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The cross section for emitting high energy gamma rays in heavy-ion collisions is calculated in a
model based on the Boltzmann-Uehling-Uhlenbeck equation. The elementary production cross sec-
tion is assumed to be neutron-proton bremsstrahlung. Comparison is made with experimental data
at bombarding energies from 20 to 84 MeV/nucleon. The calculations are found to roughly repro-
duce the energy spectrum, bombarding energy dependence, and angular distribution. From the nu-

merical analysis we conclude that the production of high-energy y rays is limited to the very early
stage of the collision.

I. INTRODUCTION

Recent experiments on photon emission in intermediate
energy heavy ion collisions show a significant yield of
photons with energies above 50 MeV. ' Different mech-
anisms have been suggested for the emission process, in-
cluding coherent nucleus-nucleus bremsstrahlung, nucleon
bremsstrahlung in the nuclear potential field, and brems-
strahlung from individual proton-neutron collisions. In
detailed theoretical calculations, it seems clear that the
last mechanism is more important than the first two. Ko
et al. studied photon production in an intranuclear cas-
cade model and found that the np bremmstrahlung was
more important than the coherent bremsstrahlung except
for collisions of very heavy nuclei. Nifenecker and Bon-
dorP made an analytic study that came to a sinular con-
clusion. The role of the nuclear potential field was as-
sessed in studies by Bauer et al. ' and by Bertsch and
Nakayama. " Bauer et al. described the dynamics with
the time dependent Hartree-Fock (TDHF) method, find-
ing that the potential field bremsstrahlung was an order of
magnitude too small to explain the data. In Ref. 11 infin-
ite nuclear matter approximations were applied to show
that the np collisional bremsstrahlung had the same order
of magnitude as the data, while the potential field brems-
strahlung was negligble. The calculation by Gassing
et al. ' took the phase space distribution of nucleons from
TDHF dynamics, avoiding the use of nuclear matter ap-
proximations. However, this required making some
specific assumptions about the time history of the photon
production. In both Refs. 11 and 12 it is assumed that

I

only first collisions may produce high energy photons. In
contrast, in Ref. 9 the conclusion was reached that more
than ten collisions per participant nucleon were needed to
explain the data.

It is therefore of interest to examine a model that con-
tains a complete np collisional history of the system, to
see when the photons are created, and whether the simple
first-collision assumption is valid. The only calculable
theory for heavy ion collisions that includes the important
physical effects at intermediate bombording energy is
given by the Boltzmann-Uehling-Uhlenbeck (BUU) equa-
tion. This equation for the evolution of the nucleon phase
space density includes mean field as well as collisional
dynamics, and contains the effects of the Pauli principle.
In this work we will use this theory to answer the ques-
tions raised in the preceding paragraph. The numerical
method we use is the one introduced in Ref. 13; details of
our treatment are discussed in the next section. In later
sections we compare to data on proton-induced reactions
and heavy ion reactions. The agreement we find for both
kinds of reactions gives us confidence to make definite
conclusions about the mechanism and time history of the
energetic photon production.

II. OUR MODEL

In this paper we conduct a dynainical study of the
heavy ion collision process using the Boltzmann-Uehling-
Uhlenbeck equation. ' ' This equation describes the
time evolution of the Wigner function f(r, k, t) in phase
space.
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Here do. /dQ is the nucleon-nucleon reaction cross sec-
tion, U&2 is the relative velocity of the colliding nucleons,
and U is the mean field potential which we parametrize as

U(p)= —218 MeVp/po+164 MeV(p/po) ~ . (2)

This potential reproduces nuclear matter saturation prop-
erties and has a nuclear compressibility of ~=235 MeV.
Equation (1) is solved using the pseudoparticle simulation
with 100 test particles per nucleon. Numerical and tech-
nical details are described, for example, in Ref. 15.
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The elementary process for the photon production is as-
sumed to be

p+n~p+n+y .

