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ABSTRACT
V@zﬁaue targets were bombarded with 38- to 185-MeV protone.

Photons from these targets were viewed at expsrimentally ava.ﬂ.able angles ,
from the proton beam with a 3:80=~deg pair spectrometer capable of detection
in the photon energy range of 8 to 150 MeV. The accumulated spectra above
20 Me\'l. after su&ra&tion cf some w9 photon contamination, are assumed

to be due to proton bremestrahiung. The general spec&éal features are
explained in terms of electric-dipole radiation from p-n collisions, where
the target neutrons are in imstion. The detaiied features are discussed in
terms of the available theoretical predictions; there ie good ag;-eement with

the phenomeoenological calculation using n-p scattering data,

3
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Bremsstrahlung From Proton Bombardment of Nuclei::ql

David Cohen, | Burton J. Moyer, Harlan C. Shaw, t
and Charles N. Waddell*®

- . Lawrence Radiation Laboratory

University of California
Berkaley, California

1. INTRODUCTION

During the past several yeafs there have been occaeional efforts |
to evtudy proton bremsstrahlung due to xmc;lear (noxico‘ulonibic) forces.
These eﬁores.hav;a, included both expe»rimeimta.l determinations* 2 and |
thaomt'ical predictionas. 3.’ nz Most of the ltheomticjal work and all of the ex-
perimental work involved protons in the ap;.ironimate energy range of 35 to
140 MeV. As proton energiee fmcr‘eaﬁe above 140 MoV the bremasstrahlung
spectfa become masked by the gfeater photon in&gnsity from w® ptojduction
and decay.. while momewhat below 25 MeV the photons from nuclear de-
excitation obscure z.:'nost of the bremsstrahlung epectral region.

Proton Bremastr&hlung is of interest for evident reacons. It
provides an indirect yet not highly sensitive way of gatherigng or confirming
jeomé iﬁiormation about nuclear forces. Also, it is occasionally desirable
to know the photon spectra due to thie process when other photon or nuclear
‘pmocess@é are being investigated, | For example, for conﬁrmatioﬁ of the
existence of the #° meson by imems of the photon decay spectra, it was
necessary to estimate the nature of the contribution from proton brems-
&rahlﬁng.:l 3Lﬁkewiae in any investigation of radiative nuclear transitions
fnduced by hﬁgh-energy proton bombérdment; the brgmaserahlung will
uﬁderly the characteristic spectra. |

This is a report of experimental work done during 1953 to 1955 a¢

the 184-in. synchrocyclotron. Targets of various elements were bombarded
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with the internal proton beam at various energies, and thé photone from
the iérgee were viewed with. a pair spectrometer from outside the shielding
at certain available éngles itém the proton beam. There were two major

’reattictﬁona: ona wae the low counting rate {occasionally as low as ! cpm),

. and the other was the arrangement of the holes through the shielding wall,

which restricted the possible combinatione of proton energy and angle-of~

view. In view of thegs restrictions, we measured only the spactra from the

| iouéwfmg bombardments:

(2) at 90 deg from the beam: 38-, 100-, and 140-MeV .ptotons on
berylifum; | |
_ '(bb at 90 deg: 95-MeV px?oitons on carbon, aluminum, and copper;
{c) at 2 and 178 degi l@S-_MeV“protbns on beryllium, aluminum,
~and cépper.

Specifal measurements wéré ¢onﬁx’ze&‘wﬁtmnl the photon e;tergy interval of
about 8 to 150 MeV, although spectra below zbout 18 MeV are not analyzed
here bec'éwae of the preeen_ce-& of intense nuclear de-exciﬁa&ﬁon-phot.ons whoee
treatment constitutes a separaie problem. |

The reeults r-‘ha‘y/::mpaxe_d with Wilson's previous egperime‘ntal‘
bremasstrahlung mozaa.sué.z-eima::n:s;1 our'a:ppa'ratu@ wag designed to yield more
accurate spectra than the absorption technique that he used., The results

ayve also compared with theoretical predictions where possible: an e:ctenéive

ﬁhen@meml@gﬁcal calculation, soon to be published, has been performed

by Beckhamnz and {8 specifically related to data such as these. In addition,

some information is presented on w® production near threshold, since the

spectra from 185-MeV protons contained photone resulting from this procese.
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. EXPERIMENTAL PROCEDURES

A, Cyclotron Facilities

Figure 1 shows the experimental arrangement. In all cases the pair
spectrometer was cutside the concrete shielding at a typical distance of
50 ft from the targets. For measurements at 90 deg the targets were viewed
through a hollow radial probe, and the energy of the incident beam was
changed by moving the targets to different ra;iii.

