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HARD PHOTONS FROM HEAVY-ION COLLISIONS1
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The production of high energy +-rays in intermediate
energy nucleus-nucleus collisions is studied microscopically
within two different approaches. First we calculate energetic
photons as emerging from collective bremsstrahlung within TDHF
as well as Extended TDHF. It is found, however, that the double
differential spectra disagree with experimental data, both in
magnitude and angular distribution. In a second step we assume
high energy r-rays to be produced by incoherent nucleon-nucleon
collisions. For this purpose we evaluate covariantly the photon
production from proton-neutron collisions in a vector (w) and
scalar meson (o) exchange model with coupling constants given
by the M2Y G-matrix in the nonrelativistic limit. We further-
more follow the proton-neutron collisional history by means of
a phase-space simulation based on the Vlasov-Uehling-Uhlenbeck
approach for proton-nucleus and nucleus-nucleus collisions
adding up incoherently the yields from each individual colli-
sion. The satisfactory agreement we obtain in comparison with
experimental data allows to conclude that energetic photons
dominantly arise from proton-neutron bremsstrahlung during the
carly stage of the collision. Similar statements are found to
hold also for subthreshold pion production by independent
nucleon-nucleon collisions.

1. INTRODUCTION

High energy photon emission in heavy-ion c¢ollisions has
recently gained interest since it provides an additional probe for
the heavy-ion dynamics apart from energetic light particles or

1-8

pions A variety of models have been developed in the last years

ranging from c<cllective bremsstrahlung9~11 to ‘statiatical treat-

12

ments’ of the A-body problem Emission from a hot spot and

production by nucleon-nucleon bremsstrahlung have been considered

as we1113~15.

Most of these approaches, however, lack a more
microscopic foundation on the underlying heavy-ion dynamics and
their range of wvalidity should be determined by parameter-free
calculations. In this contribution we aim at solving the latter
problem with respect to collective bremsstrahlung as well as for

photon radiation from individual nucleon-nucleon collisions.
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In Section 2 we outline the general framework and evaluate the

1654165 a2t 80 MeV/u
16

double differential photon cross-section for
with TDHF as well as within the extended TDHF approach of Tohyama
which keeps track of the effect of residual nucleon-nucleon
collisions on the collective current. A comparison with experi-

1

mental data from Ref. is included.

Nucleon-nucleon bremsstrahlung is an alternative production
mechanismls. Indeed it was found in the calculations of Ko et al.14
that neutron-proton bremsstrahlung was more important than coherent
bremsstrahlung except for collisions of very heavy nuclei. Further-
more, neutron-proton (np) bremsstrahlung as evaluated for first
chance np c¢ollisions within a quantum mechanical phase-space
model15 gives overall agreement with the total cross-section of
photons above 50 MeV. In the case of exclusive measurements the
double differential cross—sections can also be well understood
within this approach7.

However, the use of the soft photon limit18 or the 1/w

13-17

expansion for the photon cross section in Refs. might not be

19. We thus improve this description in Section 3 by

adequate
evaluating in a covariant way the radiative corrections to the
nucleon—-nucleon vertices involving wvector meson (w) and scalar

meson (o) exchange in close analogy to studies performed in the

later sixtieszo and early sevent13521’22.

We restrict ourselves to
proton-neutron vertices since proton-proton bremsstrahlung was
found experimentally to be more than an order of magnitude azmaller
than pn - pnvZB.

We follow the nucleon-nucleon collisional history in time by
means of numerical simulations based on the Vlasov-Uehling-
Uhlenbeck equation24—26 and evaluate perturbatively the photon
vield from each individual collision (Section 4). A comparison of
the calculated spectra with experimental data for proton- and
heavy-ion induced reactions is given 1in Section 5 which also
includes scaling laws with respect to the mass of the colliding
nuclei. A detailed analysis of initial and final phase-space
120+120 and 120+40

Section 6 while in Section 7 the present approach is applied to

distributions for Ca at 40 MeV/u is performed in

subthreshold pion production.
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2 .GENERAL FORMULATION OF PHOTON PRODUCTION BY RADIATING CHARGES
We consider the interaction density

int _ . .
H = .)HA (2.1)

K and the electro-

between the nuclear electromagnetic current J
magnetic field A* within Heaviside-Lorentz units. The S-matrix for
this Hamiltonian density is given in first order perturbation
theory by

S=1-17/ a*x 3 h (2.2)
where the operators are described in the interaction picture. The
number of photons in the 1nterval [k k+tAKR] is given by

doo = zz | [ aaliarfisatetsyor atx)? (2.3)

dk’ Af
where ?i and ?f denote the initial and final states of the nuclear
system while ||0> denotes a zero-photon state and [lﬂ,A) a single
rhoton state with photon 4-vector i and polarization A. The
restriction to single photon states in (2.3) should be justified in
the intermediate energy domain from roughly 20 MeV/u to 160 MeV/u
because the coupling constant of the electromagnetic interaction is
small.

