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ABSTRACT 

Val'ioue targets were bombarded with 39 ... to 185-MeV protons. 

Photons from. ~heee targets were viewed at experimentally ava.U.able angleS! . 

from the proton beam With a 180-deg pair 'spect'lrome~er capable of detection 

in the photon energy range of B to l1. SO MeV. The accumwated spectra above 

20 MeV, after e\lbtraction of some v 0 photon contambw.tion. are assumed 

to be due to proton bremestrah.lung. The general spectral features are 

explained in terms of elect de -dipole radiation from p-n coWaione, where 

the target neutrons are in motion.. The detailed feat:uree IU'e discussed in 

terms of the available theo~ret!ca.A predictions; there ie good agreement 'With 

the phencmenological.ealc.\d.ation using n-p scattering data. 
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1. INTRODUCTION 

During the past several years ther.e have been occ:aaional efforts 

to study proton bremsstFahlWrAg d\le to nuclear (nozM:outo~bic) forces. 
. .. . 1 z 

These efforte have. included both experimental determina.tiono • and 
3-12 . . 

theoretical predictions. . . Most of the theoretical work and all of the ex-

perimental work involved protons in the approximate energy range of 35 to 

!40 MeV. As proton energies inc:reaee above 140 MeV the bremsstrahlU.Dg 

spectra become masked by the gweater photon intensity from w0 production 
. ' . 

and decay, while somewhat 'below i5 MeV the photons from nuclear de_• 

excitation obecure most ol the bremeetrShlung spectral regiono 

Proton bremsstrahlung ie of interest for evident reasons. ft. 

provides u indirect yet not highly sensitive way of gathering or confirming 

some mt'o~a.tion about nuclear force e. Also. it is occasionally desirable 

to know the photon spectra due to We precess when other photon or nuclear 

processes are being investigated. For example. for confirmation of the 

existence of the w0 meson by means o! the photon decay spectra, it was 

necessary to estAmate the nature of the coritril>ution from proton brems­

strahlung} 
3
Likewbe in any investigation of radia.Uve nuclear traneittmm 

induced by hish-energy proton bombardment,· the bremsstrahlung will 

u.nderly the characteristic spectra. 

T-hie le a report of experimental work done during A 953 ~o 1955. a.t 

the 184 ... in. eynchrocyclotron.. Targets of var!oue elements were bombarded 
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with the interaat proton beam at various energies, and the photone from 

the target were viewed with a pair spectrometer fgoom outeide the shielding 

at certa.f.n available angles from the. proton beam. There were two major 

reetrictione: one wae the low counting rate (occasionally as low ae 1 cpm), 

and the other wae ~he a.rransernent of the holes throu.gh the shielding wall, 

which rerrtri.cted the possible combinations. o£ proton energy and angle-of­

view. In view of these restdetlons, we measured only the epectll'a from the 

following bombardments: 

(a~ at 90 deg from the beam: 33-, AOO-, and 140-MeV protons on 

beryliiu.m; 

(b) at 90 deg: 95-MeV protons on carbon, aluminum, and copper: 

(c) at Z and 178 deg: 18S·.MeV protons on berylliwn, aluminum, 

ami copper. 

Spectral measurements were confined within the photon energy interval of 

about .8 to 150 MeV, although spectra below about 18 MeV are not analyzed 

here becau.se of the presence of lntenee nuclear de-excitation photons whoee 

trea.tmem constitutes a separate problem. 
. ~ . 

The reeults nay/compa.re4 with WUeon' e previous experimental 

bremestr&hlung measurements; 1 our appa:ratus was designed to yield more 

accurate spectra than the absorption technique that he used. The results 

are aleo compared with theoretical predictions wbare posetble; a.n extensive 

phenomenological calculation. soon to be published, bae been performed 

by Beclthe.m AZ and is spec:ific:ally related to data such as these. In addition, 

some information ls presented on '11' 0 production near threshold, emce the 

spectra from !85-MeV protons contained photone resulting from. thisl proceas. 
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11. EXPElUMENTAL PROCEDURES 

A. Cyclotron Facilities 

F'igul!'e 1 shows the experimental arrangement. In all cases the pair 

spectrometer was outside the concrete shielding at a typical distance of 

50 lt from the targets. For measurements at 90 deg the targets were vie'wed 

through a hollow radial probe, and the energy of the incident beam was 

changed by moving the targets to different radii. 

