGH Eli'EIWY PHOTONS FROM PROTON-HUCLEON COLLISIONS 

R. Bjorklund, W. E. Crandall, B. J. :Moyer, H. F. York 

Radiation Laboratory, Department of Physics 
University of California 

Berkeley, California 

August; 15, 1949 

I. IlJTRODUCTIOH 

In nev, of the success of the 184-inch synchro-cyclotron in producing the 

1T mes ons observed in high-altitude cosmic ray observations, it seemed 1Yortlrlcrhile 

to search also for possible evidence bearing on the origin of the soft component 
\ 

of cosmic rays in the collisions of the 340 liev protons with mutter .. 

The mixed showers investigated by Chao(l) and by Fretter(2) indicate the 

generaJcion of electronic radiation associated Yfith the events which produce meson 

showers.. One may speculate that 'this can' arise through charge acceleration(3,4) 

(bremsstrahlung) of the ploil1lary proton GJ.1d of the charged particles ejected in the 

evenJc(5), or through the production and self-decay of neutral mesons(6). or by the 

excitation of very high energy nuclear states, or by some lmidentified process whereby 

electrons or photons are ~direct1y projected from the collision event. 

Evidence is her~~.~ented for the production of high-energy photons in 

the collision of protons of energies over 175 Mev with the cyclotron target. The 

yield and the spectrum seem to exclude a bremsstrahlung origin, and a Doppler shift 

effect excludes a nu'clear origin. The observc.ti ons are cons istent wi th a source 

associated with proton-nucleon impacts (as distinguished from proton-nucleus collisions; 

Although the data at this stage are meager and vlithout high precision, it 

is considered that they demonstrate Gl1 effect worth reporting in preliminary form. 
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Because of ~extensive development of instrumentation required for further works a 

considerable time will be required before a more thorough study can be presented .. 

In the present report/experimental details will be minimized, since these must be 

comprehensively tre,ated in such a subsequent paper. 

II .. EXPERIMEUTP.L pJill]umEIvLENTS 

Ao Instrum.ent~.2.!:. - Through the ten foot concrete shielding of the 

cyclotron tviO holes have been provided*hose primary purpose is to permit collimated 
i'l 

beams of neutrons to £;)~rge from tvlO different target radii. These 'have been here 

employed as ports for vievll'ing the target with a pair counter( 7).. In Figure 1 the plan 

view of the arrangement is evident, and in Figure 2 a plan view of the pair counter 

is shovm .. 

For materializing the photons thin sheets of Ta were employed, and for 

counting the pair electrons proportional counters were used in quadruple coincidence .. 

The fact that the cyclotron beam, is pulsed dictates the use of proportional counters 

rather than Geiger, counters with their long dead-time!! since the pulse duration of 

the beam at the target is in the neighborhood of 100 ~ sec. 

As the magnetic flux density is varied, to allow detection of pair electrons 

of different total energies, the detection efficiency will not remain cons'cant, due 

t.o scattering of electrons in the material of the Ta radiator. It would be necessary 

to correct for this variation in scattering; loss by calculations based upon multip1e
. t 

scat-bering analysis if·a single radiator were employed at various energies.. Instead 

of this» however, in the data presented in Figure 3 the radiator thickness vras adjusted 
:' .. 

for each mean energy in such a manner as to keep the mean squared angle of scattering 

constant. This angle is given by 

e'l=a; ~nbt 
E 

where a and b are constants; and the values of E at which data were taken 'were so 
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"2 related to the t values of .001", .. 002", 0004 11 and .006" as to provide constant e • 

The magnetic field dimensions were 12" x 30" x 1-3/4". 'When used as shown 

in Figure 2, the firs'!:; half of the fie ld is effective in clearing out electron pairs 

from the preceding air column and collimating fix~:ures.. This was a necessary pre-
, t:l, 

caution ,vi th radiators of the thicl::ness and size employed, the radiating a.rea of 

the tantalum. being restricted by their size and by beam collimation to a 1/2" x I" 

rec'cangle 0 

B. CorrecJcions to Data. - The fol101,'ling factors must be accounted for in - ..... ""'--~-. -.. 
obtaining from the monitored quadruple counting rates the data vihich are presented 

in Figures 4 and 5 and in Table I. 

