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High-energy photon yields from the reactions *C + !'*!2*Sp at 10 MeV/nucleon have been
measured. The ratio of cross sections (E, > 30 MeV) o(*?*Sn)/a(**?Sn) is 1.6 & 0.2, which is larger
than expected within the equal-participant model. The elementary n-p-vy cross section is evaluated
within the neutral scalar 0 meson exchange model, and implemented into a BUU code. The results
of the BUU calculation suggest that the high-energy v-ray yield differences for the two Sn isotopes
arise from the differences in nucleon phase-space distributions. The sensitivity of the high-energy
photon production to the initial phase-space conditions is explored.

PACS number(s): 25.70.—z

I. INTRODUCTION

In the last few years, high-energy photon produc-
tion (E, > 30 MeV) in the intermediate energy region
(E/A > 20 MeV /nucleon ) has been measured systemati-
cally [1,2]. Experimental and theoretical studies are con-
sistent in attributing these hard photons to incoherent
bremsstrahlung radiated from individual neutron-proton
collisions during the early stage of nuclear reactions. Be-
cause high-energy photons are only coupled with nucle-
ons by the electromagnetic interaction and have no final
state interactions, they can serve as a possible “clean”
probe for the collision chronology. Even at energies as
low as 10 MeV /nucleon, previous studies [3,4] found sim-
ilar phenomena. Here the high-energy photon yield ex-
ceeds substantially the standard statistical contribution
from giant dipole resonance (GDR) decay. The observed
forward-backward anisotropy in the laboratory frame,
which is expected from a source moving at the half beam-
velocity nucleon-nucleon frame, supports the view that
high-energy photons from low-energy reactions have the
same origin as at higher energies. However, the high-
energy photon yield varies with projectile/target combi-
nations more drastically than expected from the scaling
relation [5,6] used at higher incident energies. Based on a
simple geometrical overlap, equal-participant model, the
relation predicts that the high-energy photon yield for
different projectile/target combinations should be pro-
portional to the first-chance proton-neutron collisions.
The relation does not take into account details of nucleon
momentum distributions. Since Pauli blocking constrains
high-energy photon production much more severely at
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lower energies, high-energy photons produced in low-
energy reactions may provide a sensitive probe of the
nucleon-phase space distributions inside the nucleus. In
this paper, we present the results of a new measurement
of the inclusive photons in 2C + !12:124Gn reactions at
10 MeV /nucleon, and the results of an analysis based on
the BUU nuclear transport equation.

II. EXPERIMENT

The experiment was performed at the Stony Brook
LINAC. Enriched 3.0 mg/cm? self-supporting foil targets
of 96.7% '24Sn and 98.9% !!'%2Sn were irradiated with a
120 MeV !2C beam. Photons were detected with a com-
pact BaF,; array. The whole array was located at 90°
with respect to the beam axis, and 25 cm from the tar-
get with a 10-cm-diameter lead collimator in front. The
array consists of seven 5.6 x 14-cm hexagonal BaF; crys-
tals surrounded by a 3-cm-thick NE102 plastic cosmic-ray
veto shield. The detector performance was reported in a
previous paper [7]. The beam was monitored by record-
ing the ratio of elastic-scattering events detected by two
surface-barrier detectors positioned at £15° with respect
to the beam. These elastic events were later used to nor-
malize the data. Two Nal arrays were also positioned
in the scattering chamber to detect light charge particles
and particle-y-ray coincidences. The coincidence results
will be reported elsewhere.

Good discrimination of high-energy photons from neu-
trons is a crucial requirement for the high-energy vy-ray
detector. Neutrons were rejected by means of pulse-shape
discrimination (PSD) deduced from the two components
of light output of the BaF; scintillator, and by measur-
ing the time-of-flight (TOF) relative to the LINAC RF
signal. The overall time resolution was about 900 ps.
In Fig. 1, we show the TOF spectra with equivalent pho-
ton energy exceeding 30 MeV for the two Sn targets. The
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FIG. 1. TOF spectra for events with pulse heights corre-
sponding to E, > 30 MeV.

photon and neutron peaks are well-separated, so a simple
cut is good enough for the purpose of gating on photons
in data analysis.