" The study of the angular dietribution of the bremsstrahlung was
limited to three angles--2, 90, and 178 deg--and at 2- and 178-deg to &
single proton energy (185 MéeV) by the availability of cyclotron tank windows,
target»auppo.rt probes, and holes through the concrete shielding; For the |
2~ and 178-deg measurements the spectrometer was placed at a position
that permitted the choice of viewing the targets at the 188-MeV radius or
at the 340-MeV radius by olight rotation of the spectrometer magnet. This
permitted testing the spectrometer electroéics with the reasonably intense

° mesons. The direction

beam of photons resulting from the decay of the «
of the cyclotron magnetic field was reversed te change the viewing angle
from 2-deg to 178-deg. For the 2-deg méasﬁuremen&s 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 this experiment was of the 180-deg
type, an.& wag designed to measure gamma raye in the 8 to 150-Mé&V range.
A diagram of the apparatus is shown in Fig. 2. Since the counting rates
and background encountered in thie experiment were typically low, Geiger

tubes could be used to detect the magnetically analyzed pair partners and
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- This system is similar to that used by R. L. Walker and B. D. Mcﬁanﬁel.
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thus simplify the electroﬂics. " A 180-deg geometry wias chosen to minimize

L

3he.effecm of the angular divergence of the panr partners on the resolving
powex' of the instrumemt. Since ehin converters were usged, the speczromwer
chamber and & 6-!&;&1@@ ”region in front of the comrerte:r were evacuated in
order to eliminate' pair p.i;oduction in the air. | An 18-in., coliimator was built
i{nto the evacuated brass pipe, and a magnetic clearing field wag provided .
to eliminate paire fﬁrmed‘ in .ﬁh'e entrance foil and the collimator.

For a given rmagnetic field, 'an coinéidéncés between pairs of counters
having the same physical sAeplarati‘on 'were produced by gamma raye of the
fame energy. The Geiger-pmlees' resuliting from an electron--posittron pair
were ch&mged to B-p.sec pulsea and fed to a coincidence circuit; however.
if two or.more Geiger ﬁ:ubea in efther one of the banks fired within 1 paec.
an amicoincidence pulae wa.a genera&ed that ehmmat@d the output of the
coincadence circuit, The two-fold coincidence output initiated a gate which
wag fe‘d to the‘ Geiger-tube amplifiers, allowing them to register any events
accurfing within the‘resolving time of the coincidence circuit.

Ten Geiger tubes were used in sach of the two banks of detectors,

. giving in all 100 boesibl«é coincidence pairs. The recordiag of the coincidence

pairs into 19 energy channels was accomplished by use of a }0-element

square matrix consisting of 100 coincidence circuite. The outputs of the

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

and a more detailed deecription of the electronics used will be found in

. an
" references 2 and 15. The detectable photon energy ranges within/8 to 150-MeV

interval were varied by changing the magnet current, auo{wing overlapping
spectra.

The spectrometer was calibrated and the focusing properties checked

' by use of the floating-wire technique. The results of this calibration were
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chéckeci against the orbﬁte calculated from the magnetic field distribution
measured by means of a proton gpin-resonance probe. These calibrationsa
\;vere independently veriﬂed by observing the 17.64-MeV gamma ray from

Begﬁz produced at the 440-keV rescnance of the Li?(p. y)Bea reaction, 16

4

and the 15,11-MeV gamma ray produced in the CEZ(p. p' )CXZ* reaction. 15,12

The agreement between these calibrations wae within the energy width of a X
channel, that is, about 4%.

The resolution of a pair spectrometer of this type is eesentially
determined by three factors: (a) the finite width of the counters, (b) multiple
scattering in the converter, 'aﬁd {c) radiation straggling of the pair members:
in the conveﬁ:er. The cﬁannel width from (a) giveé rise to. a triméular

resolution function with 2 full width at half maximum of 5% for the median

energy«channel. Multiple scattering (b) only had a small effect on the

resolution, a2nd only at the lowest gémmawray energies (8 to 15 MeV) becaue
of the thin converters and the 180-deg geometry. Radiatién straggling {c)
was insignificant, since the thickneas of thé converters was less than 0.02
radiation lengths. ‘