The study of the angular distribution of the bremsstrahlung waa 

limited to three anglee- .. 2, 90, and 178 deg .. ·s.nd at z .. and 178-deg to a 

single proton energy (185 MeV) by the availability of cyclotron tank windows, 

tcU"get-support probes, and holes through the concrete shielding. !'or the 

z .. and 118-deg meaeuremema the spectrometer was placed. at a position 

that permitted the choice o! viewing the targets at the 185-MeV radius or 

at the 340 .. MeV radius by slight rotation of the spectrometer magnet. This 

permitted testing the spectrometer electronics with the reasonably intense 

beam of photons resulting !rom the decay of the w0 mesons. The direction 

o£ the cyclotron magnetic field was revereed to change the viewing angle 

from Z-deg to 178·deg. For the z .. deg measurements collimators were 

necessary inside the holes through the concrete to reduce the background 

activity of the spectrometer counters produced by the forward neutron flux 

from the target. 

B. Pair Spectrometer 

The pair spectrometer used in thie experiment was of the 180-deg 

type. and was designed to measure gamma raye in the 8 to 150-MeV range. 

A diagram of the apparatus is shown in Fig. 2. Since the counting rates 

and background encountered in this experi.Inent were typically low, Oeiger 

tubes could be used to detect the magnetically analyzed pair partners and 
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thua simplify the electronics. · A 180-deg geometry was chosen to minimize. 

the. effects of the angular divergence of the pair partners on the resolving 

power of the instrument. Since thin convertere were used. the apedronH~ter 

chamber and a 6-ft,:r;long region in front of the convertell" we:rre evacuated in 

order to eliminate pair production in the air. An Ui•in. collimator was but.lt 

into the evacuated braEJs pipe. and a magnetic cleadng field was provided 

to eliminate pairs formed in the entrance foil and the collimator. 

For a given magnetic field. all coinCidences between pairs of counters 

having the same physical separation were produced by gamma raye of the 

same energy. The Oeiger pulses reeulting .from an electron-poeitron pair 

were changed to ! .-tJ.sec pulees and fed to a coincidence circuU:i however. 

if two or ,more Geiger tubes in either one of the 'bankm ffLred within 1 JJ.Sec. · 

an anticoincidence pulse waa generated that eliminated the output of the 

coincidence circuit. The two .. fold coincidence output initiated a gate which 

was fed to the Geiger-tube amplifiers, allowing them to register any events 

occurring within the resolving time o! the coincidence circuit. 

Ten Geiger tubes weire used in each of the two banks of detectors, 

giving in aU !00 poesiblce coincidence pairs. The recording of the coincidence 

pairs into ! 9 energy channel a was accomplished by use of a 1 0-element 

square ·matrix consfl.eting of 100 coincidence circuits. The outpu~s of the 

energy channels and the counts from each Geiger tube were registered. 
. . . . . 14 

This system is eimilax- to that used by R. L. Walker and B •. D. McDaniel, 

and a more detailed deecription of the electronics u.aed will be found in 
a:·1 

x-eferences 2 ami l5. The detectable photon energy ranges within/8 to Iso:..M.eV 

interval were varied by changing the magnet current. allowing overlapping 

spectra. 

'l'be spectrometer was calibrated and the focusing loropertiea checked 

by use of the fioating-~ire technique. The !"eeulte of this calibration wex-e 
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checked against the orbits calculated from ~he magnetic field distribution 

measured by means of a proton spin-resonance probe. These calibrations 

were independently verified by observing the n7 .64-MeV gamma ray from 

@$ 7 8 16 
Be produced at the 440 .. keV resonance of the Lf. (p, y) Be reaction, 

• ~j.j 

. iZ !l* 15 Ail 
~nd the A 5.11-MeV gamma ray produced tn i:he C (p, p' )C reaction. • · 

The agreement between these calibrations was within the energy vvidth of a 

channel, that is, about 4-o/b. 

