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We calculate bremsstrahlung spectra for intermediate energy heavy ion collisions to see the sensitivity of
photon cross sections to reaction dynamics. Modeling the collisions with the intranuclear cascade, we find a
clear collective quadrupole bremsstrahlung signal only for heavier nuclei, 4 > 40. Maximum sensitivity to
dynamics is likely to be for photons in the range of 10-30 MeV. For higher energy photons or lighter nu-
clei, there is a large background coming from the incoherent dipole component of the bremsstrahlung.

Most observables in heavy ion collisions involve the
strongly interacting particles and are therefore more sensi-
tive to the final stages of the collision than to the initial
stages. To study questions such as the equation of state of
nuclear matter which affects only the initial development of
the collision, it is desirable to use weakly interacting probes
such as photons. Kapusta! suggested probing the dynamics
of high-energy heavy ion collisions by the bremsstrahlung
photons which are created during the initial slowing down of
the colliding nuclei. For the ultrarelativistic domain, a
theoretical study was made recently by Bjorken and McLer-
ran.2 Experiments carried out so far on relativistic collisions
have been inconclusive;® one problem is that photons from
70 decay make a severe background in the higher-energy
photon spectrum. In the intermediate energy domain, pre-
liminary data have been reported by Grosse et al.* for the
reaction 2C+12C and 2C+233U at an incident energy of 84
MeV/nucleon. For the theory of bremsstrahlung at inter-
mediate energy, Vasak er al’ have constructed a phe-
nomenological model based on classical trajectories. In this
Rapid Communication, we shall apply the intranuclear cas-
cade model to this energy domain. Our object is to deter-
mine the sensitivity of the photon spectra to the collision
dynamics and suggest the most favorable experiments for
such bremsstrahlung studies.

The formula for bremsstrahlung may be derived from
classical radiation theory. The differential probability to ra-
diate a photon from a source of charge density j(r,?) is
given by
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In the above equation w, k, and €, denote the frequency,
the wave vector, and the polarization vectors of the photon,
respectively. We have used natural units #=c=1. Before
discussing the numerical evaluation of Eq. (1) it is useful to
understand the structure of the result in limiting cases.
Consider first a collision between individual nucleons of
the projectile and the target. Initially they move along the z
axis towards each other, and after a collision (assumed to be
instantaneous in the intranuclear cascade), they move apart
at constant velocity. The integral over current separates
into two parts, before and after the collision. We add the
amplitudes of all the protons and assume that the final velo-
cities are isotropically distributed to throw away the post-
collision integrals. In the long wavelength limit, this gives
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the following expression for the bremsstahlung probability
2P aZXv*sin?(20)
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Here v is the velocity of the proton in the c.m. frame, « is
the fine structure constant, and 6 is the angle between k
and v. The quantity Z. s denotes the effective number of
protons in each nucleus that interact. Averaging the col-
lision over the impact parameter, we obtain Z.s~ Z/5 for
the collision between symmetric systems with a charge Z.
We see from Eq. (2) that for nonrelativistic velocities the
angular distribution has the characteristics of quadrupole ra-
diation. All previous studies on bremsstrahlung are based
on this coherent radiation field.

Although collisions between protons always lead to quad-
rupole radiation, the proton-neutron collisions can produce
incoherent dipole radiation as well. There will be a net
current in the z direction if unequal numbers of protons
from the projectile and target are involved in the collision.
Also, the scattered protons will have a net current in the fi-
nal state, of fluctuating magnitude and direction. ‘Assuming
the scattered protons velocities to be uncorrelated, we ob-
tain in the long wavelength limit an additional contribution
to the bremsstrahlung given by
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which obviously has a dipolar shape. The coefficients ¢ and
d may be estimated assuming all of the protons interact in-
dependently. For “°Ca+%Ca at impact parameter b= R,
this gives ¢=0.72 and d=%, in good agreement with the
computed angular distribution from the intranuclear cascade
model. If there are correlations between the protons in the
initial state, as, for example, Pauli correlations,® the coeffi-
cient ¢ may be reduced. Comparing Egs. (2) and (3), we
see that if the collision is relativistic (v=1), the coherent
contribution dominates over the incoherent by the factor
Zg. For intermediate energy collisions, however, with
v < 1, the quadrupole component is reduced by a factor v2,
so the incoherent dipole radiation will be important for col-
lisions between ions with low Z.

Equations (2) and (3) are valid only in the long
wavelength, low-frequency limit. When the photon fre-
quency becomes of the order of the inverse collision time,
the 1/w spectrum should change to a more rapidly decreas-
ing function. Counterbalancing this is the fact that the fluc-
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tuations in the currents during the collision time can contri-
bute to high-frequency radiation, but interfere destructively
at low frequency. Thus the interesting information about
the heavy ion collision dynamics comes from deviations
from the simple formulas above.

In order to study the bremsstrahlung process in detail we
have carried out a calculation using the intranuclear cascade
model of Bertsch and Cugnon.” In this model, the entire
dynamics comes from nucleon-nucleon collisions, which are
assumed to behave as in. the free scattering cross section.
The model neglects the Pauli momentum of the nucleus,
Pauli blocking of the collisions, and the mean field accelera-
tion of the nucleons. We feel that these effects will be
small enough at incident energies of 100 MeV/nucleon so
that a calculation omitting them will still provide a useful
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From the intranuclear cascade (INC) code, we obtain the
positions and velocities of the nucleons as a function of
time. The charge current density is given by the sum
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The amplitude for emitting a photon is then determined by
the integral
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Since the velocity of a nucleon changes only at the instants
when collisions occur Eq. (5) can be integrated as
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where v(=) and v(*) are velocities of the particle before and
after each collision. A similar expression to Eq. (6) can be
derived for the quantum mechanical bremsstrahlung ampli-
tude in the soft-photon approximation. The only differ-
ences in the amplitude expression within the brackets are
that v{*’ is replaced by the velocity after photon is emitted,
and the denominators contain the small terms k%/2m. The
cross section in the soft-photon approximation will differ
also because the density of final nucleon states is evaluated
at the final nucleon energy after the photon is emitted. We
note that the soft-photon approximation is reasonably accu-
rate, having an error of only 25% for 30 MeV photons emit-
ted from 100 MeV NN collisions.?

