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Energy spectra and angular distributions have been measured for high energy gamma rays (E, =20
MeV) from proton-nucleus reactions at 104, 145, and 195 MeV on targets of C, Zn, and Pb. Gamma rays
were observed with energies up to 170 MeV. The spectra showed differences from the typical exponen-
tial shape that is observed in gamma ray production from heavy-ion reactions. The angular distribution
of the gamma ray is forward peaked in the laboratory, which is consistent with emission from a moving
source. A comparison is made with previous measurements at 72, 140, 168, and 200 MeV. The experi-
mental evidence indicates that first-chance incoherent proton-neutron bremsstrahlung is the main pro-
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I. INTRODUCTION

Understanding the proton-nucleus bremsstrahlung
mechanism is important for a number of reasons. First
and foremost is that studies of this reaction can lead to a
greater comprehension of the more fundamental reaction
pny. Second, proton-nucleus reactions can also improve
our understanding of the more complicated reaction dy-
namics associated with bremsstrahlung reactions in
nucleus-nucleus collisions. The recent reports on high
energy gamma ray production in heavy-ion reactions by
several experimental groups [1-6] has caused research
groups to scrutinize earlier proton-induced data much
more carefully. Theoretical calculations [7-9] of brems-
strahlung in heavy ion reactions have used the available
proton-nucleus data as a gauge for their calculations be-
fore attacking the more involved calculations required to
explain the production of photons in heavy-ion-induced
reactions.

The characteristics of the energy spectra and angular
distributions of the photons emitted during these heavy-
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ion reactions led experimenters to conclude that the pho-
tons were coming from incoherent proton-neutron brems-
strahlung [4,5]. The elementary proton-neutron brems-
strahlung (pny) is much more efficient than proton-
proton (ppy) bremsstrahlung in the production rate of
high energy gamma rays, and this fact makes the pny
cross section an important quantity in the theoretical
models of high energy gamma ray production. There are
very few data sets in the literature on neutron-proton
bremsstrahlung [10-12]. Genuine npy measurements re-
quire neutron beams of high intensities and well-defined
energies. This is complicated by the fact that the data on
npy are poor; only double differential cross sections
d’o/d Q,dQ), are available at a small number of angles
for n +H reactions at 208 MeV [10] and 130 MeV [11].
The statistics of these measurements are not sufficient for
the detailed knowledge of the angle-integrated cross sec-
tions necessary for heavy-ion calculations.

Information on the pny process in heavy-ion reactions
can also be deduced from proton-nucleus reactions. In
this case the solution to the phase space problem is easier
since consideration has to be given only to the target nu-
cleons, which allows the testing of different theoretical
models of the reaction dynamics. Experimental data in
this area have been sorely lacking until recently. The first
systematic study of target and angle dependence of high
energy gamma ray production in proton-nucleus reac-
tions was completed by Edgington and Rose [13]. In this
work 140 MeV protons were incident on various targets
ranging from deuterium to lead. The p +d result is fun-
damental because it should be a reasonable approxima-
tion to the free pny value. At the same time the pdy re-
sult can also yield information on phase space considera-
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tions necessary for proton-nucleus reactions. These ideas
can then be extended to explain bremsstrahlung photons
produced in heavy-ion reactions. The results from the
Edgington-Rose measurement were thought to be correct
until measurements by Kwato Njock et al. at 72 MeV
[14] and Pinston et al. at 168 and 200 MeV [15]. In these
works the authors found a discrepancy between their
measurements and those of Edgington and Rose. It
should be noted that the detector system used by both
Kwato Njock et al. and Pinston et al. was a
BaF,+Nal(T1) telescope [16]. The results of Edgington
and Rose for the deuterium target were also in disagree-
ment with an experiment performed by Koehler, Rothe,
and Thorndike at 197 MeV [17]. The important features
from the Edgington-Rose measurement, which still hold
in the later measurements, were that the shapes of the
spectra were similar for all the targets. The total cross
section for the various targets can be scaled with a simple
N/AY3 dependence, where N and A4 are the number of
neutrons and atomic number of the target. This is similar
to the (4, A,)*”3 dependence observed for gamma ray
production in heavy-ion reactions. The angular distribu-
tions of the bremsstrahlung gamma rays in the laboratory
were found to be fall off less sharply with energy for for-
ward angle emission. All of these characteristics lead the
authors of Refs. [13-15] to conclude that the origin of
the gamma rays were incoherent proton-neutron
bremsstrhalung.