k = —,K+ , (4—mE E—)'~ e,
k„=—,K —, (4—mE E—)'~ e,

(6a)

(6b)

where m is the nucleon mass and K and E are given by
For the description of the elementary cross section we

adopt the hard-sphere collision limit from Ref. 16, modi-
fied as in Ref. 12 to allow for energy conservation.
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(4)

x [1—f(r, k&, i)][1 f(r, k&, r )—],
(sa)

where r and r give the space-time coordinates of each col-
lision. %'e integrate over impact parameter to obtain the
total yield

d a'
drab

d N(b}
dErdQr ~ dE&dQ„

Here ki and k2 are the momenta of the incoming proton
and neutron and k3 and k4 are the momenta of the outgo-
ing proton and neutron. o.&N is the total nucleon-nucleon
cross section and taken to be 30 mb. In Eq. (5a) the prob-
ability for emitting a photon in a single collision of a pro-
ton and a neutron is given by

g2 clem

o NN dE&d Q&

in the individual p-n c.m. system. X(b) is the number of
emitted photons in the heavy ion collision as a function of
impact parameter b which is implicitly contained in the
Wigner function f.

Using nonrelativistic kinematics the final momenta are
determined by the initial momenta for a given photon
momentum via

Here R is the radius of the sphere, a is the fine structure
constant, and p; and pf are the initial and final velocity
of the proton in the proton-neutron center of mass system.

With 8 =3 fm this formula fits the proton-deuteron
data of Edgington and Rose' reasonably well (compare
Fig. 2). We should stress that it is not the main goal of
this paper to give a realistic and detailed microscopic
theoretical formulation of the free process in Eq. (3). Our
primary interest is focused on the medium corrections to
this cross section in heavy ion collisions and on the time
scale for y production. In Ref. 12 we proposed that ener-
getic photons are a very sensitive probe for the momen-
tum and energy distribution of the nucleons at the early
stages of the collision. We want to follow this suggestion
more accurately in this paper.

One obtains the double differential photon cross section
for heavy-ion collisions in the nucleus-nucleus c.m. system
from the double differential cross section for the elemen-
tary process (3) in the individual p-n c.m. system taking
medium corrections into account via

d X(b} dQ E 1 d 2&clem

(ki —kp}
dE, dQ, „,.„4n. E,' ~» dE,'dQ„'

E=(ki+k2)/2m Er—.
e is a unit vector In. Eq. (5) the integration dQ, is per-
formed over the two angular components of e which are
not determined by energy and momentum conservation.

The term

[1—f(r, k, , t }][1-f(r, k, , r )]

represents the effects of Pauli blocking of the final state
phase space. The Wigner distribution functions f(r, k, r)
are obtained using the BUU prescription. The reliability
of the results obtained in our approach depends critically
on the adequate description of the Pauli blocking of the
final phase space. To test the quality of our method, we
use the following setup (cf. Fig. 1).

A proton with momentum k, =(0.5,0,0) GeV/c collides
with a neutron with momentum k2 ——( —0.25,0,0) GeV/c
inside a nucleus. It is assumed that a photon is emitted in
the y direction with a given energy E~. Depending on Ez
we evaluate the function

11«i k2 ky)= dQe[1 —f(r, k3, i)][i—f(r k4 &)] .
4m
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FIG. 1. Comparison of the Pauli-blocking prescription used
in the numerical calculations (circles} with the analytic result for
a sharp Fermi sphere.

This function has a value of 0 for events with a complete-
ly blocked final phase space and a value of 1 for events
which are completely unblocked. For this test we use a
phase space distribution f(r, k, t) obtained from a BUU
simulation of a mass 50 nucleus.

