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Double-differential cross sections are calculated for high-energy "},-ray emission in intermediate-energy nucleus-nucleus 
collisions on the basis of individual nucleon-nucleon bremsstrahlung. Using a microscopic phase-space model for first- 
chance nucleon-nucleon collisions and a semiclassical expression for p-n bremsstrahlung agreement is found with experi- 
mental data from roughly 40 MeV/u to 84 MeV/u. 

Recent experiments on energetic photon emission 
in intermediate-energy nucleus-nucleus collisions 
show a large yield of  energetic T-rays with energies 
above 50 MeV [1-6] .  The origin of these photons 
which may carry a considerable amount of the total 
energy available in the CM system is still not under- 
stood. Do we see collective bremsstrahlung as sug- 
gested in refs. [7 -9] ,  thermal emission from hot 
spots [10], nucleon-nucleon bremsstrahlung [4,5, 
10] or just statistical effects in an equilibrated A- 
body phase space [ 11 ] ? 

Meanwhile, there are indications against collective 
bremsstrahlung both from theoretical studies [12,13] 
as well as from experimental data [2,4,5], since ex- 
perimental angular distributions of energetic photons 
turn out to be rather isotropic in the nucleon- 
nucleon center-of-mass system (see, however, ref. 
[6]). On the other hand, experiments looking for 
energetic proton or neutron emission [14] are in- 
consistent with the assumption of complete equilibra- 
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tion in phase space indicating that energetic "}'-rays 
might carry information about the nonequilibrium 
phase of nucleus-nucleus collisions. Indeed, energetic 
photons are quite promising in this respect since their 
scattering and reabsorption, contrary to nucleons and 
pions, is very small. In the case when energetic 7-rays 
are produced in the very early stage of the collision, 
what is the mechanism? 

In this letter we explore the possibility that the 
observed high-energy )'-rays come primarily from in- 
coherent collisions of energetic nucleons. Both the 
pp)' as well as the pn~, reactions have been studied 
experimentally [ 15]. Due to a destructive inter- 
ference of the photons emitted from the two proton 
lines the pp)' cross section is smaller than that for 
pn7 by more than an order of  magnitude. We, there- 
fore, include only the latter process in our model. 
The incoherent summation over the many possible np 
collisions in the Fermi-sea is then performed in an ex- 
tended version of the first-collision model [ 16]. We 
note that the first-collision model is known to de- 
scribe the high-energy photon emission from pro ton-  
nucleus collisions [13,17]. 
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A proton impinging on a nucleus in its ground- 
state only moderately changes the selfconsistent 
mean field in which the nucleons of the target are 
bound. Neglecting correlations between nucleons it 
is thus justified to represent the state of  the target 
nucleons by a ground-state Slater determinant or 
equivalently by a ground-state phase-space distribu- 
tion. In the case of nucleus-nucleus collisions, how- 
ever, the projectile and target nucleus are in the inter- 
action zone far from being in their respective ground- 
state Slater-determinants since even on the one-body 
level the selfconsistent mean field is a rapidly changing 
function of time. The appropriate quantal phase- 
space distribution is given now by the Wigner function: 

f(r, k; co, t) = ~ f d3s dr exp ( - i k ,  s + iwr) 
¢~ O C C  

X ~(r+~s,  t+{r )~ ( r - -½s ,  t -  ~r). (1) 

where the Ca(r, t) denote time-dependent s.p. states 
as evaluated e.g. selfconsistently from TDHF [ 18] 
for fixed spin o and isospin r. The quantityf(r,k; 
co, t) has been studied extensively in the case of inter- 
mediate-energy heavy-ion collisions in refs. [19,20]. 
There it has been found that the microscopic mo- 
mentum distributions differ significantly from that 
given by two shifted Fermi-spheres; this difference 
has a large influence on the cross section for pion 
production [19-21] .  

The average phase-space distribution in the reac- 
tion zone is given by 

1 fav(k;t)=2-~O f dw f d3rf(r,k;¢o,t), (2 )  

Vo 
where V 0 is a £mite volume around r 0 while r 0 de- 
notes the spacial center of  the reaction zone. Using a 
value of V 0 ~> 50 fm 3 , the rapid oscillations present 
in the quantum mechanical f ,  which reflect the un- 
certainty principle, disappear in [av" The averaged dis- 
tribution (2) is shown in fig. 1 for various times in 
units of fm/c for a head-on collision of 40Ca + 40Ca 

at 80 MeV/u as a function o fk j :  = (k x = O, ky) and 
kll = k z in obvious notation. We find a considerable 
open phase space for kll ~ 0 and in addition high- 
momentum components for ikl > 2.5 f m -  1, which 
do not appear in the infinite nuclear matter limit. 