The reeolution of a pair spectrometer of this type is essentially 

determined by three factors: (a) the finite width of the counters, (b) multiple 

scattering in the convert_er, and (c) racUati.on straggling of the pair members· 

in the converter. The channel width from (a) gives rise to. a triangular 

resolution function with e. full width at half maximum of 5% for i:ha median . . 

energy~_channel. Multiple scattering (b) only had a. small effect on the 

resolution, and only at the lowest gamma-ray energies (8 to 15 MeV) because 

of the thin converters and the 180-deg geometry. Radiation straggling (c) 

was insignificant, since the.thickneee ofthe converters was lese than 0.02 

radiation lengths. 

The efficiency of the spectrometer is determined by (l) the pair-

production cross section, (l) the fraction of the pairs with a division of 

energy in the detectable interval, (l) vertical scattering in the converter, 

and (4) the leakage of particles between Geiger tubes. Itemo (l) and (2) 

were evaluated by integration of the diiferernial pairGproductio1\ expression 

18 
aa given, for example, by Roeei and Oreieen. b)'etween the limite of the 

energy ... ciivision parameter ~ !or the pair energy W • which are allowed by 

the geometry. F'igure 3 illustrates this process. Xftem (3) wam calculated by 

num.erical integration, and wae found to be independent of channel number 

tor a given converter thickness and magnetic-field eetting. The loasee were 

kept reasonably small by the use of thin converters of high z. Item {4) was 
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evaluated from geometrical considerations. The e£ficienc y calculations 

were empbically checked by meae1.1ring the counting rate as a function of 

converter thickness for photons of differing energies. The observed spectra 

were also measured with magnetic -field settings that gave overlapping 

energy ranges to minimize uncertainties from Geiger tube efficiencies. 

C. Bea.~ Monitoring 

The cyclotron internal beam current was determined from a measure-

ment of the amount of thermal power generated in the target during bombard-

,ment. The targets were clamped to the end of a thin copper bar which was 

extended radially into the cyclotron tank. and the entire l.lftit was bolted to . . 

the water-cooled end of the probe. Constantan wires soldered to both ends 

of the copper bar permitted measurement of the temperature difference 

resulting from the flow of beat down the copper bar. This thermocouple 

arrangement was calibrated by subeti.t.uting a resistor for the target and 

measuring the differential thermal electromotive force for various input power 

levels. The radiation loss was evalaated by n1eaauring the thermal decay curves 

for various targets bombarded to different initial temperatures. For lower 

beam currents the decay curve was exponential, and a small deviation wae 

noted for metal targets bombarded with the full cyclotron beam. This deviation 

was mora marked for a carbon target. From the analysis ol the decay c.urvea 

the radiation loss obtained with each target could be evaluated. Confidance 

in thia evaluation was obtained from the reproducibility of data taken at 

varioue beam levels. 

From the data taken with the metallic: targets it was found that, for 

a given spectrometer position and collimator arrangement, the singles 

counting rates of the Cfeiger tubes provided a reliable monitor of the nwnber 

o£ y raya produced at the target. Thus it proved possible to calibrate the 

slnglee counting rates at a low beam level and to use the counting ratee as 

a monitor for higher beam levels, where radiation lo&ses were significant. 
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D. . · Pltott.~g of the Data 
. f 

Experimental remulte are shown in Fig~. 4 through 9. The vertical . : 

· bare denote probable errors; they include both the statistical errore and 

occasional systematic errore, whenever the.pe could be identified. 
. . . 

The photon spectra within the a ... to ASO .. MeV energy span were obtained 

by u.eing five settings of th<lt:.magnetic field. Because of the low co\Ulting rates, 
. ·' . 

it was usually neces®a·ry· to _accumUlate data at each magnetiC-field setting for 
.· ....... 