In the radiation gauge eq. (2.3) may be written in the form
IZ

G = 2= 2z (am)” deel T deeci, 2y 11512 (2.4)

f A

where e(i‘A) is a unit polarization vector corrpspondlng fo a
rhoton with (k A). The two polarization vectors e(k A;) and e(k Az)
are orthogonal to k/|k|, which implies that photons only probe the
tranaverse componenﬁ of the nuclear current.

2.1 TDHF formalism
Neglecting all correlations between nucleons in eq. (2.4)
except those induced by the mean field and the Pauli principle, we

may replace the states 1 and ?f

in (2.4) by Slater determinants.
We determine the time dependence of these Slater determinants by
means of the TDHF method. In this way we retain the collective
stopping of the two nuclei by +the mean-field and +treat the
important energy-momentum correlation in the single-particle (s.p.)
states. Furthermore, we include dynamical distortions both in x-
and in p-space and treat the Pauli principle exactly. In addition
to the s.p. limit for the states ?i and ?j we restrict to the s.p.

limit of the current which in the nonrelativistic limit is given
27
by
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iq = - 18 (v - @ op™) 4 uge * (#7oP), (2.5)
where ¢ is a nucleon field operator. The first part represents the
'Schrddinger’ ~convection current and the second part the spin
current. The magnetic moments are given by

— — e -_ -
Mp = 2.79 Hy = 2'7926 , My = 1.91 My - (2.6)
The final expression for the matrix elements of the current

operator in eq. (2.4) is

jf.:j = -3 (P, Py = #y v )t po o (P00 P) (2.7)
for protons and

jgj = ppe % (P50 9 0) (2.8)
for neutrons where #(r;t) are time-dependent s.p. states building
up the Slater determinants ?i and ?f in (2.4). From eq. (2.8) we
see that neutrons have a nonvanishing contribution to the photon

28

vield which is important at higher photon energies The number of

photons in the interval [k,k+Ak] is then given by

_..3 o . oo
dn _ (2m) | | 4 ikx
—— = A z d’x e Jo e (k.A)}
dk3 D S hh
._3 N~ N
2 4, _ikx ~ 2
v 21 z z | J atx e g ek, n)|? (2.9)

where the sums over p and h run over particle- and hole-states,
respectively.

The tirst part of. eq. (2.9) describes the photon production
via the space and time variation of the one-body current
(collective bremsstrahlung); the second part gives in addition the
yield due to electromagnetic transitions bhetween occupied and
unoccupied time-dependent s.p. states during the collective
deceleration.

The total yield of photons per solid angle dQ in the interval
(w,w+Aw) is finally given by an integral over impact parameter b
using dBk = wzdwdﬂ, because the s.p. states ¢ also depend on the
impact paramet@r b of the nucleus-nucleus collision, i.e.

4
g _ 2 dn(b) 2
dwdQ = J d . (2.10)

Apart from the solution of the time-dependent Hartree-Fock problem
for fixed b with respect to occupied and unoccupied s.p. states,
the evaluation of eq. (2.9) requires a four dimensional Fourier
integration for a large number of different Slater-determinants.
Some approximations, which do not effect the final conclusions,
thus appear appropriate.
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We replace the integral over impact parameter in eq. (2.10) by
the double differential photon multiplicity dn(E)/dk3 at an average
impact parameter b and multiply by the geometrical cross section,
i.e.

d“c  _ 2 dn(b)

w

where A denotes the mass-number of the target or projectile in case
of symmetric collisions. The radius parameter ry, in (2.11) is
assumed to be ry, 1.2 fm. This approximation separates the more
trivial geometrical aspects of heavy-ion collisions at high energy

from the elementary production mechanism invoked in eq. (2.9). We

concentrate on the system 1bO+160 at 80 MeV/u laboratory energy and
adopt b = 1.5 fm as an average impact parameter. The evaluation of
{(2.9) is atraight forward once the time dependent Slater deter-

”
minants have been produced by a TDHF oalculation“g.

A problem arises with respect to the Fourier transformation in
time which induces a numerical uncertainty due to the finite time
interval considered. Averaging over initial and final time
intervals we obtain a reasonable estimate of the v-cross section
dza/dEdQ, which is displayed in Fig. 1 for collective
bremsstrahlung, i.e. the first part of (2.9), in terms of the full
lines at 5°, 45° and 85° in the reaction plane with respect to the
beam axis. Though only three angles are considered (in the
nucleus-nucleus center-of-mass system), the results indicate a
dominant gquadrupole-type distribution as expected from the
interference pattern of two decelerated equal charge distri-

butionsls.

