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Semi-exclusive measurements of high energy photons (E,>30 MeV) cross sections from the ?°Xe
+ '°7Au reaction at 44 MeV /nucleon are analyzed in the framework of the Boltzmann-Nordheim-
Vlasov equation with an appropriate semiclassical y-production probability for the np —n'p’y ele-
mentary process. A detailed analysis on the impact parameter dependence of the y-ray multiplicity

and slope of the energy spectrum is also reported.

PACS number(s): 25.70.—z, 21.30.+y

I. INTRODUCTION

Hard-photon production in intermediate energy heavy-
ion reactions seems to be one of the experimental observ-
ables which is sensitive to the properties of nuclear mat-
ter at various densities and temperatures while it is not
seriously affected by the final-state interactions [1]. As-
suming « emission from a single moving source, the anal-
ysis of the two-dimensional plot of the measured invari-
ant photon cross sections versus rapidity and transverse
energy provides source velocities which are, also for mass-
asymmetric target-projectile combinations, in agreement
with those expected if the origin of the radiation is mainly
attributed to incoherent proton-neutron bremsstrahlung
[2]. The comparison between the high energy photon pro-
duction cross sections in nucleus-nucleus collisions (nor-
malized by appropriate scaling factors which account for
the projectile and target masses dependences) and in free
p-n collisions also evidences the important role played
from the coupling of the nucleons’ Fermi motion inside
the projectile or target with the relative motion of the
colliding nuclei. This accounts for the general trend
of the hard-photon emission probability per in-medium
neutron-proton collision as a function of the Coulomb
corrected beam energy per nucleon.

The ~-ray energy spectra display, in the source frame
and for energies larger than 30 MeV, an almost exponen-
tial behavior with a characteristic inverse slope parame-
ter Eg. Such an inverse slope, which should be related to
the hardness of the produced ~ rays, has been measured
in inclusive experiments over a wide range of projectile-
target and bombarding energy combinations [2]. How-
ever, up to now, only in a few exclusive experiments
has the inverse slope parameter been measured in co-
incidence with fragments [3] or light charged particles [4]
or both [5] in order to investigate its impact parameter
dependence. A heavier system, namely 2°Xe + 1°7Au at
44 MeV /nucleon, has been recently investigated by two
different groups [6,7]. In these experiments, hard photons
in coincidence with projectilelike fragments [6] and with
light charged particles [7] in multidetector arrays having
large solid angles were detected. The aim of this paper is
the comparison of such semiexclusive experimental data
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with theoretical predictions obtained from kinetic calcu-
lations using an appropriate semiclassical elementary -~y
production probability.

II. THEORETICAL FRAMEWORK

For several years the nuclear dynamics in the inter-
mediate energy domain has been treated within clas-
sical transport theories in which some quantum fea-
tures such as Fermi motion and Pauli blocking are taken
into account. One of the more successful semiclassical
approaches is that based on the Boltzmann-Nordheim-
Vlasov (BNV) equation. In this approach the nuclear
many-body system is described by means of a time evo-
lution equation for the one-body phase-space distribution
function f(r,p,t) in a dynamics ruled by the competition
of mean field and two-body collisions effects, namely

o+ {0y = Lean() 1)
where {} represent the Poisson brackets and I .y is the
collision integral, assumed of Uehling-Uhlenbeck type.
The study of heavy-ion collisions by means of Eq. (1)
is essentially a numerical task which is generally solved
using the pseudoparticles method [8]. In the actual nu-
merical simulation, the BNV equation is separated into
classical Hamiltonian equations of motion for the prop-
agation of the pseudoparticles, which are governed by
an appropriate mean field and the stochastic two-body
collisions during this propagation caused by the residual
nucleon-nucleon (NN) interaction. Therefore, there are
two essential ingredients, the mean field potential and the
in-medium NN scattering cross section. In the calcula-
tion of particle production rates, such as v, w, K, etc.,
additional cross sections for the elementary processes are
also needed. For our purpose, since the contribution of
the pn+y process to the total NN cross section is about of
the order 10™%, we may treat perturbatively the photon
production and neglect the recoil momentum for the final
nucleons in the calculation of the time evolution of the
heavy-ion (HI) system. For more details on the numeri-
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cal solution technique of the BNV equation we direct the
reader to previous papers [8-10] and references therein.
Here, only a very brief account on the hard gamma pro-
duction will be given. Assuming photons are produced
in individual pn collisions, which are sufficiently sepa-
rated in space-time, the invariant double-differential pho-
ton production probability in a HI collision, at a fixed
impact parameter b, is given by summing incoherently
contributions from pn collisions at all time steps via