In Fig. 1 we show the result of our test. II(ki, k2, kr) is
plotted as a function of Er (circles). It can be seen that II
decreases smoothly with increasing Ez. This is to be ex-
pected since (ki+kz)/2 lies inside the Fermi sphere of the
nucleus. One can also calculate the values of II analyti-
cally in this simple test case, if one assumes sharp Fermi
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spheres without finite size corrections for the momentum
distribution of the nucleus. The result of such a calcula-
tion is represented by the solid line in Fig. 1. It can be
seen that both calculations agree quite well up to y ener-
gies of 80—90 MeV. From 90 MeV up to the kinematical
threshold the function Il shows same deviations from the
analytic calculation with the infinite nuclear matter as-
sumptions. Therefore caution should be used at photon
energies around the kinematical threshold. We will dis-
cuss this from case to case while comparing our results to
the experimental data. However, since this test case in-
vokes momenta typical for the heavy ion collisions inves-
tigated in our study, and our results show only small fluc-
tuations around the smooth curve, we feel confident that
Pauli blocking is taken into account with a reasonable de-
gree of accuracy up to photon energies of the order of
80—90 MeV.

III. COMPARISON TO PROTON-NUCLEUS DATA

First we compare our results to proton-nucleus data.
From the standpoint of our model this is a much easier
problem than a heavy ion collision. In the case of a
proton-nucleus reaction the incoming proton has a fixed
momentum which is given by the beam energy. The neu-
tron has a momentum given by the ground state momen-
tum distribution of the nucleus. Unlike the situation in
heavy ion collisions, the momentum distribution of the
nucleus will not get distorted very much during the course
of the praton-nucleus reaction.

In Fig. 2 we compare the results of our calculation for
140 MeV proton-nucleus collisions to the data of
Edgington and Rose' for deuterium, aluminum, and car-
bon targets. We view this comparison as a test for the
right inagnitude of our elementary photon production
cross section (4). For the case of deuterium we made the
simplifying assumption that the neutron is at rest in the
laboratory frame. We then only calculate the p-n photon
production cross section using Eq. (4). For the Al and C
targets we use the BUU code to simulate the dynamical
process, taking the medium corrections of the p-nucleus
system into account.

The fact that our calculated spectra are slightly flatter
than the experimental ones for p + C and p + Al could be
an indication for the limits of accuracy of our prescrip-
tion for Pauli blocking. But, since we obtain good agree-
ment for all targets and photon energies, we conclude that
our fit of the elementary production cross section has a
reasonable degree of accuracy.

IV. DYNAMICAL EVOLUTION
OF THE HEAVY ION COLLISION

40 MeV/nucleon C + C PZ

Z

Before presenting the photon cross sections for heavy
ion collisions, we will briefly describe the evolution of the
phase space density for the BUU equation. Figure 3
shows contour plots of the time evolution of the phase
space density for a ' C + ' C collision at a beam energy of
40 MeV per nucleon. The beam direction is along the z
axis. Displayed is

F(z,k„t)= I dx dy dk„dk~f(x, y, z, k„,k~, k„t ) . (10)

F(z,k„t) is the phase space distribution as a function of
longitudinal spatial coordinate and momentum integrated
over all transversal momenta and spatial coordinates. The
impact parameter for this simulation is 0 fm (central col-
lision). Nucleon-nucleon collisions are switched off in
this simulation to show the distortion effects of the mean
field on the phase space distribution (cf. also Ref. 18).

We see that the nucleons in the interpenetrating region
are not appreciably accelerated, so the momentum distri-
bution from the initial state provides a reasonable approx-
imation to the distribution in the overlapping zone. How-
ever, there is a channel of low phase space density between
the two nuclei that remains during the early stages of the
reaction. The appearance of this channel is a very impor-
tant dynamical effect in this BUU calculation. Colliding
nucleons which produce a high energy photon will prefer-
ably scatter into this region of phase space. The added
available phase space for the nucleons after an inelastic
y-producing collision will increase the photon yield con-
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FIG. 2. Photon cross section der/dE~ for the reaction 140
MeV proton + nucleus. The data are taken from Ref. 17.