The numerical uncertainty due to the finiteness of the
time-interval is displayed in terms of the vertical lines for the
photon yield at 45° and is of the same order of magnitude for the

other angles.

2.2 Comparison with experiment

How do these results compare with experiment? First of all,
experimental angular distributions turn out to be rather flat in
the nucleon center of mass system in contrast to a quadrupole
distribution for <collective bremsstrahlungla. In addition, the
experimental pvhoton yield (full dots in Fig. 1) for 120+120 at 84
MeV/u and 900, a system which should be roughly comparable to the
present calculation, 1is at least about an order of magnitude
larger. Furthermore, the inverse slope of the calculated spectrum
is significantly smaller than that of the data.
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Fig. 1: The double differential photon cross section for '®0+'%0 at
80 MeV/u as resulting from collective bremsstrahlung (full lines)
at & = 5°, 45° and 85° in the center-of-mass system. The numerical
uncertainty is indicated by the vertical error bars at 45°. The
dashed line represents the corresponding result of the collective
bremsstrahlung at 45%, in which effects from residual nucleon-
nucleon collisiong on the nuclear current are taken into account.
The experimental data (full dots) are taken from Ref.l!.

One might argue that the collective deceleration by the
mean-tield in the one-hbody limit a priori is expected to be too
small at these bombarding energies since residual +two-body
collisions have been neglected. In order to study the effect of
residual nucleon-nucleon interactions on the collective current,
calculations have been performed within the extended TDHF approach

6

of Tohyamal where the relaxation due to residual nucleon-nucleon

collisions is treated explicitly. A very short relaxation time
T = 2.10—23 5 was assumed in order to obtain an upper limit tor
effects of such a collision term. The evaluation of the Fourier
transform of the current as well as the limits for the photon cross
section are the same as before. The results are shown in Fig. 1 by
the long dashed line (& = 45°), Within the numerical accuracy
achieved they do not indicate a significant enhancement of the
photon yield due to collective bremsstrahlung.

The same order of magnitude is obtained for electromagnetic
transitions between ocoupied and uncecupied time-dependent s.p.
states, i.e. the second part of (2.9). Contrary to the collective
bremsstrahlung contribution (cf. Fig. 1) the photon yield is
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slightly enhanced at 90° in the center-of-mass system. The slope of
the spectrum, furthermore, 1is flatter than that of the brems-
strahlung contribution and close to that of the experimental data
for 120+1ZC at 84 MeV/u and 90° 28.

Summing up the contributions of collective bremsstrahlung (Fig.
1) and electromagnetic transitions for the higher +-energies the
minimum in the angular distribution at 90° disappears, but the sum
accounts at most for 10 % of the measured cross section. Thus the
experimentally observed photon yield in light systems cannot be
attributed to collective bremsstrahlung or electromagnetic
transitions between time-dependent states. In the next Section we
therefore address the gquestion of photon production by individual

nucleon-nucleon collisions as an alternative source.

3. COVARIANT CALCULATION OF v PRODUCTION IN PN COLLISIONS

According to experimental and theoretical studies the photon
production in nucleon-nucleon reactions is dominated by the pn -
pnr process since pp - ppy 1s suppressed by about an order of
magnitude23 due to destructive interference of the radiation from
each of +the two protons. Due to the rather involved 5-body
kinematics in such reactions there are not enough experimental data
to cover the complete range of v-energies and -angles for all
initial and final nucleon momenta. For the purpose of modeling
y-production in heavy-ion collisions we, therefore, cannot use the
“free" pn - pny cross sections as "experimental” input.

Besides this ‘“practical” problem there is a more physical
motivation to use model calculations for describing the pn - pnr

process, namely that "free” elementary cross sections may be consi-

derably different from in-medium cross sectionsao. In our earlier
: 5
studlesl 17 we used the nonrelativistic long wavelength (1/w)
expansion18 for the elementary process pn — pnv, i.e.
b4 2 .2 ’
do . e~ zR” g~ .2 2
dudd " 4w , 2w [Sln e, * 5] (3.1)

where 3 denotes the velocity of the nucleons in the nucleon-nucleon
c.m. frame and HRZ the angle integrated pn cross section.