The efficiency of the spectrometer ig determined by (1) the pair-
pfoductioxﬁ vcx'oas section, (2) the fraction of the pairs with a division of
energy in éhe detectable interval, (3) vertical scattering in the converter,
and {(4) the leakage of particles between Geiger tubes. Items (1) and (2)
were evaluated by integration of the differential pair-production expression
as given, for example, by Rossi and Greisen, 18 b,etwéen the limite of the
energy-division parameter u, £0r the pair eaergy W, which are allowed by
the geometry. Figure 3 illustrates this procega. Item {3) was calculated by
numerical integration, and was found to be independent of channel number
for a given converter thickness and magnetic-field setting. The losses were

kept reasonably small by the use of thir; converters of high Z. Item (4) was

)
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evaluated {rom g'eometrical considerations. The efficiency calculations
Qere empirically checked by measuring the counting rate as a function of
converter thickness for photons of differing energies. The observed spectra
were alBo measured with magnetic-field settings that gave overlapping
energy ranges to miﬁimize uncertainties from Geiger tube efficiencies.

C. Beam 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 wére clamped to the end of a thin copper bar which was
extended radially into the cyclotron tank, aand the entire unit was bolted to
the water-cooled end of the probe. Constantan wireas soldered to both ends
of the copper bar permitted measurement of the temperature difference
resulting from the flow of heat down the copper bar. This thermocouple
arrangement was calibrated by substituting a resistor for the target and
meaguring the differential thermal slectromotive force for various input poﬁer
levels. The radiation loss was evaluated by measuring the thermal decay curves
for various targets bombarded to different initial temperatures. For lower
be#m currents the decay curve was exponential, and a small deviation was
noted for metal targets bombarded with the full cyclotron beam. This deviation
wag more marked for a carbon target. From the analysis of the decay curves
the radiation loes obtained with each target could be evaluated. Confidence
in this evaluation wase obtained from the reproducibility of data taken at
various beam lavels.

From the data takeﬁ with the metallic targets it was found that, for
a given spectrometer position and collimator arrangement, the singles
counting rates of the Geiger tubes provided a reliable monitor of the number
of y rays produced at the target. Thus it proved possible to calibrate the
gingles counting rates at a low beam level and to use the counting rates as

a monitor for higher beam levels, where radiation losses were significant.
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D. PEcteinﬁ of ehe Data

Experimen&al resulte are shown in Fxgs, 4 through 9. The vertical

‘bara denote probable errors; they include both &he statistical errore and

occagional gystematic eéro:s. whenever these could be identified.

The 'phaéon spectra within the é«- to 180-MeV energy span were obtaigéd

_ by ueing five eettmgs of the: magnetic field, Because of the low counting rates,

it was asually neces@ary to accumula&e daﬁa at each magnemc-.ﬁeld eetting ior

aeveral hours. The magnetic-iield gettings were cycled so that the data for

‘each setting were accumula&ed in peveral runs separated by some houra of

mmning time. A cempariaon of aheee yields served as a check on the repro-
ducibility of the data.
The raw apectrome&er data were ﬁrs& corrected for comnting losses

and accidental counts, and then the eiﬂcxency ‘¢orrection wae apphed to each

. chaonel. In energy interv,a.ls-where the crose sections vary slowly with'

phétc_m energy, the data for several channele were combined to reduce sta-

" tistical errors. The data from each magnetic-field setting were troated in-

dependently, and the agfeement in the overlap regions gave confidence ae to

the imlidity of the data and its treatment.
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- lil. RESULTS AND DISCUSSION

A. Photons from Nuclear De-excitation

In the lew-energ§ region of the spectra, for k< 20 MeV, radiative
d@eexcitétﬁon of residual nuclei will cent:riﬁute phowné in addition to thbse
produced by proton Bremsattahlung. For excitation energies Ieés than the
threshold for pérticla emission, only radiative decay is possible, but for
Mgﬁer excitétion emrgiea. the radiation width is small compared to the
partiéie widthe., For esaxhple. for xﬁediﬁm -weight nuclle'i the neutron width
I, ie found to be about 103 to 104 times the radiative width I"Y near the
neutron thmehold. though the charged-particle widthe are of course suppressed
for outgoing particles with energy less thaa the Coulomb-barrier energy. 19
The ang'uia.: digtribution of photons emitted from the continuum of states will
be symmetric about 9‘0 deg bé‘qiausé of averaging over states of even and odd |
parity.

