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Recently measured data for the '2C 4 ?Mg reaction at 6, 8.5 and
11 MeV/u and for 12C 4 ?*Mg at 11 MeV/u have been analysed using
a new version of the CASCADE code allowing for simultaneous fitting
of vy-ray spectra and angular distributions. The GDR parameters and
bremsstrahlung parameters have been extracted. Comparison with BUU
calculations are also discussed.
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1. Introduction

It is by now a well established experimental fact that in heavy-ion colli-
sions at projectile energies E,/A < 5-6 MeV /u, statistical emission is prac-
tically the only source of high-energy photons. For those collisions the vy-ray
yield in the high-energy part of the spectra (E, =~ 15-30 MeV) is due to
statistical decay of the giant dipole resonance (GDR) built on highly excited
states [1,2] and the angular distribution must be symmetrical with respect to
90° in the nucleus—nucleus (projectile-target) center-of-mass frame (n-n CM
frame). In heavy-ion collisions at projectile energies E,/A > 10 MeV/u an
excess of y-ray yield over that expected on the basis of statistical decay has
been observed in many studies as a continuous background which decreases
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exponentially up to the highest measured photon energies [3]. It is especially
well visible for v-ray energies exceeding the GDR region, i.e. above £, =
30 MeV. These photons have been interpreted as due to nucleon—nucleon
bremsstrahlung emitted during the initial stages of the collision process [3].
Measured angular distributions of high-energy photons beyond the GDR
region can be reasonably fitted assuming an almost isotropic emission from
a source moving with a velocity close to one-half of the beam velocity, sug-
gesting an emission from a source moving with the nucleon-nucleon center-
of-mass velocity (N-N CM frame). After transformation to the n-n CM
frame the angular distributions exhibit an asymmetry with respect to 90°.
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.

In order to extract realistic GDR and bremsstrahlung parameters from
the measured data, simultaneous analysis of y-ray spectra and angular dis-
tributions should be performed with an attempt to differentiate between
statistical decay and nucleon-nucleon bremsstrahlung on the basis of angu-
lar distribution, which is possible when the collision is mass-asymmetric.

2. Modifications of CASCADE

Recently, we have studied high-energy v-ray emission in the 2C + Mg
reaction at 6, 8.5 and 11 MeV/u and the ?C + ?*Mg reaction at 11 MeV /u,
using *C beams from the University of Washington Tandem/Linac acceler-
ator [4]. In order to estimate the importance of statistical and nonstatisti-
cal contributions in these reactions we have incorporated a parametrization
of nucleon—nucleon bremsstrahlung emission into the CASCADE code and
have expanded the fitting to the total cross section and @, coefficient.

Results of the experimental data (five angles) analysis consist of
AFP(E,), aTP(E,) and a5™P(F,) coefficients in the n-n CM frame (Fig. 1).
The AFP(E.,) - a{*P(F.,) product is more directly related to theory than is
a{*P(E,) then we use this value to compare with the theoretical expecta-
tion (in the n-n CM frame) AY*(E,) - a¥"(E,) + AS(E,) - a$P(E,), where
the statistical a{"(E,) = 0. Thus our fitting procedure of the theoretical
calculations to the measured data includes: ASF(E,) + AS*(E,) to compare
with AGP(E,) and " (E,) - ASY(E,)/(AS(E,) + ASP(E,)) to compare with
a7*P(E,) in the fitting range up to the highest measured y-ray energy F..
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 an additional vari-
able to excitation energy, spin and parity), with the level density in the
Reisdorf approach (optionally), and the spin dependent moment of iner-
tia. The existing version of the CASCADE code was expanded to ~v-ray
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Fig. 1. Measured v-ray spectrum Ag®(E.,) (top), aj**(E,) (middle) and a3 " (E,)
(bottom) angular distribution coefficients for the 12C + 2*Mg reaction at 11 MeV /u
and the 12C + 25Mg reaction at 6, 8.5 and 11 MeV/u. Solid lines through the data
show CASIBRFIT normal calculations: total results of the fit (top and middle,
see text); dot-dash line: fitted bremsstrahlung contribution (top); short-dash line:
fitted statistical model calculations (top).

energies F., > 50 MeV. The resulting y-ray spectrum calculated in the n-n
CM frame is folded with the detector lineshape (response function and ef-
ficiency) into A"(E,). The bremsstrahlung cross-section is also calculated
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 a?(E,) # 0. The angular coefficients AY'(E,) and abf(E,) are
extracted fIOIIl the Legendre polynomial fit. Finally, the ﬁttmg function
(f1, f2) is constructed from the fit parameters, i.e. GDR parameters: Sy,
Ey, I't, 52, Ey, I'; and bremsstrahlung (BR) parameters: oy and Ey

fi(GDR,BR) = AL(E, BR)+ AS"(E,, GDR),
Agr(E’h BR)
APr(E,, BR) 4+ A$"(E,, GDR)

f2(GDR,BR) = «>(E,,BR) - (1)
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The fitting subroutine performs a least-square fit of (fi, f2) to
(AgP(E,), a{*P(E,)) simultaneously, using an algorithm which combines a
gradient search with an analytical solution developed from linearizing the
fitting function.