In order to get rid of the 1/w expansion we use a fit for the
in-medium nucleon-nucleon interaction in terms of +two Yukawa
potentials by Bertsch et al.32 and consider a relativistic
extension in terms of one-boson exchange of scalar- and vector-type
with masses m, = 492.5 MeV = 1/0.4 fm ', m, = 788 MeV = 1/0.25 fm !

and weight factors gf/4n = 4,356, g§/4n = 11.49, respectively. It
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Fig. 2: Feynman graphs corresponding to radiative corrections of
scalar- and vector meson exchange in the process pn - pnv.

is interesting to note that the masses of the exchanged mesons are
surprisingly close to those used in the relativistic mean-field
theory of nuclear structureso.

For the +transition matrix of the pn - pny process we have
contributions from four different amplitudes according to photon
radiation before or after the pn interaction and scalar or vector
meson exchange. The antisymmetrization of the fermion final states
brings an extra factor of 2, so altogether we deal with 82 = 64
terms in the cross section formula (the corresponding amplitudes
are depicted in Fig. 2 in +terms of Feynman diagrams). For the
detailed evaluation of the radiative corrections to the M2Y
G-matrix we refer the reader to Ref.se.

The resulting double differential photon cross section do/dwd@
calculated with one-boson (scalar + vector) Feynman graphs and free
nucleon masses (middle of Fig. 3) shows a characteristically flat-
ter angular distribution than the "semi-classical" 1/w-expansion
(l.h.s. of Fig. 3), especially for high (near-threshold) photon
energies in case of p+n at 200 MeV. Most of this flattening is due

to a relativistic effect; even in the long wavelength approximation

the dipole-bremsstrahlung is forward peakedls. By symmetrizing the

cross section with respect to pn and np collizions we obtain an
even flatter angular distribution (r.h.s. of Fig. 3).



K. Niitaetal. | Hard photons from heavy-ion collisions 533¢

100 + - 100 E
E 20MeV ] E 20MeV 1
= = L ] = [ i
f. f- R f.
2 T”-’ § tomev Yy 7 / 40Mev |
> > >
[h) [}] []
-3 > ﬂJ!//’—“\\\;;;>§ = mz/////ﬁhq:;;;\
0 0 o E 0 F 3
L L 1 w v '
5 © - ] r :
@] @] 80MeV @] 80MeV
o o - 1 © F 4
~ ~ ~
A*) e} ©
; ] : 3
1 1 1 L 1 1 1 i 1 i ] 1
1 0 -1 1 0 -1 1 0 -1
c0sO €SO oSO,

Fig. 3: Comparison of the double differential photon cross section
from 200 MeV pn -» pny in the semiclassical (1/w) limit (l.h.s.) and
the relativistic OBE approximation (middle) for the various photon
energies indicated in the figure. The photon angular distribution
for the relativistic OBE approach symmetrized with respect to pn
and np collisions is shown in addition (r.h.s.).

4. HEAVY-ION REACTION DYNAMICS

After the evaluation of the elementary production cross section
for high energy photons, we need a model for the heavy-ion reaction
dynamics to obtain information on the number of pn collisions
during the heavy—-ion collision and the momentum distribution of
protons and neutrons. In this context we used a phase-space distri-
bution based on TDHF dynamicsls, but had to assume ad hoc that the
rhotons were produced by first chance pn cocllisions only.

It is therefore desirable to use a transport theory for
heavy~ion reactions which keeps track of the np collisional
time-evolution. The only workable transport theory for heavy ion
reactions in three dimensions at present is based on the
Vliasov-Uehling-Uhlenbeck equation24_26,

a/dt fl - vpflv v, U + vrflc o

4 3. 3 do o ]
23 j d"py d7p3 A2 vy, 3 83[”1 * Py - Py 94]
[f3f4[1—f1J[1-f2] - £,f, [1-f3}[1—f4]] (4.1)

for the time evolution of the phase-space density f,=f,(r,,p,,t).
In this equation v,, is the relative velocity of the two

incoming nucleons in a N-N collision while do/d@ denotes the

in-medium N-N cross section and U is the mean-field potential. In
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principle one has to derive U and do/dQ@ from the same G-matrix. In

tot
[a)

the present calculation we use ds/dR = /4 for the nucleon-

tot determined from o and w exchange

nucleon cross section with o
(M2Y G-matrix) via the optical theorem. This yields an energy
dependent nucleon-nucleon cross section which is very close to the
values used in cascade simulations34 but as a function of the
nucleon-nucleon c.m. energy lowered by about 15 % to 50 % (Fig. 4).
The latter fact 1is not surprizing since the M2Y potential
represents a fit to a G-matrix which includes virtual in-medium
interactions and Pauli blocking for intermediate states thich
results in a reduction of the free nucleon-nucleon interaction. In
addition the Pauli blocking for the final statez is taken into

account via the factor (l-f(ri,pi;t)) in the collision term.