The lower-energy photon épectx'a measured at 2 deg and 178 deg with
respect to the beam direction from the bombardment of Al with 185-MeV protons
are shown in Fig. 4. The cross sections for the 2-deg spectrum have been
increased by a factor of 10 to separate the curves, and the dashed straight
lines tepreseﬁt the same cross section for the two spectra. The intensity
of the radiation decreases exponentially with increasing photon energy, and
a sudden change in the yleld curve occurs at k ~ 12 MeV. Comparison with
the dashed line shows that there is fore-aft symmetry in the laboratory s‘yseem
for photons with k $ 12 MeV, and that the higher-energy photons show the
forward peaking in the laboratory system expected from protonbremeetréhlung.

The spectra obtained inm the bombardment of Be, C, and Cu targets
exhibit the same kind of features as the Al spectra. The discontinuity in
yield occurs at k = 10 MeV for Be®s k = 9 MeV for C'%, and at k = 12 MeV

for Cu. In addition, the previously reported 15.11-MéeV gamma ray is
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observed superimposed on the bremsstrahlung spectrum in the bombardment
of Clz. 16, 17 In the bombardment of Beq. gamma rays of approximately
14 and 18 MeV are obeerved, presumably resulting from the radiative decay
of the 17.6-MeV level of Beasg produced in the (p, pn) or {p, d) reactione. 16

Bince a number of residual nuclet are produced in the proton bombard-
ment of these targets, and each residual nucleus has a somewhat different
threshéld for particle emission, there is an energy range in which the break
in the photon yield curve would be expected to occur., In each case the energy
of the observed break is found to be within the expected range, and, in fact,
it occurs at nearly the highest éxpected value. This fact and the nature of the
angular distributions are consistent with the interpretation that the lower-

energy photons result from nuclear de-excitation and the higher-energy

photons (k P 20 MeV) are from proton brerﬁsetrahlung.

B. #° Meson Production near Threshold

The data from 185-MeV protons on Be, given in Fig. 5, show clear
evidence of & contribution of photons from n° decay superimpoded upon a
bremeetrahlung yield. This is most pronounced in the 2.deg curve of Fig. 5,
which displays 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 Fige. 6 and 7,

L,
9" photon spectrum from the

A rough quantitative separation of the T
bremsatrahlung for the 2+« and 178-deg data of Fig. 5 was accomplished by
using the following considerations:

(2} Energy limits to the #® spectrum can be calculated kinematically

9+p¢338+p

if we assume reasonable production reactions, such ag Be
+n+ «% Thus we find that in the forward direction {2 deg) the #° photons
will lie between 38 and 140 MeV, while in the backward direction {178 deg)

the lirnite will be 32 and 120 Me¥.
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(b} If the =° producéﬁon occurs predominamtly in a reference frame
mioving with relative velocity f in a direction parallel to the incident protons,

the forward and backward »° photon spectra are related by

F(k, 0 deg) = .};g; F(%{:g-k. 180 deg),

whé:e F signifies photons/sr-MeV. '

{c) The eh&racteﬂsﬁc spectrum shape for the bremset'rahlung was
agsumed to be similar to that in Fig. 7, but with a higher upper limit for
I- the energy. | - | |

(ci) It was found possible to subtract estimated bremsestrahlung curves,
'indicatéd in Fig. 5, .‘vfz‘qxr'n the 2- and 178-deg data eo as to leave the iemaining
#° photon spectra that were related by the transformation mentioned above
in {(b) for a value of ﬁ = 0'.21'; This value of # corresponds to a collision
frame for' a 8'85-MeV proton and a counter-moving 20-MeV nucleon (neutron)
in the Be nucleus. A_

Such an analysis leads to a total n° pro&uction cross section of about
4 pb per Be nucleus. Thio value is compatible with the extrapolation down-
" ward to 185 MeV of the =° yield curve va proton energy given in Ref. 20
(for the ¢arbon nucleus). ‘It is likely that the data in that reference possgess
an unidentified background which causes its low-yield point to fall considerably
too high.. above the yield curve fitteé to the data at the highér energles.

No attempt was made to analyze the spectra from Al and Cu targets,
because of poor statistics and the complications of multiplc_a aucleon collisions.