We have performed numerical calculations for various
symmetric systems at incident energies of 100
MeV/nucleon, using Eq. (6). The angular distribution is
shown for photon energies of 10, 20, and 40 MeV in Fig. 1
by the solid, long-dashed, and dash-dotted curves, respec-
tively. The angular distribution varies with both systems
studied and photon energy. The coherent component of the
bremsstrahlung can be isolated by treating all INC particles
as protons, in which case the net current in the final state is
zero. The cross sections for a 10 MeV photon obtained
under this assumption are shown as dashed curves in the
same figure. We see that the angular distribution becomes
purely quadrupolar. The quadrupole component of the total
photon radiation is only about 10% in the case of 160, and
rises to about 70% in the case of 2®Pb. Thus the coherent
quadrupole is only prominent for the heavier systems, in
agreement with expectation from Egs. (2) and (3) when
v= 71,—, We also find that the quadrupole component is
enhanced if contributions from only low impact parameters
are included. This might be achieved by suitable triggers on
the experimental measurement. Since the coherent quadru-
pole radiation is more sensitive to the global dynamics of
the collision, a central trigger would be very desirable to ap-
ply to the bremsstrahlung probe. A central trigger will also
reduce the dipole radiation from target and projectile excita-
tion.

The angle integrated energy spectra of the bremsstrahlung
are shown in Fig. 2. All spectra show the general 1/w
behavior for photon energies below 20 MeV. At high ener-
gies, the spectrum does not show the faster drop we expect-
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Ied, but instead flattens out. This is due to an additional
contribution to the incoherent dipole bremsstrahlung, aris-
ing from the fluctuations in the current during the collision -
process. However, the calculation is not reliable much
above 20 MeV photon energy. The initial nucleon-nucleon
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FIG. 1. Inclusive photon angular distributions for reactions (a)
160 +160— y + X, (b) ¥Ca+4Ca— y+ X, (c) Zr+%Zr— y + X,
and (d) 208Pb+298pb— 4+ X, all at incident energies 100
MeV/nucleon. Solid, long-dashed, and dash-dotted curves are from
full INC calculations for photon energies 10, 20, and 40 MeV,
respectively. The dashed curves are from proton INC calculations
for photon energy 10 MeV, which artificially suppresses the dipole
component. The statistical errors associated with the INC calcula-
tions are less than 10%.



RAPID COMMUNICATIONS

2326
4
10T ET T T 11T =F T R T =
— FULL INC (a) PROTON INC () T
B S=.._Pb €T ]
103 = S =E =
— Zr 0 p—
— RS T -
; - \\\ — —
@ ~
g 2
Fal  — e —
SE TR T =
ol 3 — S~o T p—
oo — SN~ T ]
— o T ]
\\
10! = R =
N T . n
e O T B B 1\|»w [ 1]
10 20 30 40 10 20 30 40

FIG. 2. Inclusive photon energy spectra for reactions in Fig. 1.
Solid curves are from INC calculations, which may be compared
with a 1/w behavior shown as the dashed lines.

pair energies are 50 MeV in the INC model (which has no
Fermi momentum), which establishes a maximum photon
energy, to be contrasted with Eq. (6) which allows all pho-
ton energies. Weighting the collisions according to the final
state phase space, we find a reduction of 20% for 20 MeV
photons and a factor of 5 for 40 MeV photons. This reduc-
tion would not be so servere if Fermi momentum is includ-
ed; however, the Pauli blocking of the final state would also
act to reduce the high-energy photons. Finally, the mean
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field can act either to increase or decrease the photon radia-
tion, depending on frequency. The quadrupole component
does not exhibit this flattening, since it is dependent on the
coherence over many particles. Indeed, for the heavier sys-
tems, the quadrupole component drops faster than 1/w.
This is due to the finite time and spatial extensions of the
collision process, which are the properties of the collision we
wish to learn about. Thus the limitations of the INC model
are at a higher frequency than is required for our purposes.

In conclusion, our calculation of bremsstrahlung in heavy
ion collisons at nonrelativistic energies shows the necessity
of using high-Z targets and projectiles to make the coherent
part of the cross section dominant. The coherent radiation
in the energy range of 20 MeV is sensitive to the time scale
of slowing down of the two nuclei, and so in principle car-
ries information about the high-density dynamics. Howev-
er, we have not yet calculated with a sophisticated enough
model to demonstrate that such a sensitivity really exists.
In that regard it will be of great interest to perform similar
calculations for heavy ion collisions using the theory based
on the Boltzmann-Uehling-Uhlenbeck equation, which in-
cludes mean field and Pauli blocking effects.’ The use of
the BUU equation would also automatically include dipole
contributions due to the isovector part of the mean field.
Most of the cross section for lighter nuclei arises from an
incoherent dipole component. We find that the photon
spectrum extends to very high frequencies, but most of this
is an artifact of the INC model. In a more realistic treat-
ment, the bremsstrahlung rate would be determined by the
empirical NN scattering.
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