Next we deFme an average initial momentum dis- 
tributiong(k) in the reaction zone by 
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Fig. 1. The average microscopic momentum distribution in 
the reaction zone (2) for a central collision of  4°Ca + 4°Ca at 
80 MeV/u as a function Ofkll and k.l .. The contour lines cor- 
respond to cuts of  10 -2 , 0.1, 0.3, 0.5, 0.7, and 0.9 in obvious 
sequence while the time is given in units o f  fm/c. 

t o + A t  

g(k) = At -1 f dtfav(k; t),  (3) 
to 

where t O denotes the time at which the relative dis- 
tance Rre I is given by the touching configuration of 
the nuclear densities which may be defined by 

Rrel(t0) = 1.4 (All3 +A 1/3) [fm] . (4) 

The time interval At is timed to be equal to the aver- 
age collision time r of energetic nucleons in the reac- 
tion zone which is about 7 - I 0  fm/e [21]. We use 
At = 10 fm/e and note that by changing At in eq. (3) 
by 50% our final results are only modified by about 
10%; this uncertainty is well below the uncertainty of  
the data. We thus assume that g(k) in eq. (3) properly 
describes the average phase-space distribution in the 
reaction zone prior to equilibration by two-body 
collisions. 
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The basic assumption of the first collision model 
is that high-energy particles (in this case photons) are 
emitted before the initial momentum distributions is 
degraded due to nuclear interactions. By using g(k) 
from eq. (3), which is obtained from a TDHF calcu- 
lation via (1) and (2) and thus contains interaction 
effects in the mean-field approximation, we go 
beyond the simplest model in which the momentum 
distributions of the free, noninteracting nuclei are 
used. Our main assumption then is that the high- 
momentum components and the "Fermi-hole" at 
kll = 0 do not decay due to two-body collisions be- 
fore the photons are emitted. This decay time is cal- 
culated to be about 7 - 1 0  fm/c at the bombarding 
energies considered here [ 19-21 ]. 

The effective double-differential cross section for 
"r-production in single nucleon-nucleon collisions in 
the nuclear medium is then given by 

d 2 o e f f  
= f d 3 k  I d3k2g+(kl)g-(k2) 

dco d~2. r 

/ . d a q  co d2oO p(k,l ,k,2)Nc I (5 / 
X . / ~  co' dco'd~2'~ 

Here the g±(k) are the momentum distributions in the 
individual nuclei: 

g± (k ) = g(k )O( +-kll ) . (6) 

The cross section d2o0/dco.rd~2, r describes the pro- 
duction of a photon with energy co'r in a collision of 
nucleons with initial momenta k 1 and k 2 into the di- 

~-2s • 
rection d "r m the individual NN CM frame. N c 
gives, up to a factor, the total number of collisions in 
the reaction zone: 

N c = f d 3 k l g + ( k l )  f d3,2g- (k2), (7) 

so that the integrations over k 1 and k 2 in eq. (5) 
achieve an averaging over all possible initial momenta. 
The factor P(k],  k~) gives the probability that the 

t r final state with particle momenta k 1 and k 2 is Pauli- 
allowed: 

P(k~, k~) = [1 -g (k~) ]  [1 -g (k~) ]  . (8) 

The final momenta are determined by energy 6(~2/ 
2M(k 2 + k 2 - k~ 2 - k~ 2) - co) and momentum con- 

f servation 63(kl + k  2 - k~ - k~ - k.r). These four 
constraints leave only the direction of the particle 

relative momentum 

l(k~ k~) (9) q = ~  .-  

free; its solid angle is denoted by d~Zq in (5). By in- 
corporating the energy conservation in (5) we use an 
essential result from the studies in refs. [19-21] ,  
namely that due to the rapid time-dependence of the 
mean field in the collision zone the nucleons can be 
considered to be on-shell so that the free-particle 
energy-momentum relation 

co(k) = h2k2[2M (10) 

can be employed there. More precisely: the micro- 
scopic Wigner function (1) averaged over space and 
time as in eqs. (2) and (3) may well be approximated 
by 

f ( k ,  co) = g(k)6 (co - ~2k2/2M) (11) 

for heavy-ion collisions with energies 940  MeV/u. 
Fol low bombarding energies and/or nuclei close to 
the ground-state more complicated energy-momen- 
rum relations have to be used [20]. F.urthermore, the 
6-function in energy implies that we consider all tran- 
sitions to be on-shell. Indeed, a collision frequency of 
r = 10 fm/c allows for an uncertainty in energy of 
about 20 MeV. However, we do not want to speculate 
about off-shell phenomena. We just intend to com- 
pare our expectation for energetic photon yields from 
first-change pn ~ pn7 on-shell reactions in nucleus- 
nucleus collisions with experimental data. Large dis- 
crepancies then could indicate the necessity of off- 
shell transitions (see, however, below). 