P(l‘, P3, P47t) I
(2)

where r and t indicate the space-time coordinates.
The prime denotes quantities in the individual neutron-
proton center-of-mass system, which have to be Lorentz
transformed to the laboratory frame. From energy-
momentum conservation, the final nucleon momenta ps
and p4 are fixed by specifying the initial momenta p;
and p2, the photon momentum p.,, and the direction €24
of the relative momentum q = p3 — p4 between the final
nucleons: P(r,ps,ps,t) = [1 — f(r,ps,t)][1 — f(r,pa,t)]
is the final-state Pauli blocking factor determined from

1 d@Py(b) _ /& 1 d?Pglem
B, dB,d, ~ 2= | an Bl dBLde,

d2Pelem _ 1 a

npy

dE,dQ, E, (2m)?

with
1
E E, \?|® E
B D T 4— —1 b (4
Ps [ﬂ’ mc? (2mcz) ] q 2mc2p7 (4)
Here, Bi,y = pi,s/mc are the velocities (in c¢ units) of

the proton before and after the collision, « is the fine-
structure constant, ©; is the polar angle formed from f3;
and the direction of sight, and m,c?~138 MeV is the
rest energy of the exchanged pion. The last factor in
Eq. (3) (in the following called exchange factor) with
respect to the expression of Ref. [11] accounts for the
bremsstrahlung from virtual pions. In Fig. 1 we show a
comparison between calculated double-differential cross
sections at 90° for np bremsstrahlung at 170 MeV neu-
tron laboratory energy, averaged over the nucleons’ final
relative angle Qq, with and without the exchange fac-
tor and the first measured v spectrum from Malek et al.
[14]. Since experimentally the neutron energy profile had
a FWHM of about 70 MeV, we have folded the theoret-
ical cross sections with a Gaussian in energy having the
same width. The full and dashed lines are the classical
soft-photon limit with and without the exchange factor,
respectively. As it was also found in quantal calcula-
tions [12], the most noticeable feature of our semiclassi-
cal approach [Eq. (3)] with respect to the classical one is
the increase of the photon production for energies larger
than about 30 MeV. This rise is due to the presence of

[,812 sin? ©; + %ﬂ?]

the occupation probabilities of the final nucleons in the
phase space [8].

The most important ingredient in these calculations
is the elementary np —n'p’y probability. The sim-
plest expression is Jackson’s classical long-wavelength ap-
proximation [11], which does not include radiation from
exchanged charged pions. Some attempts of quantum
mechanical calculations, including convection, magnetic,
and meson exchange current contributions have been
successfully proposed [12]. One of the most interest-
ing results of a quantal approach is the large effect of
the so-called “internal radiation” (i.e., bremsstrahlung
from the exchanged charged mesons) which interferes
constructively with the external radiation (i.e., classical
bremsstrahlung from the external lines of the Feynman
graph). However, for practical applications in BNV cal-
culations it is useful to have an analytical representa-
tion of the double-differential elementary -« cross section
which is generally not available from quantal approaches.
For this reason, as proposed in Ref. [13], we use a modi-
fied classical formula which contains approximatively the
contribution of charged pion exchange. In the initial p-n
c.m. frame, after averaging over the direction of the final
nucleon and in the soft-photon limit, it reads

(Z)°

myc?

1m m
14— (= —1) —m=l 3
+2mﬂ.<mﬂ- )4+(E~, 2 ()

mayc?

f

the charged-meson exchange, which allows the proton to
be scattered backwards with a corresponding large ac-
celeration and radiation. Thus, we find our results in
fair agreement with the first direct measurement of the
~ spectrum in the free np collision.
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FIG. 1. Comparison between the photon spectrum mea-
sured at 90° in the np scattering at 170 MeV of neu-
tron energy [14] (points) with theoretical calculations, in the
soft-photon limit, with (full line) and without (dashed line)
internal radiation from virtual pions.
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III. COMPARISON WITH EXPERIMENTAL
DATA

First we would like to look at the inclusive data. In
Table I, measured slopes of the energy spectra and total
cross sections for the hard-y production from the 129Xe
+ 197 Au reaction at 44 MeV /nucleon [6,7] are compared
with theoretical predictions. The inverse slope parame-
ters, reported in round brackets, are our values obtained
after correction for the BaF; detector response function.
It was made by recalling that the measured spectrum
Y (E) is related to the emitted one N(E) through the
expression

“+o0o
Y(E") = N(E)K(E,E")dE , (5)
El
where the kernel K(E,E’) represents the detector re-
sponse function. By assuming as an analytical expres-
sion,