' . 
several hours. The magne_tlc-.field settings were cycled eo that the data £or 

each aetting were accum.W&ted in eeveral runs separated by eome hours of 

rwming time. A comparison of these yields eerved aG a check on the repro ... 

ducibUity of the data. 

The raw spectrometer data were first corrected for counting loeseo 

a.n4 accidental counts, and then the efficiency correction wae applied to each 

channel.. 1n energy interv8J.e where the cro~f.l eections vary slowly with 

photon energy, the data for several channels were combined to reduce eta..; 

tietical erl'ore. The data from each magnetic ... field setting were treated in .. 

dependently, and ihe agree~ent in the overlap regions gave confidence as to 
I 

the validity o! the data and its treatment. 
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W. RESULTSAND DISCUSSION 

A. Photons from Nuclear De -excitation 

ln the low-energy region of the spectra., for k ~ ZO MeV, radiative 

de .. exclta.tion of residual nuclei will contl'lbute photons in addition to thoee 

produced by-proton bremsstrahlung. For exci~ation energies less than the 

threshold for particle emission, only radiative decay is possible, but for 

higher excitation energlee, the radiaUon width is sma.U compared ·to the 

particle widths. _For example, for medium -weight nuclei the neutron width 
3 - 4 r is found to be about 10 to 10 times the radiative width r neaA" the 

n ~ 

neutron threshold. though the charged-particle widths are of course suppressed 

for outgoing particle" with energy lees than the Coulomb-barrier energy. 19 

Tb.e angUlar diBtribution of photons emitted from the continuwn of statee will 

be symmetric about 90 d.eg be'~auee of averaging over states of even and odd 

parity. 

The lower-energy photon epectX"a measured at Z deg and 178 deg with 

respect to the beam direction from the bombardment of A1 with 185-MeV protons 

are shown in Fig. 4. The cross sections for the 2-deg spectrum have been 

increased by a factor of !0 to eeparate the curves, and the dashed straight 

lines represent tho eame cross section for the two spectra. The intensity 

of the radiation decreases exponentially with increasing photon energy, and 

a sudden· change in the yield curve occurs at k- lZ MeV. Comparison with 

the dashed line shows -that there is fore .. aft symmetry in the laboratory system 

for photons with k :5 12 MeV. and that the higher-energy photons show the 

forward peaking in the laboratory system expected from proton bremeetrahlung. 

The spectra obtained in the bombardment of Be, C, and Cu. targets 

exhibit the same ktnd of features as the Al spectra. The discontinuity in 

9 12 . 
yield occure at k ~ 10 MeV for Be , k ~ 9 MeV for C , and at k ~ 12. MeV 

for Cu. Xn addition, .the previously reported AS. U-MeV gamma rmy ie 
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observed superimposed on the bremsstrahlung spectrum in the bombardment 

o£ c 12• 16• 17 In the bombardment of Be 9, gamma rays of approximately 

14 and 18 MeV are observed, presumably resulting from the radiative decay 

of the 17 .6-MeV level of Be 8~ produced in the (p, pn) or (p, d) reactions. 16 

Since a number of residual nuclei are produced in the proton bombard­

ment of these targets, and each residual nucleus has a somewhat different 

threshold for particle emission, there is an energy range in which the break 

in the photon yield curve would be expected to occur. In each. caoe the ~nargy 

of the observed break is found to be within the expected range, ~nd, in fact, 

it occurs at nearly the highest expected value. This fact and the nature of the 

angular distributions are consistent with the interpretation that the lower­

energy photons r,esult from nuclear de-excitation and the higher-energy 

-photons (k > ZO MeV) are from proton bremsstrahlung • 

.B. w0 Meson Production near Threshold 

The d~a from 185-MeV protons on Be,_ given in. Fig. 5, show clear 

evidence of a contribution of photons from 1r0 decay superimposed upon a 

bremasstrahlung yield. This ie most pronounced in the l-deg curve of Fig. 5, 

which dioplaye a curve with downward concavity in the general region from 

60- to 120 .. MeV photon energy, in marked contrast to the character of the 

spectrum curves of 1tigs. 6 and 7. 
,~; 