FIG. 3. Contour plots of the time evolution of the phase
space density f(r, k, t) as a function of longitudinal coordinate
and momentum for a ' C-' C collision at a beam energy of 40
MeV/nucleon. Displayed is an area of length 20 fm in the z
direction and I GeV/c in the p, direction. The contour lines
correspond to cuts at values of O. l, 0.3, 0.5, 0.7, and 0.9 for f.
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FIG. 4. Photon yield as a function of time for a ' C-'2C col-
lision at a beam energy of 40 MeV/nucleon. At t& ——15 fm/c
the nuclei touch in coordinate space and at t2 ——33 fm/e the
maximum overlap is reached.
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siderably compared to a calculation in which two inter-
secting Fermi spheres are used to describe the momentum
distributions. We speculate that this is the reason we ob-
tain larger cross sections than in Ref. 11.

%hen nucleon-nucleon collisions are turned on in the
BUU calculation, the phase space channel is quickly filled
by collisions in the early stages of the reaction. This ef-
fect reduces the available final state phase space for pho-
ton producing proton-neutron collisions in later stages of
the nucleus-nucleus collision considerably. In addition,
nucleon-nucleon collisions depopulate the high momen-
tum tails of the momentum distribution which are pri-
marily responsible for the production of high energy pho-
tons. Both effects together cause the high energy photons
as well as pions' to be produced in the early stage of the
heavy ion collision.

In Fig. 4 we show the yield of 40 MeV photons from a
40 MeV/nucleon ' C + ' C collision as a function of time.
This diagram can be compared to Fig. 3 for the time
scales involved. At r, =15 fm/c the nuclei just merely
touch in coordinate space, and at tz ——33 fm/c the nuclei
have maximum overlap. Between these two marks practi-
cally all high energy photons are produced, ~hereas there
is no yield added to the photon production in later stages
of the heavy ion collision. This result supports the first
collision approaches: High energy photons are produced
in the early stages of heavy ion collisions. It is one of the
most important results of our present study, since it
means that high energy photons are probes of the momen-
tum and energy distribution of nucleons in heavy ions in
early stages of the heavy ion collision as proposed in ear-
lier publications. ' '

V. IMPACT PARAMETER DEPENDENCE

It is also possible to obtain information on the impact
parameter dependence of the photon yield in our model.
Since we assume proton-neutron collisions to be the ele-
mentary production process, one would naively expect the
yield of photons to be proportional to the geometric over-
lap of target and projectile.

In Fig. 5(a) we display the impact parameter depen-
dence of the number of p-n collisions and the yield of 50

0.0

b (frn)
FIG. 5. {a) Impact parameter dependence of the number of

p-n collisions (solid line), the photon yield (dashed line), and the
geometrical overlap area of two circles (dot-dashed line). All
curves are normalized to 1 at b=O fm. (b) The same functions
weighted with the impact parameter b.

MeV photons for a ' C+ ' C collision at a beam energy
of 84 MeV/nucleon. Both curves are normalized to 1 at
b =0 fm to show their scaling behavior with impact pa-
rameters; the actual number of collisions at b =0 fm is 19
for this reaction. If the photon yield would scale exactly
like the number of proton-neutron collisions with impact
parameter, both curves, N~„(b) and Er(b), would be iden-
tical. But we observe that for large impact parameters
Xr is smaller than N~„. This is essentially due to the fact
that only smaller momentum components and conse-
quently less energetic nucleons are available at the surface
of the nuclei as compared to the interior. This effect is
even more visible in Fig. 5(b), where Er and X&„have
been weighted with the impact parameter.