10 Scattering losses, unless those are made constant as described above, 

must be relatively calculated.. For the absolute yield data given later the scattering 

loss must be numerically evaluated. 

2.0 The energy breadth detected varies Vii th the mean energy. Since at 

relativistic electron energies, E = 300Bf and since the geometry is the same for 

~E 
all energies lI E is a constant. For the arrangement of· Fig. 2, 6E is approximately 

'1 
- E .. 3 

3. The photon energy is not uniquely divided between the two electrons of 

the pair il but vlill range in its partition all the way from O'j~ and 1OO'j~ for the electron 

and positron, respectively.; to tho other extreme; and it is possible to accept in the 

counters only the fraction allovved by, the· range of radii which the counter dimensions 

define. 

4.. The efficiency of pair production in the radiator '\orill vary 'with the 

energy of thephotonse Pair production cross sections calculated by Heitler(8) have 

been used for evaluating the effect of this 0, 

In sununarizing the se items involved in treating the data, the formula re lating 

counting rate to photon flux incident upon the radiator per unit range of energy at 
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energy- E may be expressed as: 

. where 

F(E) = R 
(11 u:- t) • ~ E • f .- n (E/e r . 

pp l 

R = quadruple coincidence coun'!;s per second 

~ (E., t) = fraction of pairs not lost by scattering 

AE = energy breadth detected 

f = fraction of pairs which are detected 

H 0- t = pair production efficiency of radiator 
pp 

... 

C. Energy and J1Jlg1~-of-View Arr~&ements. - The 'bow neutron holes shown 

in Figure 1 allow a limited range of proton energies and angles of view to be achieved. 

The hole directed along the tangent line of the 340 rIev orbit all01'!s, by reversal of 

the proton beam, angles of view' ~f 0 0 and 1800 wi th respect to the beam direction. 

The hole direct0d along the tang0nt to the 170 Mev orbit allows targets· to be placed 

at energies betviT0en 170 and 340 Mev • 
... 

An array of targets which c ou1~ be raised into posi ti on by flip coils Vias 

placed slong this line of vievi, vJith careful attention given to their equivalence 

from, the standpoint of thicl~ss, orientation, and visibility by the pair counter. 

The energies and associated angles of view for this array 1-vere: 

175 Mev •••••••••••• 2 0 and 1780 

230 11 •••••••••••• 20 0 al1d 160 0 

290 11 •••••••••••• 41° Dnd 1390 

340 fl· •••••••••••• 47° and 133 0 

D. Cyclotron Targets. - The high energy photons were observed froa any 

target material; and the relative yields are discussed later. For the array of targets 

at various energies, each was of carbon, 1/2" thick. The target for which the absolute 

yield data vvere most carefully measured '1;'J"aS of beryllium, 2 inches in thiclmess. 

The energy loss of the 340 Mev protons in 2 inches of beryllium is abouJe 25 IIJev. 
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III. RESULTS 

A. Proof of Pl~oton Identitl. -. In order to establish the fact tha'c the 

quadruple coincidences observed vrere indeBd due to photon-produced pg.irs:, the fo11o,"j-

ing kinds of separate observations v,ere made and repeated vrhenever deemed necessary. 

1. Tantall1lil radia.tor removed. .This always reduced the qu'a.druple counting 

rate to a. small number appropriate to pairs from the air plus accidental coincidences. 

2. Magnetic field reduced to zero. This left only counts due to accidental 

coincidences, s.-nounting to O.l~~ to 1% of the norm.al quadruple counting red.e, dependine 

upon the :man energy for 'which the field is adjustod. 

3. Absorber placed in path of ona of the pair eloC't:;rol1s, with same resul'!:;s 

as in 2. 

4. Attenuation of. the photons by Pb and Al studied' in good goomstry. 'rho 

measured cross sections for at.tenua'cing tho pair-producing raclia:t:;ionagrec 1'Ji tll ";;. 

La1'TSon;!s(9) values and are not consistent vlith any other Im01Vll radiGd;ion. 