3. Fit results and BUU calculations

Data from the 12C + 26Mg reaction at 6, 8.5 and 11 MeV /u have been
fitted with CASIBRFIT code, assuming that the initial excitation energy of
the compound nucleus is that calculated for complete fusion in each case and
the velocity of the bremsstrahlung source equals the nucleon—nucleon center-
of-mass velocity, snn. Fit results for all studied cases when 5 parameters:
S, E, I, 0y, Eg were varied are shown in Fig. 1. Fitted parameters are listed

in Table 1.
TABLE 1

12C + 26Mg 12C + 26Mg 12C + 26Mg
5MeV/u 85MeV/u 11 MeV/u

S 1.0+0.4 1.0+0.2 1.0+0.1
E [MeV] 17.6 +£0.2 17.540.8 15.8+1.5
' [MeV] 14.84+0.5 14.5+1.1 12.940.7
og 0.2474£0.008 0.528+0.004 (.519+0.003

Ey [MeV] 4.27+0.04 4.62+0.03 5.30+0.02

The quality of the spectral fits is good, however the a;(E,) calculation
does not reproduce the data above E., = 35 MeV at 11 MeV /u.

We have found that the quality of the fit improves significantly when the
E., dependent source velocity Bs(F.,) is used. Best results (Fig. 2) have been
obtained with a quadratic dependence such that 3s(E,)/Bnn = 0.934, 1.145
and 1.491 for E, = 20, 35 and 50 MeV, respectively. The idea of the energy
dependent source velocity may be understood in a simple manner. Photons
emitted with the highest energy should result from the most energetic first-
chance collisions for which the mean source velocity should be larger than
in the case of less energetic subsequent step collisions.

The question may arise how the source velocity 3s(E,) could be larger
than Bsnn. [t may be explained on the known basis that the bremsstrahlung
photons are produced mostly during proton-neutron collisions between in-
dividual projectile and target nucleons and the intrinsic momenta of the
proton and the neutron due to the Fermi motion of nucleons add to the
relative momentum of the projectile and the target nucleons [3].
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Fig. 2. Measured y-ray spectrum A5 F(E,) (top) and aj**(E,) (bottom) coefficient
for the 12C + ?Mg reaction at 11 MeV/u (as in Fig. 1). Lines through the data:
CASIBRFIT calculations with energy dependent source velocity.

Inverse slope parameters Fg extracted from the fits and the mean value
of the source velocity for bremsstrahlung photons have been compared (Ta-
ble I1.) with values predicted by the Boltzmann—Uehling—Uhlenbeck (BUU)
nuclear transport equation [3] and calculated with BUU code written by
Wolf [5]. Calculations of the -ray emission probability P(b) have been
done for several values of the impact parameter b in the range of 0 to 7 fm.
The value of P(b) - b peaks around b= 4 fmn. The impact parameter value
corresponding to the maximum angular momentum of 25 % for complete
fusion is bop = 4.3 fm.

TABLE 11
Reaction Eiap (< Eap > =Ve)/A  EFT® EBUUMev)
[MeV] [MeV /u] [MeV] b=0 b=3.9
12C + Mg | 134.6 9.7 5.3 8.5 7.3
12C + Mg | 103.3 7.1 4.8 80 68
2C + 2%Mg | 73.0 4.5 4.5 6.9 6.3
2C + Mg | 134.6 9.7 - 90 7.6
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Fig. 3. (a)Energy dependence of the mean source velocity 8 for the 2C + 26Mg
reaction at 11 MeV/u calculated with BUU code for different impact parameter
values b = 0 - 7.0 fm. (b) Energy dependence of the mean source velocity for the 12C
+ 26Mg reaction at 11 MeV/u used in the best-fit calculations with CASIBRFIT
and calculated with BUU code for b = 5.5 fm.

The parameters Fj obtained with BUU code are essentially in agree-
ment with other BUU calculations [3], however they are larger than sys-
tematics for experimental nucleon—nucleon bremsstrahlung data at these
low projectile energies. The FEy(b) value calculated at given b decreases
with increasing impact parameter. However, for values of b < bcp cor-
responding to complete fusion for 12C + 26Mg reactions, the slope of the
~-ray spectra calculated with BUU code is too small to reproduce the ex-
perimental data. Average Fy at 11 MeV/u was extracted from the fits of
the exponential formula o = o¢ - exp(—E,,/Ep) to the BUU cross-section

opuu(E,) = 27 fé’"‘“" P(b)bdb and equals 7.4 MeV. The required value of
Eg™ = 5.36 MeV can be obtained with $=6.3 fm, corresponding to an
angular momentum of 31.7 A.

The mean velocity, 8, of the emitting source can be estimated from the
source velocity distribution calculated with BUU. These distributions are
symmetrical around the mean value of 3;, which depends on photon energy
E., and on impact parameter. Energy dependence of 3, for different impact
parameters of b = 0-7.0 fm is shown in Fig. 3a. The quantity [, increases
with increasing E., only for b = 3.9-5.5 fm. Even for these 8, values the F,,
dependence of f; is slower than estimated from CASIBRFIT fits (Fig. 3b).
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There is a possibility that the energy dependence of the v-ray production
probability per n-p collision assumed in the BUU calculations at 30-100
MeV /u projectile energy [3] leads to error at lower projectile energy. We
tried a different formula for this probability which seems to give agreement
at around 10 MeV /u [6] but it does not change the results significantly.

4. Conclusions

At the present stage the BUU calculations does not seem to reproduce
the data. More detailed calculations are in progress.

It is also worth mentioning that the experimental a3 " (E.,) coefficient for
12C + 24Mg at 11 MeV/u has a large negative value, presumably indicating
very large deformation of the compound nucleus in which GDR was built.
It may also suggest another mechanism for v-ray emission. We observe
different behaviour for data from the 12C + 26Mg and '2C + 2“Mg reactions
at the same energy 11 MeV/u. The data for the N = Z ?Mg target have
not been successfully fitted yet. The ratio of the integrated cross sections
for E., > 20 MeV for '2C + 26Mg compared to ?C + 24Mg equals 1.7 £ 0.1,
whereas the BUU result is 1.2.

The authors wish to thank G. Wolf from GSI for providing us with the
BUU code and including several corrections important for our data analysis.
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