The objective of the experiment discussed in the
present paper was to study photon production for
proton-induced reactions at several incident beam ener-
gies and to measure the total cross section for these
bremsstrahlung photons, thereby answering the questions
about the discrepancy between the earlier data of
Edgington and Rose and the more recent measurements
by Kwato Njock et al. and Pinston et al. Data on p +d
bremsstrahlung taken at the same time will be discussed
in a separate paper [29].

II. EXPERIMENT

The energy spectra and angular distribution of gamma
rays were measured in the energy range between 10 and
170 MeV. The gamma ray detectors were the same two
large BaF, detectors [18], which were previously used to
measure high energy gamma rays produced in heavy-ion
reactions [19]. The detectors consisted of two right
cylinders of BaF,, 12.7 cm (2.9 p,,, Moliere radius) in di-
ameter and 11.45 cm in length. The optical joint between
the crystals was made with 100000 centipoise silicon oil
[20]. The total length of the detectors was 22.9 cm,
which is 11.2 radiation lengths (L ,4=2.05 cm). The ac-
ceptance diameter for each detector was determined by
an 11.5-cm-deep 95% tungsten collimator which was ta-
pered to cover a constant solid angle at 75 cm from the
target. The solid angle coverage for each detector was 11
msr. The detectors were surrounded by a 2.54 cm plastic
anticoincidence shield, which was used to reject charged
particles coming from the target as well as the significant
background from cosmic ray muons. Prompt particles
from the target were attenuated by the use of high densi-
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ty polyethylene bars placed in between the target and
detector. At forward angles 8,,, <90°, the detectors were
operated with a 40 cm polyethylene bar, while a 20 cm
bar was employed for the other angles. Fast neutrons
and charged particles which pass through the absorber
bar were rejected on the basis of their time of flight rela-
tive to the cyclotron rf. The time resolution for the BaF,
detector is approximately 850 ps full width at half max-
imum (FWHM) for gamma rays above 10 MeV, but is
limited by the width of the cyclotron rf pulse. The final
cut on rejecting background events was made with the
pulse shape information available with the BaF, crystal
scintillation light output. The detector response to high
energy gamma rays was calibrated at the tagged photon
facility at the Saskatchewan Accelerator Laboratory.
The details of the tagged photon experiment and Monte
Carlo studies using the electromagnetic shower code EGS4
[21] can be found in Ref. [22].

Proton beams of 104, 145, and 195 MeV from the cy-
clotron at the Indiana University Cyclotron Facility
(IUCF) bombarded targets of self-supporting foils of C,
Zn, and Pb. The thicknesses for the targets ranged from
25 mg/cm? for the Zn and Pb targets to 31 mg/cm? for
the C target. For all the beam energies, measurements
were made at laboratory angles of 60°, 90°, and 120° with
additional angles at 45° and 135° for some of the targets
and incident proton energies. Since the data at all the
beam energies used the same targets, the energy depen-
dence for the various targets could be examined. Both
detectors were used for some of the angles, which permit-
ted extensive cross checking of the data. The beam inten-
sity at [UCF was on the order of 6 X 10'° protons/sec and
was monitored by a Faraday cup. On-line calibration of
the energy scale was done with the 15.1 MeV y ray tran-
sition from the '’C target. Long runs with cosmic ray
muon energy deposition in the BaF, crystals were also
performed prior to the beginning of the experiment, dur-
ing beam energy changes and at the end of the measure-
ment. The energy deposition of cosmic ray muon along
the diameter of the BaF, crystal is 81 MeV, which is ap-
proximately one-half of the full-scale energy used in this
experiment.

III. RESULTS AND DISCUSSION

A. Comparison with moving source model

The gamma ray energy spectra in the laboratory frame
for three of the measured angles at 104 and 145 MeV are
shown in Fig. 1. The spectra display a tendency to fall off
less sharply with energy for forward angle emission. The
angular distributions in the laboratory frame for photons
above 40 MeV are typically forward peaked. The ratios
of the energy integrated cross section at o(60°)/0(120°%)
at 145 MeV for C, Zn, and Pb are 2.3, 1.6, and 1.7,
respectively. The source velocity for the 104 and 145
MeV data was extracted from a contour plot of the
invariant  cross  section  versus the rapidity
y=3In[(E+P;)/(E—P;)] and the transverse momen-
tum P, =E, sin(6), where 6 is the photon observation
angle. A fit was then made to the contours of constant
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FIG. 1. Gamma ray energy spectra in the laboratory frame
for 104 MeV (upper frame) and 145 MeV (lower frame) protons
incident on a lead target at three of the measured angles.