Independently, the mean field potential U is obtained from a
density dependent Skyrme-parametrization,

Up(r)) = A &LZ) 4 g [%JT (4.2)

where the three coefficients A,B, and r are determined by demanding
saturation at normal nuclear matter density, the right nuclear
matter binding energy, and a certain nuclear compressibility. We
choose:

A = -218 MeV, B = 164 MeV, 7 = 4/3 . (4.3)
The corresponding equation of state in the one-body limit is:

E N
A—B - % €o {P— 2/3 _ 109 MeV &~ + 70.3 MeV {&—]4/3 (4.4)
Po. Po =1

where e, = 38.5 MeV is the fermi energy. It yields a nuclear matter
3

binding energy of -15.75 MeV, saturates at p, = 0.17 fm~ and
results in a nuclear compressibility of K = 235 MeV. We note that
when using alternative descriptions for U(p(r)) the double
differential photon yield is not changed within the numerical
uncertainty.

Due to the relatively small contribution of the process
pn - pny to the total nucleon—-nucleon cross section, it is possible
to calculate the photon production perturbatively. In this way we
do not couple the emission of the photon back to the nucleonic
motion.

We obtain the number of emitted photons N(b) as a function of
the impact parameter b by summing (integrating) the differential

tot (cf. BSection 3) over

prhoton emission probability dzc/dE'dQ'/c
all proton-neutron collisions and taking Pauli blocking in the

final state phase space of the two nucleons into account:
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Fig. 4: The energy dependence of 6OF T T T T T T T T
the in-medium nucleon-nucleon
cross section as derived from o- 50
and w-exchange from the imaginary
part of the scattering amplitude
in forward direction (full line). — 40
The ’'free’ cross section used in ??
cascade-codes®? is indicated by £ 30
the dashed line.
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* (l—f(r,p3t)]-[1—f(r,p4,t) . (4.5)

In this equation r and t indicate the space-time coordinates of
each collision. The primes denote quantities in the individual np
cm system which have to be transformed into the laboratory frame or
the midrapidity frame, respectively. Q@ finally denotes the solid
angle of the relative momentum p;-p, which is not fixed by energy
and momentum conservation and is chosen here randomly. The
integration over d4Q/4w is then performed by an average over many
such choices.

To obtain the double differential photon cross section for the
nucleus-nucleus reaction, we finally have to integrate over impact

parameter:
2 N 2
d“o _ 2. d7N(b)
dE_dn. - J L (4.6)
¥ r ¥ T

The yields obtained from equation (4.6) can be directly compared to
inclusive experimental data without introducing adjustable
parameters. We note that in case of pion production by nucleon-
nucleon collisions we only have to replace E/E’dza/dE’dQ’ by the
corresponding double differential pion cross section and sum over

all nucleon-nucleon collisions including pp and nn (cf. Sect. 7).

5. COMPARISON WITH EXPERIMENT
First we compare our results to proton-nucleus data. In the
case of a proton-nucleus reaction the incoming proton has fixed

momentum given by the beam energy. The neutron has a momentum
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distribution and a spatial distribution given by the ground state
configuration of the nucleus. Since the momentum distribution of
the nucleons will not get distorted very much during the course of
the proton-nucleus reaction, the proton-nucleus data serve as a
useful check of the validity of the elementary photon production
cross section.

5.1 Proton-nucleus collisions

In Fig. 5 we compare the results of our calculation for 140 MeV
proton-nucleus collisions to the data of Edgington and Rose35 for
deuterium, aluminum, and carbon targets. The solid lines represent
the results of a calculation using the relativistic elementary
cross section while the dashed lines show the results for the
semiclassical one (3.1). For the case of deuterium we assumed a

broad spatial distribution of neutrons according to the experi-
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Fig. 5: Photon cross section do/dE
for the reaction 140 MeV proton +
nucleus. The solid lines are the
results of our calculation with the
relativistic elementary cross sec-
tion and the dashed lines with the
semiclassical elementary cross sec-
tion. The data are taken from Ref.®%.
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The results of our calculation using the relativistic
elementary cross section show excellent agreement with the
experimental data for p + C and p + Al, while the spectra obtained
with the semiclassical elementary c¢ross section are slightly
flatter than the experimental ones. Therefore, the relativistic
correction of the elementary production cross section, which
becomes more important near the +threshold of the high energy
photons, is necessary to explain the high energy photon spectra.
This can be seen more clearly in the angular distribution of
energetic photons. In Fig. 6 we, therefore, plot the differential
cross section for photons with an energy above 40 MeV in the

laboratory system for 140 MeV p + 140. This figure clearly shows
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that the relativistic correction of the elementary photon
production cross section is essential to reproduce the angular
distribution of energetic photonsss. We conclude that the
microcopic elementary cross section is sufficiently accurate to
describe the photon production from incoherent proton-neutron
collisions in the nuclear medium.