The elementary NN7 cross section could in prin- 
ciple be evaluated by attaching outgoing "r-lines to the 
external legs of a T-matrix for NN scattering and in- 
cluding the exchange-current contributions [22]. 
Since this is quite an involved program and we are not 
primarily interested in a detailed description of the 
elementary process, we employ here a semiclassical 
expression describing the emission of photons in a 
hard-sphere scattering process [23] 

d2o0/dco d~2 = (R 2e2/12rrc 3 co/~) 

X (3v 2 sin20 + 2o2)0(114o 2 - co), (12) 

w i t h  o 2 -- o? - c o m .  

Here the expression given in ref. [23] has been 
generalized by explicitly introducing the initial and 
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final velocity v i and of, respectively, in the NN CM 
system. In this way energy conservation is restored 
in the elementary process while momentum conser- 
vation follows from (5). The toal energy- and angle- 
integrated cross section for photons with energies 
above 40 MeV as measured in pn7 at 140 MeV and 
200 MeV [I 5,24] is reproduced by (12) if the hard- 
sphere scattering radius is chosen to be R ~ 2.1 fm. 
Although eq. (12) gives a poor description of the 
elementary NN7 process as far as the spectrum and 
the angular distributions are concerned, it is never- 
theless still quite adequate for our purpose since (12) 
is integrated over wide distributions in (5) so that the 
details of (12)are washed out in the effective cross 
section (5). We note that using alternative expressions 
for (12), as e.g. employed byNifenecker and Bondorf 
[10], the final results are only modified on the 10% 
level. 

The total yield of  3'-rays in a nucleus-nucleus col- 
lision furthermore is given by the number of first- 
chance proton-neutron collision for given impact pa- 
rameter b and final integration over b. Geometrical 
considerations as e.g. described in ref. [25] and stan- 
dard values for the nuclear radius as well as the aver- 
age nucleon-nucleon cross section at energies larger 
than 50 MeV yield the final expression 

d2o/d~° d~2~'lA 1 +A 2 = [(d2°eff/d6° df27)/Onp] 

X (nR 2 ~R2/Onp)I(NIZ2 + N2ZI)/A 1A2 ] 

2.3 X (N1Z 2 +NzZ1)](A1A2) 1/3 

X doeff/dw d ~  v, (13) 

where N i, Z i, A i denote neutron number, proton 
number and mass number of projectile and target; 
the total np cross section Onp is 30 mb according to 
ref. [26]. 

The evaluation of d2o/d¢o d~2. r along the line of 
eqs. (5)-(13)  is straightforward and does not involve 
free parameters. Results for the double differential 
photon yield at 0~ = 90 ° in the NN CM system are 
shown in fig. 2 for 12 C + 12 C at laboratory energies 
from 40 MeV/u to 140 MeV/u. The spectra are rough- 
ly exponential in energy and almost isotropic in angle. 
When fitting exponentials to the spectra for 50 MeV < 
¢o. t < 100~ MeV, a linear increase of the slope param- 
eter E 0 with the bombarding energy per nucleon is 

2 

10 3 

5 
"C 
(n 2 

> 
o 102 

5 
JE~ ¢- 

2 

.~ 101 >..  

5 

2 

10 0 

40 60 80 100 120 140 

energy (MeV) 

Fig. 2. Double-diffErential photon spectra at 0~ = 90 ° in the 
nucleon-nucleon CMS for 12 C + 12 C at various bombarding 
energies in MeV/u. 

found. This is displayed in fig. 3 by the two dashed 
fines which represent the upper and lower limit for 
slope parameters from the calculated spectra. Corre- 
sponding experimental slope parameters from refs. 
[1-3]  are indicated by t showing no significant dis- 
crepancy. 

Since experimental yields are roughly isotropic in 
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Fig. 3. Comparison of slope parameters E o extracted from 
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Fig. 4. Inclusive cross section for high-energy photons above 
50 MeV according to first-change proton-neutron brems- 
strahlung (dashed line) in comparison with experimental re- 
suits from ref. [ 1 ] for 12 C + 12 C at various laboratory en- 
ergies per nucleon. 

this conclusion agrees with the results obtained by 
Nakayama and Bertsch [13]. We thus propose that 
high-energy photons carry information about the en- 
ergy- and momentum-distributions o f  nucleons in the 
reaction zone during the very early stages o f  the col- 
lision. Note, however, that present data appear to be 
also compatible with the picture of  pn-bremsstrahlung 
in a nuclear fireball [27]. 
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