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Abstract

Hard photon production was investigated in the system #*Kr+ "*Ni at 60 A MeV for a wide range of impact parameters. The
parameters characteristic of hard photon emission such as source velocities, angular distributions and energy spectra were studied
from peripheral to central collisions. The energy spectrum is seen to be strongly dependent on the centrality of the collision
reflecting both a static and dynamic momentum distribution of the nucleons 1nside the collision zone.

Since the first measurements of hard photons by
Beard et al. [1] and Grosse et al. [2] a large amount

* Expeniment performed with TAPS at the GANIL facility, Caen, of data hav.e beel? co“eCted’on the 'pfoductlon of hard
France. photons in inclusive heavy-ion collisions. These cover
! Permanent address Slovak Academy of Sciencies, Bratislava, Slo- a wide range of target-projectile combinations and
vakia energies between 15 and 124 MeV/u. From the syste-

2 Present address: LPN, F-44072, Nantes, France
3 Present address’ GSI, D-64291, Darmstadt, Germany.
4 Present address: IFIC, 46100 Burjassot, Spain

matics [ 3] it was deduced that the hard photons mainly
originate from the incoherent superposition of brems-

5 Permanent address Warsaw University, PL-00-681 Warszawa, strahlung radiation emitted during individual first
Poland chance neutron—proton collisions within the participant
° Present address. University of Utrecht, Utrecht, The Netherlands zone. A few experiments since have investjgated the
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dependence of the hard photon production mechanism
on the impact parameter which was selected by either
the charged particle multiplicity [4,5] or the mass of
the projectile like fragments (PLF) [6,7]. A strong
variation of the photon multiplicity was observed with
the largest multiplicity for the most central collisions
as suggested by the n—p bremsstrahlung model. Within
this frame, Riess et al. {6] have used the photon mul-
tiplicity to determine impact parameter.

The exclusive measurements also demonstrated that
the photon energy spectrum depends on the impact
parameter, whereby softer spectra were observed for
the more peripheral collisions. This dependence is con-
sistent with the fact that the energy available in the N-
N center-of-mass system for the production of a photon
is provided by the beam velocity and the velocity due
to the Fermi motion of the two nucleons, so at bom-
barding energies close to the Fermi energy (=40
MeV) the hardness of the energy spectrum reflects the
momentum distribution of the nucleons within the col-
lision zone. It should be noted, however, that for the
central collisions studied so far [4,5] the charged par-
ticle multiplicity could only be used qualitatively to
identify non-peripheral reactions.

In this paper we report on an investigation of hard
photon production with an improved 1dentification of
peripheral and central reaction channels, and therefore
with a better impact parameter selection. We find that
the photon spectrum changes appreciably with the
impact parameter. By comparing with theoretical mod-
els we conclude that the shape of the photon spectrum
depends not only on the intrinsic momentum distribu-
tion but also on the dynamics of the reaction.

The data were taken for the 36Kr + "Ni reaction at
60 A MeV with a 3Kr beam delivered by the GANIL
accelerators with an average intensity of 12 enA. The
total accumulated beam was 8.1 X 10'* particles. The
nickel target was 11.89 mg/cm? thick. Peripheral reac-
tions were selected by the masses of the PLF’s which
were detected and identified with a Z and A resolution
of 0.4 and 0.8 units FWHM, respectively, with the
energy-loss magnetic spectrometer SPEG [8] placed
at 0°. The angular range covered by SPEG in the hor-
izontal plane was between —0.4° and +0.4° and the
momentum acceptance (Ap/p) was 7%. For central
collisions use was made of the multiplicity of the
charged particles detected in the KVI hodoscope [9]
consisting of 60 phoswich detectors positioned in the

vacuum chamber in front of the spectrometer and cov-
ering an angular range in the laboratory system between
3.5° and 23.0°.