A rough quantitative separation of the '11' 0 ' ·photon spectrum from the 

bremsatrahluna for the Z· and 178-deg dat~ of Fig. 5 was accomplished by 

using the following coneide rations: 

(a) Energy limits to the '11'0 spectrum can be calculated kinematically 

if we assume reasonabl~ production reactions, such ae .6e 9 + p - Be 8 + p 

+ n + w0 • Thus we find that in the forward direction (2 de g) the w0 photons 

will lie between 38 and 140 MeV, while in the backwa.rcl direction (178 dog) 

the limits will be 32 and llO Me1{. 
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(b) U the 'ITo production occurs predominantly in a reference frame 

moving. with relative velocity ~·in a direction parallel to the incident protons, 

the forward and backward 1r0 photon spectra are related by 

F(k, 0 deg) = t:f F(~ k. 180 deg), 

where F signiiiem photons/ar-MeV. 

(c)· The characteristic spectrum shape for the bremsetrahluo.g was 

aosumed to be similar to that in Fig. 7, but with a higher upper limit for 

· the energy. 

(d) It was found possible to e~ubtra.et estimated bremsstrahlung curves, 

indicated in Fig. 5,: from the l~ and A78-deg data eo as to leave the remaining 

w0 photon spectra that were related by the transformation mentioned above 

in (b) for a value of t:S = O.Zl. Tbie value of j3 corresponds to a collit.don 

frame for a 185-MeV proton and a counter .. moving 20-MeV nucleon (neutron) 

in the Be nucleus. 

Su<:h an analysis ieade to a total 'lf
0 production cross section of about 

4 f.lb per Be nucleus. This value is compatible with the extrapolation down ... 

ward to 185 MeV of the '0'0 yield curve vs proton energy given in Ref. 2.0 

(for the carbon nucleus). It is likely that the data in that reference possess 

an unidentified backgrotm.d which causes its low-yield point to fall considerably 

too high, above the yield curve fitted to the data at the higher energies. 

No attempt was made to analyze the spectra from A1 and Cu targets, 
·-- . 

because oi poor atatietic:a and the complications of multiple nucleon collisions. 

C. Bremsstrahlung ldentification and Spectral Features 

For the spectral region at energies greater than about ZO MeV, except 

for the tr0 photons produced in the case of 185-MeV incident protons, the 

photou yield ie considered to be entirely due to proton bremsmtrahlung. Thhl 

conclusion is based upon the following considerations: 

1. Photon emission at such energies cannot compete with particle 

emission as a procee11 of nuclear cle .. axcitation, but even more certainly 
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the forward-...to-ba.ckwa.l!'d yield ~atio of the non-11° photons seen in Fig~ 8 

cannot be accounted fo~ in terms of nuclear gamma. radiation. The kinematics 

do not allow a motion of an excited nuclear system with suffiCient velocity . 

relative to the laborat-ory reference .frame to give Doppler-shift effects of 

this magnitude. Doppler shift and aberration will account for the forward-

backward effect, however, if the radiation originates in the center•oi-mame 

frames o! incident protons in collision with individual nucleons of the target. 

· z. The experin1ental croms sections and spectral shclpes in ·Figs. S, 

6, and 7 (except for the w0 yi~ld in the first) agree roughly with phenomeno-

. 4 12 
logical calculations of bremsstrahlung from p-n collisione. ' 

In justification. of the p .. n collision origin, rather than a p-nucleus 

origin, we 1refer to the fact that for a R40-MeV proton the value of )1. ie about 

0.4 fermie, which is an order· of magnitude smaller than the Be nuclea~ 

diametQ>.r. The impulse approximation model hae been used with adequate 

l! success even at energies below 100 MeV, and it ie assumed to apply here. 

Only p•n collisions will significantly contribute. since p-p collisions provide 

no dipole radiation at energies where only elastic processes occur. 
. . 

Certain factors, however, modify this simple p-n collision. model, 

which may be i4entified as follows: 

a. The neutron momentum distribution in the nucleus precludes the 

existence of·a unique reference frazne for the origin of the bremsstrahlung. 

