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In heavy-ion collisions at projectile energies Ep/A < 5-6 MeV/u, statistical emission
is practically the only source of high-energy photons, and most of the radiation comes
from the statistical decay of the Giant Dipole Resonance (GDR) built on highly excited
states [1,2]. Thus the measured y-ray spectrum can be reproduced by the statistical
model calculations as those with the CASCADE code. The angular distribution of the
high-energy y-rays must be symmetrical with respect to 90° in the nucleus-nucleus
(projectile-target) center-of-mass frame (n-n CM frame). In such a frame an angular
distribution can be described by ai (Ey) and a2 (Ey) coefficients defined by the
formula:

d2o(Ey, GCMV dn d% = Adfy)- [1 + a, (Ey) • P,(COS8CM) + a2 (Ey) •

In the case of pure statistical emission (from the compound nucleus CN)
aj (Ey) = 0, while a? (Ey) typically exhibits an asymmetric shape centered near the
GDR resonance energy, and determined by the deformation of the nucleus in which
the GDR has been excited [1-3].

At projectile energies Ep/A > 5-6 MeV/u an excess of photon yield over that
expected on the basis of statistical decay has been observed in many studies on high-
energy Y-ray production following heavy-ion collisions at energies 30-100 MeV/u [4].
This additional "non-statistical" component in the y-ray spectrum is especially
visible for y-ray energies exceeding the GDR region, i.e. above Ey = 30 MeV. The
most important mechanism for this y-ray production is the bremsstrahlung emission
due to the first-chance incoherent nucleon-nucleon collisions [4]. The characteristic
feature of bremsstrahlung y-ray spectra is an approximate exponential shape well
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described by the formula ahtem(Ey) = a0 • exp(-Ey /Eo). The inverse slope parameter
Eo, measured at Ey > 30 MeV exhibits a systematic dependence on the projectile
energy, and is nearly independent of the combination of projectile and target nuclei
[4]. Measured angular distributions of high-energy y-rays beyond the GDR region (Ey
> 25 MeV) are consistent with y-ray emission occuring nearly isotropically from
a source moving with a velocity close to one-half of the beam velocity, i.e. in the
nucleon-nucleon center-of-mass frame (N-N CM frame). After transformation to the
n-n CM frame the angular distributions exhibit an asymmetry with respect to 90°
dependent on whether the projectile mass Ap is lighter, equal or heavier than the target
mass A«. In the case of Ap < At the coefficient a/renl(Ey) calculated in the n-n CM
frame is positive.

At projectile energies around 10 MeV/u, both processes: statistical y-ray emission
and bremsstrahlung emission give important contributions to the measured total y-ray
cross section and angular distribution. Even if only the bremsstarhlung process is
interesting the statistical emission cannot be neglected, even at Ey > 25 MeV. This is
an additional difficulty, since in the statistical calculations the parameters may change
with projectile energy, i.e. with excitation energy of the compound nucleus. Also the
GDR parameters, esspecially the GDR width, change with the temperature and spin of
the compound nucleus. In order to extract realistic GDR parameters and
bremsstrahlung parameters from the measured data simultaneous analysis of y-ray
spectra and angular distributions should be perfomed with an attempt to differentiate
between statistical decay and nucleon-nucleon bremsstrahlung on the basis of angular
distribution, what should be possible when the collision is mass-asymmetric.

High-energy y-ray spectra from heavy-ion collisions at given projectile energy have
been usually measured at NPL Seattle at five angles and the results of the data analysis
consist of ^ ^ ( E y ) , a/exp(Ey) and ^ ( E y ) presented in the n-n CM frame [3]. It
should be mentioned that comparing the data at different angles in order to extract the
angular distribution coefficients one is really sensitive to the v40

exp(Ey)a7exp(Ey)
product. This value may be compared with the theoretical expectation (in the n-n CM
frame) A^mm(JE0rya1

inu(Ey) + ^ ^ ( E y ) - ^ 0 " ^ ) , where the statistical ^"(Ey) = 0.
Thus the fitting procedure of the theoretical calculations to the measured data
should include ^ ^ ( E y ) + ^^(Ey) to compare with ^oexp(Ey) and
a7

bran(Ey) - ^ ^ ( E y ) / ( ̂ ^ ( E y ) + ̂ ( E y ) ) to compare with a;
exp(Ey) in the fitting

range up to the highest measured y-ray energy Ey. This is the idea of the new fitting
code CASIBRFIT.