In order to compare the impact parameter dependence
of Nr with the result of simple geometrical considerations
we have also plotted the function

S(b)=[2R cos '(b/2R) b(R b /4—)'i ]/—nR

in Fig. 5. S(b) is the geometrical overlap between two
circles of radius R =R(' C), again normalized to 1 at
b=0 fm. From the comparison of S(b) and Xr(b) we
conclude that the impact parameter dependence of the
yield of high energy photons can be approximated by the
impact parameter dependence of the overlap area of two
circles as in Ref 12.

VI. NUCI. EUS-NUCLEUS DATA

%'e compare our calculations to recent measurements
by Grosse et al. ' and Stevenson et al. We have concen-
trated on lighter systems (' N+ ' C, ' C+ ' C), because
our calculations are computionally quite time consuming.
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We are able to obtain double differential high energy pho-
ton cross sections and thus can compare angular distribu-
tions as well as energy spectra to experiment.

In Fig. 6 we compare the results of our calculations to
energy spectra from Refs. 1 and 4. The three lower
curves represent the results from N+ C collisions at 40
(squares), 30 (circles), and 20 (diamonds) MeV/nucleon
beam energy. The upper curve is the result of a C+ C
collision at 84 MeV/nucleon beam energy (octagons).
Displayed is the cross section for photons emitted at an
angle 8=90' with respect to the beam axis.

We generally overpredict the N+ C data of Stevenson
et al. ~ This effect increases with decreasing beam energy.
While our results at 40 MeV/nucleon are only a factor of
=1.5 higher than the experimental data, we overpredict
the experiment by a factor between 3 and 8 for the beam
energy of 20 MeV/nucleon. On the other hand, we see
that our calculation lies a factor of =1.5 below the 84
MeV/nucleon '2C+ '2C data of Grosse et al. ' Just look-
ing at Fig. 6, it appears as if our calculation would show
the wrong beam energy dependence. However, in Fig. 7
we have plotted the beam energy dependence of the total
high energy photon production cross section for photons
in the energy range of 50—100 (upper curve) and 100—150
(lower curve) MeV in the center of mass frame for a
'~C+ '2C collision. The corresponding data points (octa-
gons and diamonds) are taken from Ref. 1. It is clear
from this figure that we are able to reproduce the beam
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FIG. 7. Beam energy dependence of the photon yield for
photons of energy 50—100 MeV (upper curve, octagons) and
100—150 MeV (lower curve, diamonds). The data are taken
from Ref. 1 and represented by the symbols. Our calculations
are represented by solid lines.

energy dependence of the data of Grosse et al. For all
beam energies our calculations are a factor between 1.5
and 2 lower than the data for high energy photons in the
energy range between 50 and 100 MeV.

It appears to us that the data of Stevenson et al and.
Grosse et al. show beam energy dependences which are
not fully compatible. Therefore further experimental
study is needed to clarify the situation.

We compare our angular distributions of high energy
photons to experimental data from Stevenson et al. and
Grosse et a/. ' In Fig. 8 the double differential photon
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FIG. 6. Photon energy spectra from heavy ion collisions.
The solid lines are the results of our calculations and the
symobls represent the experimental data from Refs. 1 and 4.
The emission angle of the photon is always 90 with respect to
the hearn axis. Circles: 84 MeV/nucleon ' C+ ' C; squares: 40
MeV/nucleon ' N + ' C; circles with central point: 30
MeV/nucleon ' N + '2C; diamonds: 20 MeV/nucleon
14N + 12C
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FIG. 8. Comparison of our calculation to the photon angular
distributions measured by Stevenson et al. (Ref. 3) for a 40
MeV ' N + ' C collision in the laboratory frame and photon en-

ergies of 40 (circles), 60 (diamonds), and 80 (squares) MeV.
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FIG. 9. Comparison of our calculation to the photon angular
distribution measured by Grosse et al. (Ref. 1) for photons of
energy between 50 and 100 MeV in the center of mass frame
and beam energies of 84 (diamonds), 74 (squares), and 60 (cir-
cles) MeV/nucleon. Our calculations (solid Hnes) have been uni-

formly scaled up by a factor of 1.8 for ease of comparison.

of the Fermi motion of the colliding proton-neutron pair.
In all of these comparisons with experiment one has to

keep in mind the following points. Firstly, we have used a
formula for the elementary production process, (4), which
is derived under very simplifying assumptions. It is quite
possible that this formula does not describe the beam en-

ergy dependence of the high energy gamma cross section
accurately enough. Another point which has been made
earlier in this paper is that our prescription for the Pauli
blocking mechanism is model independent only for pho-
ton energies up to 80% of the kinematical threshold.