T T T

dg/dQ [ub/srl

Fig. 6: Comparison of our calcu-

lation to photon angular distri-

butions for the reaction 140 MeV

p + '%C (solid line: relativistic
elementary cross section; dashed

line: semiclassical expression).

The data are taken from Ref.?%.
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5.2 Nucleus—nucleus collisions

We compare the results of our calculation within VUU dynamics
to experimental data measured by Grosse et al.1 and Stevenson et
alS. In Fig. 7 we show the double differential cross section for

photons emitted at an angle 9 = 90° with respect to the beam axis.
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Fig. 7: Photon energy spectra from
heavy-ion collisions. The solid
lines are the results of our calcu-
lations. The symbols represent the [
experimental data taken from Ref'® 0.01
and Ref”. The emission angle of the
photon is always 90° with resaspect
to the beam axis. Circles: 84 MeV/u
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The three lower curves represent the results from N + C collisions
at 40 (squares), 30 (triangles), and 20 (diamonds) MeV/nucleon beam
energys. The upper curve shows the results of a 12C+1ZC collision
at 84 MeV/nucleon beam energy (circles)l. Our calculations with the
relativistic elementary cross section (solid lines) are in good
agreement with the N+C data from Stevenson et al. with respect to
absolute magnitude, spectral slope as well as beam energy
dependence. On the other hand, we underpredict the 84 MeV/u C+C
data of Grosse et al.1 by a factor 2.5 to 3.5 indicating that both
data might not be compatible with each other. Furthermore, we find
the calculated angular distribution to agree well with the data of
Stevenson et al., tooss.

5.3 Scaling behaviour of energetic photon yields

In order to get a closer idea of the scaling behaviour in our
present treatment we have calculated the inclusive yield of
energetic photons for collisions of symmetric systems ranging from
mass 12 to mass 70 for a lab. energy of 40 MeV/u. The shape of the
spectra as well as the photon angular distribution are found not to
change within the numerical uncertainties as a function of mass
number. When performing cuts at different photon energies from 50
MeV to 100 MeV and dividing by the respective yield for 12C+1ZC at
the same energy we obtain a range of values for fixed mass which is
shown in terms of the vertical lines in Fig. 8. The result is
compatible with (A,-Az)x with x = 0.92 which is indicated by the
straight line in the double logarithmic plot.

Performing a similar analysis for the experimental data from

100 T LI T T

d%0 1 dwdf ~ (A,-A,)%%

/

Fig. 8: Scaling behavior of
energetic photon yields with
mass number of projectile and
target (A,.A,) for nucleus-
nucleus collisions at 40 MeV/u.

The straight line represents a | { B
fit to the calculated values //////
t

arbitrary units
T T
M\
[

as described in the text. The

vertical bars give the cross 1
section for various r-energies 100 1000 5000
between 50 and 100 MeV.
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Ref.8 we obtain x = 0.87 + 0.05 well in line with our calculations.

One should note that contributions from collective bremsstrahlung,
which might not be neglected for very heavy 5y5temsl7, would yield
a higher value of x in the region of heavy nuclei than for light
nuclei. Experimental data, however, show a slightly decreasing

scaling exponent8 for heavy systems.

6. PHASE-SPACE ANALYSIS OF ENERGETIC PHOTON PRODUCTION

In this Section we are now interested in the dynamical origin
of energetic photons in momentum and coordinate space. We consider
a schematic np collision in momentum space producing a photon with
momentum k and energy E = fick. The momenta of the colliding
nucleons further on are denoted by k, and k,, respectively, while
their final momenta k, and k, are determined by momentum and energy
conservation (cf. Section 4). A photon with energy E is then
produced in the angular range df (with respect to the np ¢.m.s. and
np axis) with the elementary probability dza/dEdQ/ctOt tot
denotes the total angle integrated nucleon-nucleon cross section
for a relative momentum |k,-k;|, multiplied by the probability that
the phase-space cells around k, and k, are not occupied. Thus the
relative probability for y-production in the pn eccllision i in a
fixed frame of reference, taking place at t = ti and r = r

where o

i is

given by

Wi(kl,kz;k)

2
/6%t (|x, -k, ) £ e

[l-f(ri.kB;ti)J[1—f(ri,k4;ti)], (6.1)

x

where the rphase-space distribution is evaluated from VUU dynamics
(cf. Section 4). Here 7-energy and v-angle are properly Lorentz-
transformed from the nucleon-nucleon c.m. system to the laboratory
frame.