Effects of pileup on the spectra were considered. The
most potentially serious situation would arise from pileup
of low-energy evaporated neutrons with ~ rays, both be-
cause of high multiplicity (CASCADE gives (M,,) ~ 4 and 8
for 112:124Gn respectively), and because rejection of such
events (where the neutrons generate relatively small scin-
tillation signals), via TOF and/or PSD, could be unreli-
able. The impact of neutron pileup was assessed in two
ways. First, the BaF, detector response to neutrons with
low energies in the evaporative range was determined us-
ing the 11B(p,n)!!C reaction. A Monte Carlo simulation
incorporating the measured response function together
with the CASCADE (M,,)’s shows that pileup causes only
a very small spectral distortion. The same conclusion
comes from a second simulation which employed the ac-
tual pulse-height distribution produced by neutrons emit-
ted in the '2C 4 Sn reactions. In both cases, the appar-
ent increase in yield of  rays with E, > 30 MeV due to
pileup is less than ~ 3%.

The v-ray detector array was calibrated using the ra-
diative capture reaction 11B(p,v)'2C at 7 MeV beam en-
ergy, which gives 22.4 MeV and 17.9 MeV ~ rays. Inelas-
tic 12C+12C scattering produced 15.1 MeV + rays which
could also be used for calibrations and gain shift checks.
The detector response was simulated using the GEANT
(version 3.14) code [8].

The unfolded absolute yield of photons was normalized
to the elastic cross section at 15°:

d?c AN, AQeagic (do 1)
dQdE,  AE,Neasic A2, \dQ) ...

The elastic cross sections were measured in a separate
experiment. The absolute elastic cross section is about
10% higher than the Rutherford cross section at 15°. The
elastic cross section ratio for the targets is found to be
1.03 & 0.10. In the discussion below, instead of decon-
voluting the data, the calculations are folded with the
GEANT calculated response function and compared with
the data. To check how well the detector efficiency can
be reproduced by GEANT, data are compared in Fig. 2
to a CASCADE [9] calculation folded with the calculated
response function. The full dipole sum-rule strength was
used for GDR decay. Since the fusion cross section oy
has not been measured for these reactions, we estimated
Ofus to be 1400 mb and 1480 mb for '2C on ''2Sn and
1245n respectively from published data on similar reac-
tions [10] and the extra-push model. The other param-
eters used in the CASCADE calculation are the same as
given in Ref. [3]. The light charged particle yield (not
shown) predicted by the same calculation with standard
parameters is fitted within 10% to the measured cross
section. After folding, the CASCADE results are system-
atically 20% lower than the -y spectra for both targets.
Therefore an overall common normalization factor 1.25
was applied to the calculations.

The ~y-ray spectra and relative yields are comparable
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FIG. 2. v-ray spectra for the reactions 2C + %1245y at
120 MeV. The histograms show the unfolded experimental
data. The short-dashed lines are the CASCADE calculations.
The solid lines represent the BUU calculations with diffuse nu-
clei in Thomas-Fermi approximation. The long-dashed lines
represent the BUU calculations assuming sharp sphere nuclei.
All the calculations are folded with the GEANT calculations.
The irregularities in the curves are due to the statistical fluc-
tuations in the Monte Carlo computations.
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with those observed in Ref. [3]. For example, in the GDR
region (10 to 15 MeV), the ratio of 1*%124Sn yields is 1.37
compared to 1.35. For E, > 20 MeV, the ratio is 0.87
compared to 0.90.

III. THEORETICAL CALCULATION

The dynamics of nuclear collisions can be described
in terms of the evolution of the one-body distribution
function in phase space, as modeled by the Boltzmann-
Uehling-Uhlenbeck (BUU) equation [11]. The Monte
Carlo BUU code used here has been successfully ap-
plied to composite particle and pion production in higher-
energy heavy-ion reactions [12,13]. Since isospin is
treated explicitly, this code is appropriate for the stud-
ies of neutron-proton bremsstrahlung from reactions with
different projectile/target combinations. In the program,
the nuclear medium correction for the nucleon-nucleon
cross section is also taken into account [14]. The v-ray
production probability was implemented in the program
for present applications. Because the probability of pro-
ducing 7-rays per n-p collision is small (~ 107%), it can
be calculated perturbatively without changing the flow
of nucleons in phase space. The total v-ray cross section
is obtained by integrating photons generated in each of
the individual neutron-proton collisions over time, and
then over impact parameter.