K(E,E') = A(E) exp[i;E—)z}e(E' _E) (6)

with ©(z) the step function [namely ©(z)=1 if z <0
and ©(z) = 0 otherwise], A(E) determined from the
[.F K(E,E')dE'=1 condition and N(E) cxexp(—E/Ej),
we approximatively find

E’ a? 2 aoFE'
! !
Y (E") ocexp( EQ)exp [4E§E ]erfc[ZEo] . (M

It provides an unfolded inverse slope parameter which, to
the first order in the ratio « = ¢/F = (1/1n2)AE'/E, is
given by

Eoz—[‘“*EEE’)]_I (1+%) . (8)

For our calculation we have assumed an energy resolution

TABLE I. Values of the inverse slope parameter, total pho-
ton cross section, probability of emitting photon per pro-
ton-neutron collision, and average number of first chance n-p
collisions for the 12°Xe + *°7 Au reaction at 44 MeV /nucleon.
The (a) and (b) values refer to our BNV calculations with and
without contribution from internal radiation. Values in paren-
theses in the first column, are obtained from the correspond-
ing experimental data by correcting for the detector response
function as described in the text. The value in parentheses
in the last column should represent the theoretical prediction
without Pauli blocking effect.

Apparatus or Eo (MeV) o, (mb) 10°(Pnpy) (Nnp)e
method
TAPS [6] 12.0£0.1 4.940.9 52+0.8 15.2
(E,>30 MeV) (13.240.11)
MEDEA [7] 13.6+0.4 3.8+0.4 4.7£0.5 17.3
(E,>40 MeV) (14.9640.44)
(a) 18.6+£0.9 3.3£0.2 4.3+0.2
Our BNV 11.05
(E,>40 MeV) (24.01)
(b) 15.640.6 1.4+0.1 1.8+0.1

of AE'/E =0.12, in reasonable agreement with both the
experimental and simulated data [15]. We note that the
BNV calculation taking into account the radiation from
virtual charged pion exchange, although providing a rea-
sonable value of the overall v yield, overestimates the
inverse slope parameter by a factor 1.2.

Concerning the exclusive data, two observables have
been used to measure the impact parameter: (1) the mul-
tiplicity of light charged particles (LCP) [7] and (2) the
mass of the projectilelike fragments (PLF) [6]. They are
sensitive in two different regions of the impact parame-
ter scale; the first for central, medium, and quasiperiph-
eral collisions and the latter for very peripheral collisions
only. On the contrary, the PLF method is able to se-
lect very small steps in the impact parameter whereas
the method using LCP multiplicity, because of statistical
fluctuations on the particle emission, is less accurate. Ex-
perimentally, the in-medium average photon production
probability (P,,) for the elementary process is obtained
by using a simple factorization of the y-ray multiplicity
in nucleus-nucleus collisions, namely

_ do,/db
M, (4) = d(wb2)/db

= (Prpy) Nnp(b) 5 (9)
where N,,,(b) is the number of first chance n-p collisions
at a given impact parameter b. An estimate of such a
number is generally made within the equal-participant
geometrical model [16] where it is assumed to be propor-
tional to the volume of the overlap region for that b. We
would like to stress that Eq. (2), when integrated both
over energy and angle of the photon, approximatively
provides, as a function of the impact parameter, a y-ray
multiplicity given by

M (b) 2 (Page) [Nap(5) P - (10)

Thus, our factorization also contains the Pauli blocking
factor whose actions strongly reduce the effective average
number of available n-p collisions, represented in square
brackets in Eq. (10).

In Fig. 2 we display, as a function of the impact pa-
rameter, the number of first chance n-p collisions for the
129%Xe + 197 Au reaction at 44 MeV /nucleon, as obtained
from the geometrical method [16] compared with the re-
sults of BNV calculations with and without the Pauli
blocking factor. We note the strong effect of the Pauli
blocking factor, making unjustified the usual factoriza-
tion [Eq. (9)] for the ~v-ray production cross section in
the nur eus-nucleus collision, introduced in order to ob-
tain quantities for the elementary process as well as scal-
ing laws. Central collisions are partially forbidden due to
the action of the Pauli blocking factor while the periph-
eral ones are enhanced probably due to collisions outside
the geometrical overlap zone all ignored in the equal-
participant model.