B. The Photon S~ec)~ra and Relative :y'~e.lds at 00 nIl;~ .l.8 .. ~~. - In Fig. 4 the 

energy distribution is shovm, as calculated relo/~j,vely from, tho counting r8:cet; by 

use of Equation (1), 'with '1 (E,t) constant as described earlier. The Doppler shift 

effect upon tho relative yields' 8.L'1.d the positions of the mo.."Cimt1J.il intensity, due to 

reversal of the beam, is evident and will be discussed in la'cor soctions. The data 

in Figure 3 also include the spectrum. of photons yielded by bombardrnenJi,i of a 1/2" 

Be target vrith 190 11ev deuterons. Both the yield, when calculated on an absolute 

basis~ and the spectrum, in too case of deuterons, are consistent with bremsstrahltUlg. 

It '"rill be shOVTn in Section IV that the energy distributions and yiolds for 

00 and 180 0 become apparel1tly identioal when transfor-iliod into a coordinate system 

moving 'with a relative veloci ty of !3 ;II vic. 0.32 with respect to the laboratory in 

the direction of the inciden'c proton b~am. 

The relative yields in the OO\and 1800 direction 1.vere approximately measured 
~.~.~~:. 
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by successive runs of the same duration on ident~cal carbon targets. which "lvera then 

moni tored for the annihilation gammas of the 20-minutc Cll acti "J"i '1.1' produced 'by the 

protoll,berun.. Tho relative activities were considered to indicate relative beam 

strength~. maldng possible a comparison of the photon yields. By worldng in the 340 

Mev position at 1330 , a comparison with this direction · ... ras also included. In Table 

I, the results are related to those predicted by considering the photons' to be emitted 

with spherical syr'"":letry in a system moving in the p'roton beam dire,ction with ~ = vic 
0.32~ and applying the Doppler corrections to solid angle and energy interval. 

Lab. Angle 
of View 

TABLE I 

Relative 
Photon Yield 

2.1 : 0.3 
1.1 ± 0.2 
1.00 

Predicted 
Re 113. ti vc Yie 1d 

C. Pho'con Yield versus Energt. - For evident reasons it is not possible 

"lvith present facilities to employ various proton energies 1.'rithout also changing the 

angle of view. The angles of vievl associe.ted with the energies are givon in Sec'bion 

II-C, "~d indicated in Figure 4. 
~: 

In order to compu'be yield versus energy data from the curves of Fig. 5, it 

'l.'J'Ould be necessary to kIlo,v' the angular distribution of the photons in the laboratory 

system for each proton energy. The meager data presonted, however, indicate a yiold 

rising steeply with energy. At 175 Mev the magnitude and spectrum of the photon 

emission are ;roughly consistent with proton bremsstrahlung; Ylherea.s a.t the next energy~ 

230 Mev, the yield has greaJcly exceeded bremsstrahlung predictions and the spectrum 

begins to show the characteristic maximum region, departing distinctly from the liE 
, 

distribution. 

It appears reasonable to state that the onset of the emission of the radiation 

in question occurs some'Vlhere bet.veen 175 and 200 Mev proton energy. Because of the 
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momentum distribution of the nucleons in the target nuclei, a sharp threshold is not 

to be expected until an experime.~t wi th a hydrogen target is performed. 

D.Yield versus Target' Element. - In Table II are presented data compl?..ring 
-=-~ --- ... I· ..... 

the relative yields of photons vlith the relative cross sections for inelastic collision 

vii th high energy 'neutrons for a few elements distributed vridely in atomic number. 

It i'Ji 11 be noted that the bremsstrahlung from deuterons at 190 Mev (proton 

energy af 95 Mev) gives relr.tive yields similar to the relative inelastic cross 

sections, whereas the phpton .emission in the cc;se of the 340 Mev protons increases 

.vi th Z much more slowly than the cross secti on for inelastic collision. This suggests 

that the processes giving rise to the pho'Gons are different in the tvro cases 0 

TABLE II 

Comparisons of Yields and Cross Sections for Different Elements 

Relative yield per nucleus of 70 Mev 
photons from 340 Mev incident protons 
(1800 angle of vieVl) 

Relative inelastic collision cross 
. sect~:ons for 280 15ev neutrons 

.... ~~~. 