The angular distributions and energy spectra for pho-
tons were measured with the TAPS photon spectrom-
eter [ 10] consisting of 5 square blocks of 64 hexagonal
BaF, detectors each, positioned around the target at an
average distance of 62 cm. The array covered a solid
angle of ~17% of 44, spanning in the laboratory sys-
tem a nearly continuous angular range between 35°
and 165°. For the tagging of charged particles each
BaF, detector was equipped with a plastic detector
(CPV) in front of it. Neutrons and the remaining
charged particles were rejected by their characteristic
pulse shape in the BaF, and their time-of-flight with an
ultimate time resolution of 600 ps including the spread
of 550 ps in the time structure of the beam bursts. Any
remaining contamination of the photon events due to
improperly identified hardons was negligible. Cosmic-
ray induced events were identified and rejected with a
trace recognition algorithm. Before and after the exper-
iment the BaF, detectors were calibrated using y-ray
sources with energies up to 4.4 MeV and the 38.5 MeV
mean energy deposited by minimum-ionizing cosmic-
ray muons. The cosmic-ray events were recorded dur-
ing the experiment (including beam-off periods) and
served as a gain monitor. From the 7° measured invar-
iant mass distribution we have estimated that for 50
MeV photons the final energy resolution (AE/E) was
5% and the angular resolution (40) 1°.

The inclusive photon production was analyzed
assuming an exponential energy spectrum character-
ized by the inverse slope parameter E, and the angular
distribution to be isotropic with a dipolar contribution
characterized by the parameter «. The photon emission
was assumed to take place in a rest frame moving at
velocity Bs. The double differential cross section thus
has the following form in the laboratory frame [4]:

d%o K(l . sin20) ( ZE') ()
=—|1- exp| — —},
dEdn  z\ ¥ )P\ g,

with

Z=vy5(1— Bgcos 6) .

The fit of expression ( 1) to our data has been performed
for photons with energies larger than 30 MeV. The
results are summarized in Table 1. The slope parameter
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Table 1

Parameters characterizing the inclusive hard photon (E, > 30 MeV) production in the reaction **Kr + ™Ni at 60 MeV/u assuming an exponential
energy spectrum and an 1sotropic + dipolar angular distnnibution for a moving source

K ay P, « Ey Bs
(pbsr™ ' Mev™1) (mb) (X104 (MeV)
71(4) 36(02) 1.20(0.03) 015(006) 19.4(04) 0 176(0.007)

The slope parameter E, has been corrected for the detector response.

E, has been corrected for the detector response. The
photon source velocity, s = 0.176 +0.007, is compat-
ible with the velocity of the N-N center-of-mass,
Brnn=0.177. Neutral pions were identified by means
of the y—y invariant mass, with a resolution of 13%
FWHM. From the 7° production we deduce that the
contribution to hard photon production of single pho-
tons stemming from 7° decay was only 1.3% of the
total yield. The measured photon cross section,
0,=3.620.2 mb, is in general agreement with the
scaling law on the photon production excitation func-
tion [3]. The inclusive probability to produce a photon
with energy larger than 30 MeV per neutron—proton
collision, P, is given by

a.
mel . Y _ incl
M= =5 = (Now )P
R

={Npn) Po exp(—30/Eg) , (2)

where ox =4.4 b is the geometrical reaction cross sec-
tion and {N,,,) = 7.0 the number of proton-neutron par-
ticipants averaged over the impact parameter and
calculated using the geometrical model of Ref. [11].

The exclusive photon data were analyzed as a func-
tion of the charged particle multiplicity, Mcp, measured
in the hodoscope and as a function of the mass of the
projectile fragment, Ap . Fig. 1 shows the measured
photons multiplicity, as a function of Mcp and Apyg.

Considering Eq. (2) one can calculate for a given
multiplicity, MS*', the number of participants, as sug-
gested in Ref. [6],

Mexc]

Npw(b) = F;g;a', (3

where P is parametrized by
P =Py exp(—30/E§ "y, 4)

and P, is deduced from the inclusive measurement
according to Eq. (2). Using the geometrical model of
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Fig. | Photon multiplicity spectra measured in the reaction
8K r + " Ni at 60 MeV/u and plotted as a function of (a) the pro-
jectile-like fragment mass (open squares for SPEG rigidity at 85%
Bp and closed squares for SPEG rigidity at 90% Bp) and (b) the
charged particle multiplicity

Ref. [6], the correspondence of the N, with impact
parameter can be made.