In the last two columns of Table I, the in-medium to-
tal y-ray production probability for the npy elementary
process and the number of first chance np collisions av-
eraged over the impact parameter (Npp)s are also re-
ported. Although within the experimental uncertainties
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FIG. 2. Number of first chance n-p collisions for the '2°Xe
+ '7Au reaction at 44 MeV /nucleon versus the impact pa-
rameter. Squares: geometrical model of Ref. [16]; diamonds
and crosses represent microscopic BNV calculations with and
without Pauli blocking factor.

we observe a general agreement between experimental
and theoretical photon production probabilities, a signif-
icant difference in the average n-p number of collisions
is found. The BNV calculations provide a (Npp), value
which is reduced from 24.01 to 11.05 when it is corrected
for the Pauli blocking factor while the value provided
from the geometrical model [16] is in between these two
values. Because of the observed discrepancies between
experimental v data currently available we do not expect
appreciable changes in the systematics [17] of the photon
emission probabilities based on the factorization of the
inclusive photon multiplicity as obtained by integrating
Eq. 9 over the impact parameter. On the contrary, sig-
nificant effects emerge from the analysis of the exclusive
photon cross section than we are showing.

In Fig. 3(a) our BNV calculation of the hard-photon
multiplicity (E,> 40 MeV) as a function of the impact
parameter, obtained by Egs. (2) and (3), is compared
with both the experimental data of Refs. [6,7]. The error
bars in the BNV data take into account the finite number
of Gaussians per nucleon. A strong decrease of the y-ray
yield with increasing impact parameter, confirming the
centrality of the hard-photon production, is found. In
Fig. 3(b) the average probability of bremsstrahlung ra-
diation in an individual n-p collision, resulting from Eq.
10, is also reported. Its impact parameter independence
is consistent with the incoherent n-p bremsstrahlung as-
sumption and consequently indicates the effective num-
ber of first chance n-p collisions as the main responsibility
on the strong impact parameter dependence of the hard-
photon multiplicity.

In Fig. 4 we compare, as functions of the impact pa-
rameter, the experimental value of the inverse slope pa-
rameter extracted from the unfolded hard-photon spec-
trum [6,7] with the corresponding theoretical BNV cal-
culation. Calculations including the internal radiation
process (diamonds) still overestimate the data by a fac-
tor 1.2 on average while incidentally those obtained using
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FIG. 3. Hard-photon multiplicity for nucleus-nucleus M,
and for in-medium single proton-neutron (P,,,) collisions
from the '?°Xe + '°7Au reaction at 44 MeV /nucleon versus
the impact parameter. Diamond points are our BNV calcula-
tions including internal radiation contribution (E,>40 MeV);
circles and crosses are experimental values from Refs. [7,6] for
photon energies greater than 40 and 30 MeV, respectively.

the classical Jackson expression [11] for the elementary
process (squares) seem to agree very well with the exper-
imental data. Anyway, both calculations predict a slow
decrease of Ey with increasing b up to about the 9-fm
value followed by a steeper decrease for a larger impact
parameter in agreement with the data of Refs. [7,6], re-
spectively. Thus, the general trend of Eg versus b seems
to be confirmed, with the initial quasiflat behavior de-
pending on the size of the colliding nuclei.

20— ¢ 3 i -

inv. slope par. (MeV)
&
T
-

b (fm)

FIG. 4. Inverse slope parameter of the photon spectra from
the ?°Xe + '°"Au reaction at 44 MeV /nucleon as a function
of the impact parameter. The same symbols as in Fig. 3
are used. The cross points are the experimental values of
Ref. [6] after our unfolding procedure by means of Eq. (8).
Square points are present BNV calculations without internal
radiation contribution.



2930

IV. CONCLUSIONS

In summary, we have made a detailed study on the
dependence of the high-energy photon production from
the impact parameter for the 2°Xe + 7 Au reaction at
44 MeV /nucleon. We observed that both Ey and M, in-
crease with increasing centrality of the collisional event.
This result is consistent with the data of Refs. [3,4]
and with previous calculations [8,10] on lighter systems.
Calculations based on the BNV equation for the time
development of the one-body phase-space distribution
function and photon production via incoherent neutron-
proton collisions reproduce very well the in-medium over-
all photon multiplicity but slightly overestimate the in-
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verse slope parameter of the energy spectrum. It should
be noticed that the geometrical model [16], based on the
equal-participant hypothesis, does not correctly account
for the impact parameter dependence of the number of
first chance n-p collisions. In fact, the dynamical BNV
approach indicates that central collisions are strongly re-
duced due to the action of the Pauli blocking factor while
the pheripheral ones are enhanced with respect to the
prediction of the geometrical model due to n-p collisions
which take place outside the overlap volume of the col-
liding nuclei. Moreover, the in-medium ~-ray multiplic-
ity versus the impact parameter reflects, on average, the
trend of the effective number of first chance n-p collisions
as predicted from the dynamical BNV approach.
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