C. Bremastrahlung Identification and Spectral Features

For the Spectrél region at energlies greater thaﬁ about 20 MeV.‘ except
for the v° photons produced ia the case of 185-MéV incident protons, the
?hozon yield is considered to be entirely due to proton bremsstrahlung. This
conclusion is based upon the following considerations:

1. Photon emission at such energies cannot compete with particle

emission ag a process of nuclear de-excitation, but even more certainly
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the forward-to-backward yield ratio of the non-w® photons seen in Fig. 8
cannot be a;counted for in terms of nuclear gamma radiation. The kinematice
do not allow a motion of an éxcited nuclear system with gufficient velocity
relative to the laboratory reference frame to give Doppler-shift eifecté of
thig magnitudg. Doppler shift and aberration will account for the forward-
backward effectv. however, if the radiation oﬂginates in the center-of-méss
frames of incident j:mtona in collision witt?x individual nucleons of the target.

’:2. Théléxperiﬁzental cross sections and spectral shapes in :Fige. 5,
6, &ﬂd: 7 {except for the n® yield in the first) 'agree roughly with phenomeno-
logical calculations of bremsstrahlung from p-n collisicna. 4 12 :
in juseiﬁcmim; of tl'_xe pen collisﬁon origi'n.» rather than a p-nucleus
| origin, we refer to the fact tha;t for a MO«;MeV proton the value of k is about
.. 0.4 fermis, which is an ordér'of maénitude smaller than the Be nuclear
~ diameter. The impulse approximation model has been uéed with adequézfe

success even at energies below 100 MeV, 21

and it is assumed to apply here.
Cnly p-n collisions will significantly contribute, since p-p Vcolrli:.ei_one provide
no ﬁipole radiation at gnergies where only ela,sti‘c processes occur.

Certain factors, however, modify this simple p-n collision model,
which may be identified as follows:

a. The neutron momentum &istlribuﬁon in the nucleus precludéa the
existénce of a unique x;eference frame for the origin of the bremasastrahlung.
Doppler shifts and aberrations of esolid angle are thus nbt simple and unique’
in their effect upon the relation between the laboratory spéctra and the ia'-n
collision radiation. Also the p-n collision cross section varies quite rapidly
‘a8 a function of relative velocity in this energy region. |

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

reference to the p-n and p-p collision cross sections at various energies,

and with some allowance for the effect of the Pauli principle, we estimate



-12- UCRL-10106
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 0.5 and 0.8, respectively. The principal effect of sﬁch
multiple collisions is a reductio?x;n the mean aucleon collision energy.
Thie effect is slight in the 140~ and 100-MeV cases, but is considerable at
protoﬁ energies;s low a8 40 MeV. For target nuclei such as Al and Cu,
multiple collisions must be a dominant situation; indeed, it is likely that in
guch casas the correct mod;al for the bremasstrahlung process would be more
like the collisl@n of the proton with the co.n'xplex potential well of the nucleué.
as treated in Ref. 10.

¢. The Pauli principle will suppre;sa the spectral yield at the high-
energy end to some degree, as Beckham hasg pointed out in his calculation. 12
| In Fig. 8 are presented 90-deg data from the bombardment of Be by
38+, 100-, and. 140-MeV p‘rét#ns. Here the ordinate is k dzo/ds’ﬁk. 8o that

| a I/E spectral chazacteristic would appear as a horizontal line. The curves
fof 100 and 140 MeV are derived from the curves of Figs. 4 and 5, without
acknpwledging the errors. They suggest a region o_i 1/k behavior £ollov;ed at
higher snergies 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 cilements at 90-deg 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
raiged indicates the effect of multiple collisions. Not digplayed are some
data at 2 deg and 178 deg for Culand Al for 185-MeV protons; in tﬁese the
forward;to-backward vield ratio is greatly reduced from that appeari;xg 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 THEORETICAL PREDICTIONS
 The theoretical predictions that have been published or are available
to us can be divided into three categories:

I. treatment of the nucleus as a whole, by using the o_p_ti;:ial model, 10

2. bremsstrahlung from pure nucleon-nucicon collisibm. 47.8,9,11
3. bremsstrahlung Ilrom p-n.colliaic.ms where the neutrons exiset
~ within the nuclear ratter. 2.2 |

The optical-model éalculationm wag not cérrﬁed out to the pdint
whére éhe ;'eaulta ¢ould be "cbom_par‘ed with experimental results; computing-
mécfcxine calculations would be neceséary.