The elementary probability for neutron-proton
bremsstrahlung is calculated using the neutral scalar o
meson exchange model, with mass m,=428 MeV, in the
nucleon-nucleon center-of-mass system by standard QFT
(quantum field theory) methods [1]. Compared with the
semiclassical bremsstrahlung method [15], the approach
used here takes into account the 3-body final state phase
space, the effect of the emitted v-ray on the nucleon
part of the matrix element, and the spin of the nucleon.
Figure 3 illustrates that for energies much lower than
the kinematic limit for y-ray production, the quantum
neutral o meson exchange model and the semiclassical
bremsstrahlung model are in good agreement. However,
near the kinematic limit, which is the interesting region
here, the semiclassical bremsstrahlung model overpre-
dicts the photon yield drastically. In the actual BUU
calculation, the quantum calculation is fitted by an ana-
lytical expression:

d*P, B G
=1671 x 107" ——(MeV 2
4B x ——— (MeV™T), (2)

where
E,

= 3
m Emax’ ( )
a = 0.7319 — 0.589873, (4)

B = v/c is the nucleon velocity, and Enax is the total
available energy in the nucleon-nucleon center-of-mass
system. Photons are assumed to be emitted isotropically
in the nucleon-nucleon center-of-mass frame, therefore
the photon probability is averaged over the solid angle
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FIG. 3. Angle-averaged probability of neutron-proton

bremsstrahlung per n-p collision at 170 MeV proton energy
in the lab frame. The classical bremsstrahlung calculation
(dotted line), the quantum neutral ¢ meson exchange model
calculation (points), and the analytical function fitting the
quantum calculation given in the text (solid line) are shown.

of 4w. The BUU predicted yield for E, > 30 MeV, using
the quantum formula, is reduced by about 50% compared
to the result using the semiclassical expression.

Figure 4 shows the high-energy y-ray source distribu-
tion of nucleon momenta along the beam direction for a
central 2C + !24Sn collision at 10 MeV /nucleon calcu-
lated with the BUU code. This clearly shows that pho-
tons are emitted in collisions initiated from the “end-
caps” of the momentum distribution. At such low beam
energy, the only way to generate these high-energy pho-
tons is by the “Fermi boost” coming from the intrinsic
motion of the nucleons. After the photons are emitted,
the nucleons will populate the region at P, = 0, which is
Pauli blocked in the simple two-Fermi sphere model [3].
In the dynamical evolution of the collision, the nucleon
redistribution makes room for P, ~ 0 final states. As ex-
pected, most of the high-energy photons are emitted in
the early phase of the collisions (~ 80% in 4 x 10722 s).
These features are qualitatively similar to those of calcu-
lations applied at higher energies as shown, for example,
by Cassing et al. [1].

As a comparison to other work, we have calcu-
lated photon-photon yields for the 15 MeV /nucleon '¢O
+72*W reaction. We find for E, > 30 MeV a cross sec-
tion and slope parameter of 15 ub and 5.5 MeV, respec-
tively. The measured values are 10.5+0.5 ub and 5.8+0.5
MeV [16]. Our results are quite similar to those given
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FIG. 4. The top and bottom panels show the initial and
final momentum distributions of nucleons involved in the pro-
duction of high-energy photons with E, >30 MeV for a cen-
tral 2C + '2*Sn collision at 10 MeV /nucleon according to
the BUU calculation. The distributions are presented in the
nucleus-nucleus center-of-mass frame.

by Cassing et al. [1] for this low-energy reaction. Other
parametrizations of the p-n-y process may be more ap-
propriate at energies above about 25 MeV/nucleon as
discussed in Ref. [1], and by Nakayama [17].

IV. DATA ANALYSIS AND RESULTS

The total high-energy v-ray cross section (E, > 30
MeV) is 4.3 pb and 6.9 ub for 12Sn and '24Sn, respec-
tively. Because of the uncertainty of the efficiency, the
systematic error on the absolute cross section is estimated
to be about +30%, although the relative yields are more
accurately determined. The slope parameter is 4.0 +0.2
MeV. The simple systematics deduced from intermediate
energies [1] would give a photon production cross section
of only 0.28 ub, about one order of magnitude lower than
measured. On the other hand, the slope parameters from
the same systematics agree with our findings. The sit-
uation with respect to the systematics and the data is
similar to that reported in the low-energy studies on C
+ Mo reactions in Ref. [4].

In Ref. [3], the cross section ratio of high-energy pho-
tons, R = 0(1?*Sn)/a(112Sn), was reported to be I‘ng"z
for E, > 20 MeV, after subtracting the calculated statis-
tical component from the experiment data. In the present
measurement, for £, > 30 MeV, the statistical com-
ponent is suppressed about 2 or 3 orders of magnitude
compared with the nonstatistical component. Therefore
the uncertainty introduced by the statistical-model cal-
culations is avoided. For these high-energy v rays, the
ratio R = 1.6 £ 0.2. A pronounced target effect is con-
firmed. The cross section ratio deviates from the equal-
participant model scaling prediction of 1.1.