Relative yield per nucleus of photons 
from 190 Mev deuteron bombardment 

Relative inelastic collision cross 
sectj.ons for 90 Mev neutrons 

Be 

1 

1 

1 

.1 

eu To. 

r-'1-

"2~8,: 4 

5 11 

9 + I 

E. Absolute Yiel,d Data. - The curves of Figure 3 can be given absolute 

ordinates by evaluation of .. ~ (E, t). From the proton be am current, target data (2" Be), 

-and solid angle data, a cross secti on for th~ Be nucleus for proclucUon of the photons 

is computed. 

The evaluation of ~ (E,t~ was performed by applying multiple scattering 
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analysis to the contri buM on of electron pairs from an element of 'cherq.di ator of 

thickness dx .at depth x~ fi~ding the mean squared scattering angle 'I'ii th vlhich they 

emerge, and their probability of both recording in the counters. The fraction of pairs 

surviving scattering loss is then found by integration (graphical) over the radiator 

thickness, t. In the case of 00 angle of view, the value of 1 (E, 'c) was 0.97. It 

was made approximately constant at all energies by the method mClrvioned in II-A. In 

the case of 1800 angle of view, ~ (E,t) was 0.84. 

The proton current was determimd by measuring the Cll activity produced in 

the cyclotron tc.rget and using the C12 (p.pn)cll cross section rcc 345 lIov c..s 

by Peterson( lOl 
determimU 

'" :.\" 

The resulting cross sections are tabulated in Table III. The coordinate 

system with P = 0.32 is the system for which the 00 Olld 1800 distributions transform 

into a tmiguEl energy distribution. There is also some evidence for spherical synuJ1.e JiJry 

of photon emission in this system, 8,nd this has been assumed in giving the value for 

total production cross section. 

TABLE III 

Cross Sections per C Nucleus for Production of Photons 

Lab. System f3 = .32 ,System 

Diffe renti 801 cross section in cm2 per l'iev 
per steradian for 'yield in 00 direction \. 

(at the peak) • • • • • • 1.2 x 10-30 .85 x 10-30 

Same for yield in 1800 directi on • • • • • • .6 x 10-30 .85 x 10-30 

Integrated over spectrum observed 
10-28 at 00 in cm2 per steradian • • • • • • 1.5 x .75 x 10-28 

Ssme for 1800 direction • • • • • • .35 x 10-28 .70 x 10-28 

Total cross section for producing ~hotons, 
asstuning spherical s ym..'1le try, in cm ••••••••••••• 1 x 10-27 
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The values in Table III are not good in en absolute sense to the accuracy 

indicated l but the relaUve accuracy warrants the figures given. In an. absolute sense" 

these are not to be trusted more closelJ, tha.n a factor of ttvo or three. 

IV. Anal~sis of Results 

Ii' there is some unique cool'dinate system vJ'ith velocity pc" in Y~nich the 

photons (or some irrtiermediate particle) are emittedvrith a sphericnlly syrunetric angular 

distribution, and if IeCE) is the spectrum of the photons in that system, then the 

spectrtun in the laboratory system at en a.nele e "rill be 

VI - (32 
I (E,e) = i _ ~ cosS-

\ 

I - (3 cos e 
--;:::=:::::::::-;=.,.. E ) Jl- (32 

whore the Doppler shift and aberration effects have been teJ;:cn into accoun'b. The 

spectra shown in Figures 3 and 4, in the case of 340 I,lev protons" 0.11 satisfy the 

above condition, within the 0~cl?erimental accuracy" if we choo::;e (3= .32. ::'igure 5 

shovvs the four 340 Mev spectra of Figures 3 and 4 trrulsformed to this moving coordinate 

system. (li'or tho sake of clm'i ty, all curves are normalized 50 as to have the 58L1e 

value at the peak. Table I giv-es the measured relnti vo v~.lues at the peak). The 

reasonableness of this value of (3 may be sean from the following consideratiol1..5: The 

velocity of 8. 340 Mev proton is .67e, tmel honea, 'bhe ~) of the cen'ber of mass of such 

a proton and a stationary nucleon is .59i. '1'110 nucleons in the tarGet nucleus are not 

stationaI'"lh however, since they have kine'cic energies up to abol1t25 i~Iev# and hence 

velocities up to about .22c. No .... '. as sho\'m in Fig. 4, the process lee.cline to the 

production of' 'chose· photons is very energy sensitive I and hence, the production of 

photons prestl.'7lably occtU1 s predominately in those collisions where tho le.rgest 2I:lount 

of energy is avdlable. Those collisions are those which tal:e place bebroen a 340 