invariant cross section with a second-order polynomial.
The values for the centroid of the rapidity is close to the
nucleon-nucleon center-of-mass rapidity for both incident
proton energies. The results for the centroids for all the
targets are displayed in Table I. The centroid of the rapi-
dity distribution tends to decrease as the energy of the
photon increases. This trend can be explained within the
framework of incoherent proton-neutron bremsstrahlung
as an interaction of a neutron in the target, which has its
Fermi momentum vector pointing in a direction opposite
to the incident proton momentum vector. In such a col-
lision the source velocity becomes less than the nucleon-
nucleon center-of-mass velocity.

A systematic analysis was performed to extract various
quantities of interest such as the strength of the dipole
component or the existence of any quadrupole com-

ponent in the angular distribution. Fits to the energy
spectra were made with a moving source model, which
will also yield a value for the emission source velocity.
The original expression for the bremsstrahlung cross sec-
tion formulated by Nakayama and Bertsch [9] was an at-
tempt to combine, into one simple expression, the asymp-
totic behavior of the energy spectra at both the low and
high energy portions of the spectrum. Nakayama and
Bertsch wanted to have a qualitative expression for com-
parison to the more sophisticated calculation they were
doing. For low energy photons, the energy dependence is
the usual classical bremsstrahlung result, namely, 1/E -
while near the maximum photon energy, the bremsstrah-
lung cross section is proportional to the final state phase
space available. In the Fermi gas model, the density of
states of a given particle-hole character varies as the
power of the excitation energy. In the case of proton-
neutron collisions, the final state has a two-particle—one-
hole character. This results in the bremsstrahlung cross
section near the end point having a dependence on the
gamma ray energy, as (E_,, —E)? [23]. Nakayama and
Bertsch combined the limiting behavior into one func-
tion:

2

d20' o(G(e) ‘(Emax E)

dEdQ ’ M

E E

max

where G (8)=0.65sin%(8)+0.4, which is the predicted iso-
tropic plus dipole angular distribution. Nakayama and
Bertsch chose the normalization such that the angular
distribution would be unity at 90°. The expression used
in the present work for the double differential cross sec-
tion in the least-squares fit was a modified expression of
Nakayama and Bertsch and is given by

d%o _ (Emax_E')}L
dEdQ E_..E

max

[1.0+a,P,(cos(0))

+a,Py(cos(0)]|. (2)

The modifications to the original phase space model of
Nakayama and Bertsch were the addition of the quadru-

TABLE I. Source velocities extracted from the rapidity distribution plots. The cuts in energy are

listed.
E,=104 MeV, B,,=0.23
E,=25 MeV E,=50 MeV E, =75 MeV
Target B B B
Carbon 0.16+0.03 0.18+0.03 0.151+0.05
Zinc 0.171+0.03 0.20+0.03 0.18+0.05
Lead 0.141+0.03 0.194+0.03 0.17+0.05
Mean value 0.16 0.19 0.17
E, =145 MeV, B,,=0.27
Target E, =25 MeV E,=50 MeV E, =75 MeV E,=100 MeV
Carbon 0.22+0.03 0.21+0.03 0.21+0.04 0.19+0.05
Zinc 0.1440.03 0.231+0.03 0.22+0.04 0.22+0.05
Lead 0.21+0.03 0.25+0.03 0.25+0.04 0.23+0.05
Mean value 0.19 0.23 0.23 0.21
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pole component and allowing the exponent A to vary.
Also, with this model a source velocity could be extract-
ed. Proper treatment of the maximum gamma ray energy
was completed by including the Fermi momentum of the
target neutrons and Pauli blocking effects. This leads to
an increase of the maximum gamma ray energy in the
emitting frame, which permits the calculation to fit all
the angles simultaneously. If the Fermi momentum of
the target neutrons were not taken into account, it would
not be possible to fit the backward angle data due to the
effect of the Lorentz transformation.