Statistical model calculations in CASIBRFIT are done as in a typical CASCADE
version treating the isospin correctly (i.e. as a variable for each level, similarly as
excitation energy, spin and parity), with the level density in the Reisdorf approach
(optionally), and the spin dependent moment of inertia. The existing version of the
CASCADE code was expanded to y-ray energies Ey > 50 MeV. Resulting y-ray
spectrum in the n-n CM frame is folded with the detector lineshape (response function
and efficiency) into A©"(Ey).

The bremsstrahlung cross-section is calculated also in the n-n CM frame according
to the analytic formula for five angles and folded with the detector lineshape. It was
assumed that in the nucleon-nucleon center-of mass frame (N-N CM frame) the
bremsstrahlung emission has an isotropic angular distribution. Thus after
transformation to the n-n CM frame a7brem(Ey) * 0. The angular coefficients Ao*em(fy)
and aihTem(Ey) are extracted from the Legendre polynomial fit.
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Finally the fitted function (fi, f2) is constructed with the fit parameters, i.e. GDR
parameters: Si, Ei, Tu S2, E2, F2 and bremsstrahlung parameters: a0 and Eo

A (Si, Ei, Fi, S2, E2, F2, ao, a0, ', Si, Ei, Fi, S2, E ,̂ F2)

h (Si, Ei, Fi, S2, E2, F2,
a7

brem(Ey,Oo,E<)) ^

The fitting subroutine performs a least-square fit of (fi, f2) to (^o
exp(Ey), ay

exp(Ey))
simultaneously, using the algoritm which combines a gradient search with an analytical
solution developed from linearizing the fitting function [5]. There are different options
in the code allowing for normal fitting, with statistical model calculations performed at
each step when one of the GDR parameters has been changed, or time-saving options
i.e. fast fitting, where detailed calculations are done at some steps only.

The fitting subroutine was tested with some artificial data produced with a similar
procedure. As real data to fit recently studied high-energy y-ray emission in the

C + ^rfg reaction at 6, 8.5 and 11 MeV/u and the C + 2Trfg reaction at 11 MeV/u
[6], using 12C beams from the University of Washington tandem liniac, have been
chosen. For starting values of the GDR parameters (one Lorentzian only) those
extracted from the 2C + ^Al reaction at 5.4 MeV/u [7] have been used. Starting
values of the bremsstrahlung parameters have been extracted from the by-eye fit to the
data above Ey= 30 MeV assuming the bremsstrahlung to be the only source of y-rays.
Fit results for all studied cases when 4 parameters: S, E, Oo, EQ were varied and F was
fixed are shown in Fig. 1.

Inverse slope parameters Eo extracted from those fits have been compared (Table 1)
with values predicted by the Boltzmann-Uehling-Uhlenbeck (BUU) nuclear transport
equation [4] and calculated with the BUU code written by Wolf [8].

Table 1.

Reaction

12C + ^ g

12C + ^ g

12C + ^ g

12C + 24Mg

E|«b

[MeV]

134.6

103.3

73.0

134.6

(<Elllb>-Vc)/A

[MeV/u]

9.7

7.1

4.5

9.7

Eo63*

[MeV1]

5.3

4.8

4.5

5.2

T7 BUU

[MeV1]

8.8

8.0

7.3

8.9

The slope of the y-ray spectrum calculated by the BUU code is too small to reproduce
the experimental data at these low projectile energies. There is a possibility that the
energy dependence of the y-ray production probability in an individual first-chance n-p
collision assumed in the BUU calculations at 30-100 MeV/u projectile energies [4] is
wrong at lower projectile energies. An attempt to use another formula which seems to
give an agreement at low energies [9] is in progress. We would also calculate a
velocity distribution of the emitting source in the BUU to find out how good our
approximation of the source velocity equal to one-half of the beam velocity is.

26
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Fig. 1. Measured y-ray spectrum ^o
exp(Ey) (top), a;

exp(Ey) (middle) and ^ ( y )
(bottom) angular distribution coefficients for the l C + 24Mg reaction at 11 MeV/u and
the 12C + 2%Ag reaction at 6, 8.5 and 11 MeV/u. Solid line through the data: total
results of the fit (top and middle, see text); dot-dash line: fitted bremsstrahlung
contribution (top); solid line below the data: fitted statistical model calculations (top).
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