:i),Iev proton a.nd a nucle8.r nucleon mov:Lng in the opposi to direction, nnd henee those 

111hich lead to lOi':Ter values for the velocity of the centor of momentum. Since, ["s 

mentioned e,bov0, nuc1es.r nucleons may have pts of 'ehe order of .2; a mean effective 
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oen'cer of momentvm velocity in the range .300 - .350 is quite reasonable. 

Figure 4 shows that the yield of photons increases by a factor of about 100 

as th0 proton energy increase~ fron 175 llev to 350 Mev. The yield i'or 175 Mev protons 

is abou·t; too se.me as the yield for 90 Mev deuterons and is consistent with proton 

brems s tr ahllJ.ng. If tho large increase which occurs be,rond this energy is due to some 
fl,.,? 

other process, then the threshold for this other process, as has already been mentiDned~ 

is somewhere in ,the neighborhood of 175-200 Mev. If Vie take 25 Mev as the maximUJll. 

energy .of nucleDns in the target nucleus, then the rilaximum energy available fDr inelastic 

prDcesses produced by 175 Mev incident prDtons is about 170 Mev. This energy is about 

tvnce the me an energy of the photons observed and suggests perhaps that the photDns 

are produced in po,irs, or that e..n intermediate particle 'with a rest mass equivalent 

to tvnce the photon energy is involved. It may also be noted that tho threshold for 

producing IT mesons is also abDut 175 Mev" and that the yield vs. energy results 

are similar. 

v,. Interpretation of Results 

In this section we shall discuss vs.rious possible interprotrctions .of the 

.origin .of these phDtDIl$, and 0xGIlline hov! they fit the experimental data at hand. 

A. Nucle~· excitation. 

This possibility may be eliminat;ed almDst immediately on theoretical grounds. 

It may alsD be eliminated on the basis of some of our results. A vel" strDng evidence 

against nuclear excitation is too prDnounced Doppler shift observed. The shift cDuld 

nDt cDnceivably be appropriate to velocities possessed by a nucleus. Further, if 'bhis 

process were due tD some nuclear axci tatiDn, then the yield from 390 Mev alpha particle 

bombardment would be expected to be greater than the yield from 34.0 Nev protDn bombard-

ment, since the alpha particle will in general lead tD a more highly excited nucleus 

than the protDn. The opposite has been found tD be true; 340 Mev protDns give a 

photon yield S01ne 103 times greater than 390 Mev. alphas. 
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D. Bremsstrahlung. 

Calculations by IIayakavra( 3), Marshak and Ashldn( 4), and Serbcr( 11)' lead 

i. 

to the result that about one photon in the region of interest of these o:l.."Porimcnts vrill 

be produced in about 104 proton-nucleon interactions. In the cC.se of berylliuo, vr11"ich 

has an inelastic cross section of about 10-25 cm2 (1.0 x 10.25 for 280 Ifi.eV neutrons(12,)), 

these results lead to a cross section for high energy photon production of 10-29 cm. 

This is in agreement vii th our observed cross se ctions for 175 11ey protons and 80 Mev 

deuterons. The obser:ved cross secti on at 350 Mev, h01Never I is about 100 times larger 

than this predicted value. Further, the shape of the spoctra and, in particular, the 

rapid i:q.crease in yield vii th proton energy do not conform to any known type of brems-

strahlung. 

C·. Hucleon isobars ( excited nucleons). 