The least-squares fits to the energy spectra were per-
formed with the minimization package MINUIT [24]. It
should be noted that the fitted spectra are folded with the
response function for the detector, which was calculated
with the code EGS4 and compared with the tagged photon
data. The quality of the fits is displayed in Fig. 2 for C
and Pb targets at an incident proton energy of 145 MeV.
The agreement between the theoretical curve and data
improves as the target mass is increased. The values for
the reduced y? varies from 7.2 for the C to 1.2 for the Pb
target and is attributed to the fact that the phase space
model uses infinite nuclear matter approximations; in
fact, the value of A approaches the predicted infinite nu-
clear matter value of 2 as the target mass is increased.
The values of A varies from 1.01+0.2 for the C targets to
1.8+0.2 for the Pb target. The extracted source velocity
is found to be the nucleon center-of-mass velocity
B, =0.23 for all the targets at the incident proton energy
of 104 MeV and S, =0.27 for all the targets at 145 MeV.
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The data at 195 MeV was not fit at all. This was because
there was a large background of gamma rays coming
from 7° decay. The contribution to the total photon
cross section for gamma ray energies £, 240 MeV was
approximately 50% for all the targets at 195 MeV. This
value was deduced by using the recent measurement of
the 7° cross section in proton-induced reactions on
several targets at an incident proton energy of 200 MeV
by Bellini et al. [25]. The cross sections that we report
here have been corrected for the 7° contribution.

The angular distributions for the high energy photons
from all the targets exhibited no quadrupole component.
In fact, the addition of the quadrupole term in Eq. (2)
would be rejected by the F test, which checks the validity
of an additional term in a least-squares fit. On the basis
of this test, we can conclude that there is no strong evi-
dence for coherent photon production in proton-induced
reactions. The angular distribution in the nucleon-
nucleon center-of-mass frame for the energy integrated
cross section with photon energies E, =240 MeV for the
targets is displayed in Fig. 3. The fits for the heavy tar-
gets are for isotropic plus dipole components in the emit-
ting frame. Theoretical predictions for the shape of high
energy gamma ray angular distributions are that it should
be isotropic with dipole component [26-28]. Unlike the
heavy targets, the C target exhibits a forward peaking in
the nucleon-nucleon frame. In the nucleon-nucleon
center-of-mass frame, the ratio of the cross section at the
most forward angle to that at the most backward angle in
the laboratory is 2.110.1 for the C target and 1.1+0.1 for
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FIG. 2. Comparison of the measured energy spectra for the C (lower frame) and Pb (upper frame) targets and the results of a
least-squares fit to the data by the function given in Eq. (2) at 45°, 90°, and 135° in the laboratory frame.
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FIG. 3. Angular distributions for all the targets measured at
104 and 145 MeV in the nucleon-nucleon center-of-mass frame.
The low energy cutoff is 40 MeV in this frame.

the Pb target at 145 MeV. This strong forward peaking
in the nucleon-nucleon frame could be due to an asym-
metry in the reaction. Some of this asymmetry may be
related to the forward-backward peaking in the prny cross
section predicted by Herrmann, Speth, and Nakayama
[28]. However, the peaking predicted by this calculation
is too small to explain the present results or the even
larger value (2.5-3) for pdy data [29]. In heavy-ion col-
lisions the total interaction is an average over target neu-
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trons interacting with projectile protons and similarly
target protons colliding with projectile neutrons. In
proton-nucleus reactions the only contribution to the in-
teraction is from proton collisions with neutrons from the
target, and the angular distribution should reflect this
asymmetry. One other possible explanation might be the
importance of multistep processes in gamma ray produc-
tion in which the incident proton suffers one or more col-
lisions before creating the bremsstrahlung photon; such
an idea might explain the difference in the angular distri-
butions between the light and heavy targets. This point
needs further investigation.

B. Comparison with other data

In order to obtain a more qualitative understanding of
the systematics of the several experimental data sets, a
reasonable method of comparing the energy spectra was
required. The energy spectra for the Edgington-Rose
data [13] as well as those of Kwato Njock et al. [14] and
Pinston et al. [15] are plotted in Fig. 4 versus a reduced
variable E v /Ep, which is the ratio of measured gamma
ray energy divided by the incident proton energy. The
agreement between the present data at 104 and 145 MeV
as well as the data from Kwato Njock et al. and Pinston
et al. is clearly displayed. There is a discrepancy be-
tween the data of Kwato Njock et al. at 72 MeV and the
remaining measurements for the C target, which may be
due to incomplete rejection of the background from fast
particles or a gain shift in their Nal(T1) detector for this
portion of the experiment. There is a constant difference
of about a factor of 2-3 that is observed in comparison to
the Edgington-Rose data for all the targets. Such a result
was reported earlier by Kwato Njock et al. A more
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TABLE II. Comparison of the total cross section for gamma rays with E, > 40 MeV from 140 MeV
protons on various targets to the present data at 145 MeV. The values for the cross section at 140 MeV

are from the work of Edgington and Rose [13].