A coniparisbn of predictions from category 2 with experimental
results is difiicuit bécauée of the large spectral effects depending upon
mc.»mentum distributions n&ultiple cou;ieiozis. the exclusion principle and'
the existence of target nucleons within nuclear matter. However, there are
some features of some of ths predictioz_mé which are not completely obliterated
Sy these three factors, and-cemparison with these ﬂieatures is possible.

| | The ;:a.lculation using Ap'_‘g‘g;ﬁdoscalar theory with pseudoscalar coupliag'.?
is completely ruled éut. becauae‘ it predic‘ts é k(“)l‘$ - k)l/ 2 gpectral shape
and a (‘I‘%)2 depeﬂdgn&:e; where T’& io the available energy in the center of
mass of the collision. The_caicuﬁation uging scalar meson theory with ecalar
coupling7 is also completely ruled out bgcauae it predicts a 90-deg/ O-Geg
flux ratio of 230. The phénomenological c:_alcu,la,i:iorx4 yields an approximately
. correct 's‘apect’ral éhape _{El-c"i(‘I”g ;k)l/z. total cross section ¢, and energy
dependence of (Tm)'k; it is not-possible to compare the anguiar distribution.

The predictions from category 3 do lend themselves to clear comparison
with ekperiment. The treatmentz of phenornenological results"" combined

with momentum distribution will not be discuased, 2ince it iz a special case

of Beckham'® slz more general treatment with machine computations,
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‘Beckham uged the Born approximation and the phenomenological radial
squaree-well potential of V= Ve, [e+ (1 -a)P_ ]+ Vg, where V@ is the
well depth, P m is the exchange operator, a is the parameter (0 <a £ 1}
denoting the relative strength of the exchange operator, and Vg is a repulsive
core. Para.metera in the above expmﬁﬁsaion were varied until there was a
fit with n-p elastic- scattering data a; KOO MeV. The procedure was repeated
at 180 MeV, and an interpolation made. for 140 MeV. The exclusion principle,
which forbids certain £ina1 states, produced an effect that depended upoa the
‘momenﬁmn distribution chosen. | |

The momentum distribution was then varied in an attempt to make
the transformed spectra rgatch the spectra of Figs. 5, 6, and 7. It was not
possible to match the absolute yield data without decreasing Vo by about
25% »from the value originglly chosen for the n-p scattering {it, but by thie
means a good match with éxéerimental curves was obtained. Recause of the
difficulties of absolute measurement of the circulating proton beam at the
target, thia~Mjusﬁment bi'Vo is not felt to be significant. The calculated
spectra were B?}miﬂve to the choice of repulsive core, and strongly sensitive
to the choice of ;xlomentum. diétribution. The é,nticipated publication by

Beckhamlz will present such features quantitatively.
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FIGURE LEGENDS | |
Fig. 1. Plan view of exﬁerimenﬁal arrangement.
Fig. 2. Plan view of the 180-deg pair epectrometer.
Fig. 3. Diagram illustrating how the detection efficiencies of channels
of constant energy were calculated. The geometric efficiencies,
which are proportic;nal to the fraction of pairs which could possibly
be intercepted by the detection geometry, were multiplied bj the
areas under 'flattened" splitting curves. |
Fig. 4. Low-energy photon spectra from :185-M@V protons on alumlinum.
at 2 deg and 178 deg from the proton beam. The crosez gections for»the
2-deg spectrum have been increased a factor of ten to separate the
curves, and the dashed straight-lines represent the same cross section
" for the two spectra. These spectra have not been corrected for
Qpectrometer line shape; this correction would slightly increase the
crose section at the lowest photon energies. |
Fig. 5. Photon emission from 185-MeV protong on beryllium, at Z_deg and
178 deg from the proton beam. {A) Curve {itted to 2-deg data, "
(B) curve {itted to 178-deg data; {C) estimated éurve for pure
bremsestrahlung at 2 deg; (2} estimated curve for pure bmméstrahlung
at 178 deg. (See text, Sec. IIL B for discussion of these curves. )
Fig. 6. Photon emission at 90 deg from 100-MeV protons on berylliium.
Nuclear de-excitation pfzotona are present for k < 18 MeV.
Fig. 7. Photon emiasion at 90 deg from 140-MeV péototm on beryllium.
Nuclear de-excitation photons are present for k < 18 MéV.

Fig. 8. Energy emission spectra from Be target at 90 deg as 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 0/dsdk. The numbers on the curves give proton energies in MeV,
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Fig. 9. Photon spectra at 90 deg from 95 MéeV protons on carbon,
_ aluminum, and copper. The lowest curve (from 100-MeV protoas on

bérylilum) is reproduced from Fig. 6.
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