The first question we address is related to the area in
momentum space which contributes to the production of a photon with
energy E = 100 MeV under 90° in the laboratory frame with respect
to the beam (z-) axis. The answer to this question can be obtained
by summing Wi over all np collisions

R(kp) = 22 W (kp Kyik) (6.2)

z
ky

where we integrate also over k, in order to reduce the number of
degrees of freedom in R(k,). S8Since k, and k, can be exchanged no

information is lost in this integration.
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photon source distribution occupation factor (1-flk,k,=0k,)
Al T T T T T oF T T T T T ]
i - 1 i
E £
[t [rd
> of . > ot 4
.¥x _xx
_‘l_ - _1_ -
Al o ] Ll : |
-2 -1 0 1 2 -2 -1 0 1 2
k, {(1/fm) k, (1/fm)
Fig. 9: The distribution of Fig. 10: The final phase-space
nucleons R(k) (6.2) in momentum probability P(k) (6.3) for
space which produce a 100 MeV final states of nucleons pro-
photon at 90° in a central colli- ducing a 100 MeV photon at 90°
sion of '2C+'2C at 40 MeV/u. The in a mutual collision for !2C
momentum distribution correspon- +'2C at 40 MeV per nucleon.

ding to the infinite nuclear mat-
ter limit is given in terms of
the shifted Fermi spheres.

The result for R(k,) is shown in Fig. 9 in terms of a cluster
plot for a central collision of 12C + 12C at 40 MeV/u. We also
display the phase-space distribution in the infinite nuclear matter
limit given by two nonintersecting Fermi spheres shifted by = 1.4
fm—1
clearly seen that a 100 MeV photon is dominantly produced by

in beam direction according to the bombarding energy. It is

nucleons which come from the endcaps in z-direction of the
elongated momentum distribution. Due to successive nucleon-nucleon
collisions these energetic nucleons are available only in the
initial phase of the heavy-ion reaction.

The second question addresses the fate of nucleons after
producing a 100 MeV +-ray. Due to energy and momentum conservation
the region with k = 0 is favored, but it is Pauli-forbidden in the
infinite nuclear matter limit. To see the actual population of this
region we show the probability that the phase-space around k, is
vacant:

Plky) = 2 [1-f(ri;k3;ti)] (6.3)

in Fig. 10. Here we have summed over all pn collisions 1 that
produce a 100 MeV photon at 90° (for 2c+12C at 40 MeV/u). k, and
k., are constrained by momentum and energy conservation while the
remaining relative angle Q@ is chosen randomly and then averaged

out. The shifted Fermi spheres corresponding to the infinite
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nuclear matter limit are also displayed in Fig. 10 for ease of
comparison.

We find that the k » 0 region is indeed strongly favored. That
there is any free phase-space in this region in contrast to the
infinite nuclear matter limit can be traced back to distortions in
phase space for finite colliding nuclei which keep the low momentum

15’17’37. Nucleon-nucleon collisions

region around k » 0 unoccupied
start to fill up this part of phase space within roughly 10 to
15 fm/c37 so that this effect again 1limits the production of
energetic v-rays to the early phase of the heavy-ion collision.

The apparent source-velocity distribution of high energy
photons in the laboratory frame is found to be approximately
symmetric in the nucleon-nucleon c.m.s. from our calculations for
symmetric and asymmetric system536 indicating that the dominant
vield of photons arizes from first pn collisions.

The latter conclusion is supported by the photon source
distribution in coordinate space which is plotted in Fig. 11 for a
12C+40Ca at 40 MeV/u in the laboratory frame
for photons with energy E = 50 MeV emitted perpendicular to the

central collision of

beam (z-direction). The position of 4OCa in the lab. system is
indicated by the full c¢ircle while the 12
from the 1left. The photon source distribution 1is essentially

C nucleus is impinging

localized within the initial overlap regime of the colliding nuclei
indicating again photon production in the early phase of the

reaction. target photon source distribution

Fig. 11: The photon source distri-
bution in coordinate space for a
central collision of **C+*%Ca at
40 MeV/u in the laboratory frame |
for photons with energy E = 50 MeV -4
emitted perpendicular to the beam |
axis. The position of “°Ca at rest 5|
in the lab. system is indicated by . e P DU N SO S SR
the full circle while the '*C nu- 6 -4 -2 0 2 4 B
cleus is impinging from the left. z (fm)

x (fm)

7. PION PRODUCTION BY INCOHERENT NUCLEON-NUCLEON COLLISIONS

The apparent success of the present incoherent nucleon-nucleon
model with respect to high energy +-ray production promises
interesting perspectives for subthreshold pion production by two-
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body mechanism, too. Indeed, there is a rather long history
concerning pion production by nucleon-nucleon collisions in the
overlap regime of cclliding nuclei dating back to Mc Millan and
Teller in 194720
nucleon approaches have been performed

and a couple of staticonary and dynamical two-
37_46. Apart from the
quantal rphaze-space model of Re.f.37 no satisfactory results for
bombarding energies below 60 MeV/u have bheen obtained z@o far and it
appears worth looking at the problem within the present dynamical
approach. As indicated in Section 4 the production probability in