Doppler shifts and aberrations 9f solid angle are thus not simple and unique· 

in their effect upon the relation between the laboratory s~~ctra and th.e p•n 

collision radiation. Also the p ... n collision cr.oss section variee quite rapidly 

as a function of relative velocity in thie energy region. 

b. Multiple collisions within a given nucleus are not negligible. By 

reference to the P"'n and p .. p collision croe~s sections at various energies, 

and with some allowance ior the e!lect of the Pauli principle, we estimate 
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the probability of more than one collision in the traversal of a Be nucleus 

by a 140 .. MeV proton to be 0.4. In the cases of 100- and 40-MeV protons . 

this probability is 0. S and 0.8, l'~~pectively. The principal effect of such 

multiple collisions ie a reduction in the mean nucleon collision energy. 

This effect is sl~ght in the 140- and 100-MeV cases, but is considerable a.t 
::-· 

proton energies as low a.e 40 MeV. For target nuclei such aa .Al and Cu, 

multiple colllatons must be a dominant situation; indeed, it is likely that in 

(HJ.ch cases the correct model for the bremsstrahlung process would be more 

like the cQllislon of the proton with the complex potential well of the nucleus, 

as t:reated in Ref. 10. 

c. The Pauli principle will suppress- the spectral yield at the higb.­

ll energy end to some degree, as Beckhan1 bae pointed out in his calculation. 

In Fig. 8 are. presented 90-deg data from the -bombardment of Be by 
. . . . . 2 

38•, loo .. , and 140 .. MeV protons. Here the ordinate is k d o /dndk, so that 

a 1/k spectral characte:ristlc would appear as a horizontal line. The curves 

for 100 and 140 MeV are derived from the curves of Figs. 4 and 5, without 
.• 

acknowledging the errors. They suggest a region of 1/k behavior followed at 

higher energies by a tailing off due to the .nucleon momentum distribution. 

The 38·MeV curve is influenced over its entirety by the momentum distribution 

and by the effect of multiple collisions. 

A comparison of the spectra from different elements at 90-d~g for 

incident 95-MeV protons is shown in Fig. 9. The increasing relative 

enhancement of yield at low· energies as the atomic number of the target is 

raised indicates the effect of multiple collisions. Not displayed are some 

data at 2 deg and 178 deg for Cu and Al £or 185-MeV protonsi in these the 

forward. ... to-backward yield ratio is greatly reduced from that appearing in the 

case of Be. Thus the quasi--free p ... n collision model ie not appropriate to 

the larger· nuclei. 
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IV. COMPARISON WITH TH.EORETlGAL PREDICTIONS 

.The theoretical predic:tions that have been published or are available 

to us can be divided into three ·categories: 
' 10 

1. treatment of the nU.Cleua as a whole, by using the o~ical model, 

· . 4 1 a 9 11 
2. bremsstrahlung from pure nucleon-nucleQn collisions, • • • •. 

3. bremsstrahlung from p-n collisions where the neutrons exiet 

. 2 12 . 
within the nuclear matter. ' 

The optical-model calculation 10 
waa not carried out to the point 

where the results could be compared with experimental results.; computing­

machine calculations would be necessary. 

A comparison of predictions from category 2 with experimental 

results ie difficUlt because 0£ the large spectral effects dependblg upon 

momentum distribution~ 1nultiple collisions, the exclusion principle and 

the existence of target nucleons within nuclear matter. However, there are 

some features o£ some of the predictions which are· not completely obliterated 

by these three factors, and comparison with these features is possible. 

The calculation u.sing -~~udoscalar theory with pseudoecaiar coup!ing7 

· . . . $ 1/Z 
is completely ruled out, because it predicts a k(T - k) spectral shape 

0 2 . . . . .. . (l . 
and 'a (T ) dependence, where T is the available energy in the center of 

mass of ~he collision. The. calculation using scalar meson theory with scalar 

coupling7 is also completely ruled out because it predicts a 90-deg/0-deg 
. . . . . 4 

flux ratio of 230. The phenomenological calculation yields an approximately 
. . .. i * . 1/2 . . . 

correct spectral shape -~ (T • k) , total cross section u, and e_nergy 

dependence of (T*)- 1; it is not·possible to compare the angular distribution. 