In Fig. 2, the comparison between the BUU simula-
tion folded with the detector response function and the
data is shown. The total high-energy photon cross sec-
tions (E, > 30 MeV) predicted by BUU, 4.4, and 6.4
ub for 112Sn, and 24Sn respectively, are in fairly good
agreement with the experiment. Possible sources of dis-
crepancy could be due to the uncertainty in the absolute
detector efficiency, and the n-p- probability in the theo-
retical calculation. The calculated slope parameter is 5.1
+0.1 MeV, which is about 25% higher than measured.

In the region Fyeam/A = 10 MeV, the relative velocity
of the nuclei is much smaller than the Fermi velocity, so
the subtle interplay between the Fermi boost and Pauli
blocking is expected to strongly affect the y-ray produc-
tion. In the simple equal-participant model, the nucleon
distributions in phase space are not taken into account
explicitly. For the more realistic BUU calculation, the
initial density distributions of neutrons and protons in
configuration space are obtained by minimizing the total
energy of the nucleus, which is a functional of proton and
neutron configuration space density in the Thomas-Fermi
approximation [18,19]. The momentum distributions are
then deduced by distributing neutrons and protons ran-
domly according to their Fermi momentum, which is re-
lated to the density distribution p(r) in configuration
space by the local Thomas-Fermi (LTF)relation:

kp(r) = [Br?p(r)]3. (5)

In Fig. 5, the initial space and momentum distributions
of neutrons for both Sn nuclei are shown (for protons,
the distributions are similar for both Sn isotopes, as ex-
pected). Since there are more high-momentum neutrons
in the '24Sn nucleus than in the '2Sn nucleus, more high-
energy photons are generated. The model calculation,
after averaging over impact parameter, yields the ratio
R = 1.45 1 0.05, which is consistent with the experimen-
tal data.

To illustrate the sensitivity of hard photon production
to the initial phase space distributions, a sharp sphere
approximation was also tried. The root-mean-square ra-
dius of the sharp nucleus is taken equal to that of the
diffuse nucleus in the Thomas-Fermi approximation, as
shown in Fig. 5. As can be seen in Fig. 2, the pre-
dicted photon yields employing the sharp sphere distri-
butions are larger and less compatible with the data than
the more realistic Thomas-Fermi prediction. The sharp
nucleus approximation gives relatively more nucleons in
the high-momentum region, and thus enhances the high-
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FIG. 5. (a) shows the space distributions of neutrons
for '*2Sn (dashed line) and '**Sn (solid line) in both
Thomas-Fermi and sharp sphere approximations. The rms
radii were kept the same in both approximations. (b) shows
the associated momentum distributions obtained by the local
Thomas-Fermi relation.

energy photon yield. This approximation results in a
reduced isotope ratio R of 1.25 + 0.05. Compared to the
Thomas-Fermi approximation, in the high-momentum
region (p > 0.9 fm~'), which is important for photon
production, the proton ratio between '?4Sn and ''2Sn
decreases from 0.97 to 0.85, and the neutron ratio de-

creases from 1.2 to 1.1. The combination of these two
effects causes the reduction of R.

At these very low incident energies, high-energy pho-
tons provide information on nucleon phase-space distri-
butions (especially momentum) that may be obscured at
higher energies. For example, for the reactions studied
here, the BUU calculations in Thomas-Fermi approxi-
mation predict the ratio to be only 1.10 £ 0.05 at 60
MeV /nucleon, more like the scaling expectation.

V. SUMMARY

In summary, we have measured high-energy pho-
ton production in the reactions 2C + 11%124Gp at 10
MeV /nucleon. The measured cross section ratio is 1.6 +
0.2 for E, > 30 MeV. The n-p-y elementary cross section
is calculated from the neutral o-meson exchange model
and is implemented into a BUU dynamical calculation.
The calculation shows that the high-energy photons are
emitted in the very early stage of the reaction, and pref-
erentially from the high momentum component of the
nucleon momentum distribution. By modeling the dy-
namical evolution of the nucleon phase space carefully,
the calculations reproduce the experimental data quite
well, and indicate that the isotope effect of high-energy
photon yields originates from differences in the nucleon
phase-space distributions. These very low-energy heavy-
ion collisions appear to offer a sensitivity to the high-
momentum components of the nucleon distribution. For
example, 50 MeV photons correspond to nucleon mo-
menta ~ 200 MeV/c. The present results show that the
incoherent nucleon-nucleon bremsstrahlung mechanism is
dominant in the y-ray energy range observed in this work.
For somewhat higher photon energies, it would be inter-
esting to search for evidence of the competitive coherent
nucleus-nucleus bremsstrahlung process, with its distinc-
tive dipole effective charge signature [5,20].
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