. 42 , ., _tot 2 tot
(4.5) EV/ET d OT/dETdQT/G has to be replaced by d aH/dERdQﬁ/c

when neglecting the transformation from the individual nucleon-
nucleon cms to the midrapidity frame which due +to kinematics
roughly coincide (cf. Fig. 9 in case of energetic photons). The
elementary production cross section can again be evaluated from
various Feynman diagrams46, however, including explicitly the
A-degree of freedom. In our present investigation we proceed in a
different way and adopt the experimental wvalues for the free

production process from Ver West and Arndt47 as in Ref.37 and

tot . .
assume o to be given by the free nucleon-nucleon cross section
averaged over isospin, too.

48-56 show exponential distri-

Since experimental pion spectra
butions of slope E;l depending only on the relative velocity of the
colliding ions and not on the projectile/target system we assume
the average pion energy to be given by E, and adopt E; from Ref.1
as a function of bombarding energy. The pion direction is chosen
randomly by Monte Carlo and for each individual nucleon-nucleon
collision the final nucleon momenta are determined by energy and
momentum conservation. A remaining relative angle @", which is not
determined by the kinematical constraints, is averaged out by Monte
Carlo again. An integral over impact parameter (cf. (4.6)) gives
the inclusive pion yield for all systems and laboratory energies
desired.

The inclusive neutral pion yield expected from individual

40, _,40

nucleon—-nucleon collisions for Ca Ca is shown in Fig. 12 by the

full line as a function of the laboratory energy per nucleon in

56 scaled by

comparison with experimental data from Refs.48_
(A.loAz)‘68 to the system 4OCa+4OCa. We overestimate the data by
roughly a factor of Z at all energies down to 30 MeV/u which might
indicate either pion absorption in the nuclear medium or a

reduction of the NA cross—-section in the medium57. When adopting a
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Fig. 12: Inclusive neutral total pion yield
pion yvield for *°Ca+*"Ca as

emerging from individual

nucleon—-nucleon collisions

as a function of bombarding 103
energy (full line) in compa-

rison with experimental data

from Refs.*® °° scaled by 102
(A;+A,) %%, The dashed line
is obtained when including

T

R R

— 10!
pion reabsorption with A = §i10
5 fm. ~
o100 b
10 2
1072 e

voond earvend el voeveewl v orvond 0 cinnl gosein

200 40 60 80 100 120
E/7A (MeV)

rion mean-free-path A ~ 5 fm we obtain the dashed line in Fig. 12
which roughly coincides with the experimental data over 4 orders of
magnitude in cross section leaving minor room for cooperative
rhenomena. We note that a similar analysis as in Section 5.3 for
the scaling law of the inclusive cross section yields
o 0 ~ (AyeA)® (7.1)

with x = 0.87 for A = @ and x = 0.73 for A = 5 fm>0),
subthreshold pion yield thus appears also to be consistent with the

The observed

ricture of production by independent nucleon-nucleon collisions in
the early phase of the heavy-ion reaction.

8. CONCLUSION
We have performed a microscopic study of energetic photon

production in proton and heavy-ion induced reactions based on a

covariant model for bremsstrahlung from elementary proton-neutron

collisions. Our detailed dynamical investigations allow for the
following conclusions:

i) the yield of high energy v-rays from collective bremsstrahlung
is down by roughly an order of magnitude as compared to
experimental data;

ii) energetic photon production is limited to the early stage of
the reaction and dominated by first chance proton-neutron
collisions;
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iii) the apparent source velocity is associated with the nucleon-
nucleon frame of reference, i.e. the midrapidity domain;

iv) since proton-nucleus and nucleus-nucleus collisions are
described on the same footing our simultaneous reproduction of
both sets of experimental data leaves only minor room for
coherent and cooperative reaction mechanisms (cf.i));

v) the high yield of photons observed must be attributed to
distortions in phase-space which keep the midrapidity regime
partly unblocked during the initial phase of the reaction;

vi) inclusive yields of energetic photons roughly scale with
(Ax'Az)'gz-

Apart from the problem of pion reabsorption in the nuclear medium
inclusive pion yields are found to be well in line with the
expectation of  Dbeing produced by individual nucleon-nucleon
collisions in the early phase of the heavy-ion reaction in close
analogy to energetic photons. Exclusive experiments, however, are
needed for more accurate tests of the present theory.
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