The precllctione from category 3 do lend themselves to clear comparie~on 

with experiment. The treatment 2 of phenomenological results 4 combined 

with. mozt;ientum distribution will not be discussed, eince it is a special case 
12 . . 

of Beckham' s more general treatment with machine computations. 
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Beckham used the Born app~oximation and the phenomenological radial 

equare .. well potential of V = v 01 [a.+ (1 .. o.)P m] + V~, where V~i is the 

well.depth, P.m. ie the exchange operator, «1 is the paramet~,r (0 ~a. ~ 1) 

denoting the relative strength of the exchange operator, and v3 is a repulsive 

core. Parameters in the above exp~te·ssion were varied until there was a 
. ·~: . 

fit with n-p elastic-scattering data at ~100 MeV. The procedure wae repeated · · 

at lBO MeV, and an interpolation made for 140 MeV. The exclt1sion principle, 

which forbids certain (inal siates, produced. an effect that depended upon the 

·momentum distribution chosen. 

The momentum distribution was then varied in an attempt to make 

the transformed spectra match the spectra of Figs. 5, 6, and 7. It was not 

possible to m~tch the absolute yield data without decreasing V 0 by about 

ZS"t. from the value originally chosen for the n-p scattering fit, but by this 

means a good match with experimental curves was obtain~d. Because of ~he 

difficulties of absolute measurement of the circulating proton beam at the 

target, this_ adjustment 'o£ V 0 is not felt to be significant. The calculated 

spectra were s~~eitive to the choice of repulsive core, and etrongly sensitive 
~:.~ 

to the choice of momentum distribution. The anticipated publication by 

Beckham lZ will present such features qua.ntitati'Vely • 

. • •• I' . . ·~· 
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FIGURE LEGENDS 

1. Plan view of experimental arrangement. 

2. Plan view of the 180-deg pair spectrometer. 

3. Diagram illustrating how the detection eiiiciencies of channels 

of constant energy were calculated. The geometric efficiencies. 

which are proportional to the fraction of pa.ire which could possibly 

be intercepted by the detection geometry. were multiplied by the 

areas unde;- "flattened .. splitting curves. 

Fig. 4. Low·energy photon spectra from 185-MeV protons on aluminum, 

.at Z deg and 178 deg froin the proton beamo The erose eectione for the 

Z·deg spectrum have been increased a factor of ten to separate the 

curves, and the dashed etraight-Unee represent the same cross section 

· for the two spectra. These spectra. have not been. corrected for 

spectrometer line shape; this correction would eU.ghtly increase the 

cross eec,tton at the lowest photon energies. 

Fi.g. 5. Photon emission from 185-MeV protons on beryllium, &t Z deg _and 

178 deg from the proton beam. (A) Curve fitted to z .. deg data; 

( . .B) curve fitted to 178-deg data; (C) estimated curve for pure 

bremsetrabl.ung at Z deg; (D) estimated curve for pure bremsstrahlung 

at 178 deg. (See text. Sec. m. .8 for discussion of these curves. ) 

Fig. 6. Photon emission at 90 deg from lOO .. MeV protons on beryllium. 

Nuclear de·excitation photons are preeent for -k < 18 MeV. 

Fig. 7. Photon emission at 90 deg from 140-MeV protons on beryllium. 

Nuclear de-excita.tionphotone are preeenf: for k < 18 MeV. 

Fig. 8. Energy emission spectra from Be target at 90 deg ae a function 

of proton bombarding energy. Curves labeled 100 and 140 are reproduced 

from the smooth curves of .Figs. 6 and 7. Note that here we plot 

k dz tf1 /dndk.. The numbers em the curves give proton energies in MeV. 
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Fig. 9. Photon spectra a~ 90 deg from 9S MeV protons on carbon, 

aluminum, and copper. The lowest curve (from lOO~M.eV proton$ on 

beryllium) le reproduced from Fig. 6. 
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