A last point is that our model uses a quasiclassical ap-
proximation of the nuclear momentum and energy distri-
bution of the nucleons. In the rest frame of a single nu-
cleus only momenta up to the Fermi momentum are avail-
able. Thus our momentum distributions lack the quan-
tum tails. For this reason we do not feel comfortable
enough to make predictions for photon energies larger
than 100 MeV in the beam energy range under investiga-
tion in this paper.

cross sections for photon energies 40 MeV (circles), 60
MeV (diamonds), and 80 MeV (squares) are shown in the
laboratory system for a '"N+ ' C colhsion at a beam en-

ergy of 40 MeV/nucleon. While our results are in excel-
lent agreement with the data for a gamma energy of 40
MeV, we see large deviations (up to a factor of 4) from the
data at forward angles for the higher gamma energies.

The large variation in the angular distribution for the
higher energies in our calculation is largely due to the
transformation from the center of mass frame to the labo-
ratory frame. Therefore it is useful to compare theoreti-
cal predictions to the experimental angular distributions
in the center of mass frame. In Fig. 9 we plot the experi-
mental data of Grosse et a/. ' for the differential cross sec-
tion for photons with an energy between 50 and 100 MeV
in the center of mass system. The diamonds correspond
to Eb„——84 MeV/nucleon, the squares to 74
MeV/nucleon, and the circles to 60 MeV/nucleon. Also
displayed are our corresponding theoretical predictions.
As already mentioned before, our results usually under-
predict the data of Grosse er al. slightly. To make the
comparison easier we therefore have scaled all our results
in Fig. 9 up by a factor of 1.8. It can be seen that the data
follow our calculation exactly for the beam energy of 60
MeV/nucleon. The agreement is still very good for the 74
MeV data, but at 84 MeV the experimental distribution is
closer to isotropy than we predict. These deviations are
slightly bigger than the experimental error bars which we
did not include in Fig. 9 and which are typically 2 pb/sr
for the 84 MeV data. Overall however, the experimental
angular distributions of Grosse et al. are in reasonable
agreement with our theory.

Even though our angular distribution for the elementa-
ry process as given by Eq. (4) is essentially of dipolar
shape, the angular distributions of photons from heavy
ion collisions are rather Aat due to the angular smearing

VII. CONCLUSION AND OUTLOOK

We conclude from our study that the source of high en-

ergy photons in heavy ion reactions is bremsstrahlung
from individual proton-neutron collisions. The angular
distributions and energy spectra of the photons observed
experimentally in heavy ion collisions are reproduced in
our calculations with a reasonable accuracy.

Since we perform a dynamical study of the heavy ion
collision process, we are able to learn about the time scales
of energetic photon production. It turns out that high en-

ergy y rays are produced in the early stage of the reaction
before maximum overlap of projectile and target is
reached. This is a very important piece of information,
since it qualifies high energy photons as probes of the
momentum and energy distributions of nucleons in the
early stages of heavy ion collisions. The latter conclusion
is quite independent of our assumption for the elementary
production cross section from Eq. (4).

Correlation experiments between photons and, for ex-
ample, protons emitted in heavy ion collisions would be
helpful to confirm the production mechanism and should
give us deeper insight into the momentum and energy dis-
tributions of nucleons in heavy ions during the nonequili-
brium phase of nucleus-nucleus reactions.
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