Present data

Edgington and Rose

Ep O ot Ep O tot

(MeV) Target (ub) (MeV) (ub) Ratio
145 C 57+6 140 23+3 2.48
145 Zn 282+29 140 80+10% 3.53
145 Pb 612161 140 224127 2.73

mean value 2.9+0.6

#Results with a Cu target.

quantitative approach to explore the discrepancies be-
tween the Edgington-Rose cross sections and the other
measurements is to compare the total cross section above
a low energy threshold. Total cross sections were found
by integrating the double differential cross section above
40 MeV and then multiplying the resultant by 47, the
same procedure that was used in the previous measure-
ments [14,15]. The results are displayed in Tables II and
III. As can be seen from Table III, there is reasonable
agreement between the measurements by Kwato Njock
et al. and Pinston et al. and the present work. However,
the ratio between the cross sections obtained by
Edgington and Rose at 140 MeV and the present data at
145 MeV is 2.910.6, which is similar to the discrepancy
reported by Kwato Njock et al. The results from Tables
IT and III are summarized in Fig. 5, which is a plot of the
probability of gamma ray emission P, for gamma ray en-
ergies E, 240 MeV versus the incident proton energy.
The concept of P, was proposed by Nifenecker and Bon-

TABLE III. Comparison of the total cross section of gamma
rays above 40 MeV from proton-induced reactions at incident
energies of 72, 104, 168, 195, and 200 MeV [14,15].

E, (MeV) Target T (b) Reference

72 C 2342 [14]

72 Cu 59+6

72 Au 94+9

104 C 3514 present data
104 Zn 144115

104 Pb 327+33

168 C 90+9 [15]

168 Al 221422

168 Cu 361£36

168 Ag 60661

168 Tb 806+£81

168 Au 911191

195 C 179+30 present data
195 Zn 6651120

195 Pb 1695+300

200 C 155+32 [15]
200 Ag 10494208
200 Au 910£269

dorf [26] as a way to look for systematic trends in gamma
ray production in heavy-ion reactions and has been ex-
tended to proton-nuclues collisions by Pinston et al. [15].
Under the assumption that the high energy gamma rays
come from proton-neutron collisions, the production
cross section can be written as

o,=axP,P, , 3)

where o is the total reaction cross section [30] and P, is
the probability to produce a single photon in an individu-
al proton-neutron collision. P, is the probability of the
incident proton to undergo a collision with a neutron
from the target and is given by
No
p,=— 4)
No,,+Zo,,

Experimentally, Hess found that o,,~30,, [31], and
with this simplification Eq. (3) can be rewritten as

1+=

g
p,=—"
3N

— : (5)

where N and Z are the number of neutrons and protons
in the target nucleus. Figure 5 shows that there is
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FIG. 5. Plot of the probability of gamma ray emission, P, in
a proton-neutron collision. The low energy cut is for gamma
rays with energies =40 MeV. The data points are plotted from
the present work and Refs. [14,15] for various targets.
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reasonable agreement between the more recent works of
Kwato Njock et al. and Pinston et al. compared with the
present data. It should be noted that the data at 195 and
200 MeV are not as precise as the lower energy data due
to the large uncertainty in the 7° subtraction. Even so,
there is a linear increase of P, as the incident proton en-
ergy is increased.

IV. CONCLUSIONS

High energy gamma ray production was studied using
proton beams at 104, 145, and 195 MeV on targets of C,
Zn, and Pb. We find reasonable agreement with the mea-
surements from Kwato Njock et al. and Pinston et al.
Conversely, all of these are in disagreement with the ear-
lier work on Bremsstrahlung gamma ray production from
Edgington and Rose. We have used a simple asymptotic
formulation of the proton-neutron bremsstrahlung cross
section from Nakayama and Bertsch, and we find that it
is a reasonable parametrization of the heavier target data.

However, the least-squares fit to the C target is not very
good, and it may be that this simple model is not applic-
able to lighter systems where proper phase space treat-
ment is required. We find that the source velocities are
consistent with emission from a moving source at the
nucleon-nucleon center-of-mass velocity. We also find no
evidence for any collective bremsstrahlung in the data,
based on the observed angular distribution for these high
energy photons.
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