In this process it is assumed that in the proton-nucleon collision one of 

the nucleons becomes excited and then subsequently loses its excitation through photon • 

emission. If it is assumed that in the coordinate system in vlhich the isobar is at 

rest the photons are 'mono.energetic, or at least have an energy spread narrow compared 

to the observed spread ShO\Y11 in Fig. 5, this possibility may also be ruled out by the 

following considerations. l111alysis of Fig. 5 shovrs that tho onerGY of the c::citecl 

state lI'lOuld in this case be about 80 Idev. FiG. 3 shows that 40 i,lev photons are 

observed in the forvrard (00 ) direction. This requires that thero be isobars :noving 

in a direction opposite to that of the bombarding proton wi th a velocity of .6c. This 

can only happen if there are nucleons in the nucleus 'ltd th momenta corresponding to 

energies in excess of 250 !dev. * 
D. E:;cci ted state of a 'iT' Meson. 

" 
This possibility is not' completely excluded, if the lifetime of the excited 

*The essential idea here 
present, except that it 
for instance R. Serber, 
1269 (1948). 

, . .I 
is that the struck nucl'eon acts independently"of the others 
has considerable kimtic energy due to its being bound. See 
Phys.Rev.,72, 1114 (1947) and Goldberger, Phys. Rev. 74, - -
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level is sufficiently short. However, the threshold occurring for available energy 

values beloW" 200 Mev does not agree well with the mass of 1).;.meson plus the mass 

equi valent of en 80 I'.:iev photon. 

E. Neutral Mesons. 

In this process it is assumed that the pro'tio11 nucleon collision results in 

the production of a neutral meson "mich thon decays into two photons. Such a process 

has been suggested by Lewis. Oppenheirer and Wouthuysen(6) as a possible origin of the 

soft component in cosmic radiation. 

On tho basis of this assumption, the observe.tions lead to mass of about 300 

electron masses for the neutral mesoninvolwd. A particle. of this type, vvith a half 
I 

lifeoi' less than lO~ll sec, fits all of our presen·c observations. Since this particle 

is so light compared to a proton, velooitieG of .8c in the center of momenturJ. system 
';:, 

of ·I;he co11is·ion s.re al1ovv'ed, and hence tho broad distribution of photon energies may 

be explained. The apparent threshoidnear 175 IVlev r..nd the rapid rise in yield from 

175 Mev to 350 Mev is also about 'l'fhat vi'bttld be expected for this process, and the 
. ":1'1,-

yield at 340 L[ev is the srune order of magnitude as tho meson yield e.t .this energy. 

Calculations by Taylor( 13) and LTarshak( 14) of the expected photon spectra from this 

process are very similar to those observ9d.* The neutral meson hypothesis is also in 

agreemen'c, as is also the isobar hypothesis, with the experimental observation that 

the energy of the peak of the photon spectrum occurs at approximaJeely the same value, 

independent of' the proton energy, whEm transformed to the proper coordinate system • 

. The existence of a neutral meson is clearly not required· at the present 

staGe of the experiments, b1).t is the only one of the above five hypotheses which seems 

to fit the experimental data. 

A planned experiment to determine whether the photons o.re emitted singly or 

* . It may be noted that the energy distribution of the ~ypothetical neutral mesons 
could be calculated from better data of the type gi van in Fig. 5. 
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in pairs will distinguish clearly petvl~en D and E, as well as' betvJ'een C and E. 

"iTI E:l5.l2eriments' in Preparation 

Several significant experimental tests are cleo.rly implied. by tho foregoing 

results and discussion. 

1. A liquid hydrogen target experiment is considered to determine a threshold 

wi>l;hout tho uncertainties due to the momenta of nucleons in nuclei. This will also 

give the p-p collision yield. to be oompared with the mixtu.re of p-p and p-n collision 

yie lds from other light nuclei.-

2. A specifically-designed pair oounter is in design vd th which more precise 

energy and angle distributions can be obtained in reasonable counting periods. From 

such measurements better ini'onnation 011 the proper photon energy spec'ertUn. can be obtain-
I' 

ed, 1vith consequent improvemenJ(j ot info~llation about the eJdstence and ma:::s of an 

intermedio:ceparticle, and better data on absolute yield. 

3. A':6;loud chamber eA-perimontal progrem has been started, in opoporation 

with Dr. E. JIayv,ard, sE',leking the answer about whether the photons are omItted singly 

or in'pairs. 

4. Simple oA"porimcnts geometrioally dof:i.ning th0 region of emission of the 

photons have already shovm the lifetima of any intermodiate partiole to be <. 10-11 

sec. This type of experirrent will be improved. 
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