However, rather than relying on this model we pres-
ent our results as a function of M. For reference, the
impact parameter scale given by Eq. (3) and Ref. [6]
has been added n Figs. 1 and 2. As observed in the
figures our reaction channel covers the full range of
impact parameters in fine steps. With the horizontal

S
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T
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Fig 2. Hard photon energy spectrum calculated 1n the NN center of
mass measured 1n the reaction *Kr + "*N1 at 60 MeV/u for Mcp=5
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“‘errors”’ bars the range of impact parameter 1n which
a reaction channel occurs has been estimated from the
abrasion—ablation model [ 12] for fragment production
and FREESCO {13] for light charged particle produc-
tion.

To study the evolution of the properties of the hard
photon production we have constructed for each
impact-parameter the angular distribution and the
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Fig 3 Hard photon source velocity (a) and amsotropy factor (b)
as a function of the photon multiplicity measured in the reaction
85Kr +™N1 at 60 MeV/u The associated umpact parameters are also
indicated on the top and bottom scales of the figure The triangles
indicate data selected with the charged particle multiplicity, the open
squares (SPEG at 85% Bp) and closed squares (SPEG at 90% Bp)
mdicate data selected using the mass of the PLF The hatched area
marks one standard deviation The horizontal error bars indicate the
estimated resolution on the impact parameter

energy spectrum from the corresponding set of photon
data. A typical energy spectrum measured in coinci-
dence with Mcp=35 is shown in Fig. 2. We have
assumed that the gross properties of the photon pro-
duction remain the same and have analyzed the data
according to Eq. (1). The deduced values for the source
velocity, Bs, and the anisotropy factor, a, are plotted
in Figs. 3a and 3b respectively as a function of the
photon multiplicity, i.e. the impact parameter. No sys-
tematic variation with the impact parameter is found
and the source velocities are consistent with the
nucleon—nucleon center-of-mass velocity within one
standard deviation (hatched area). The anisotropy fac-
tor is also seen to be constant over the range of impact
parameters probed. This result indicates that the mech-
anism of hard photon production via bremsstrahlung
from individual first chance neutron—proton collisions
does not change with the centrality of the collision. In
particular there 1s no indication for either photon emis-
sion from a thermalysed region which would yield a
velocity intermediate between By and the velocity of
the nucleus—nucleus center of mass, 84, =0.22. Our
collaboration has found evidence for such a component
in a more asymmetric system and at higher energies
(*°Ar+"7Au at 95 A MeV) [14].

The slope parameter, E,, corrected for the detector
response 1s plotted versus the photon multiplicity
(impact parameter) in Fig. 4. One observes a strong
decrease (27%) when one goes from central collisions
to peripheral ones. This observation is in agreement
with results reported earlier [4,5,15] where, however,
because of the crude impact parameter selection, it was
not possible to observe a detailed dependence. In our
data we observe that the hardness of the photon spec-
trum decreases slowly from the most central collisions
to 5-6 fm, that is as long as projectile and target overlap
more than 50%. For larger impact parameters (b > 5~
6 fm) the energy spectrum becomes rapidly softer (E,
decreases) moving to peripheral collisions when the
contribution from nucleons on the surface becomes
predominant. Since in the neutron—proton bremsstrah-
lung model the photon energy spectrum reflects the
momentum distribution of the nucleons within the par-
ticipant zone, the observed change in the shape of the
energy spectrum can result from two factors. The first
one, which we call static, reflects the density distribu-
tion of the nucleons inside the nucleus which decreases
when one moves from the interior to the surface of the
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Fig. 4. Variation of the slope parameter of the hard photon spectra
with photon multiplicity and impact parameter as measured 1n the
reaction *°Kr + "Ni at 60 MeV/u Symbols are the same as in Fig
3 The horizontal error bars indicate the width of the impact parameter
bin. The solid line 1s the result of a BUU calculation The dashed
line is obtained from a BUU calculation by switching off the density
variation in the nucleus and the dotted line is obtained by considening
this density variation only.

nucleus. The second factor, the dynamic one, would be
due to the dynamics of the collision on the momentum
distribution of the nucleons inside the projectile~target
overlap zone. The solid line in Fig. 4 shows the result
of a BUU simulation [ 16] using the photon cross sec-
tion parameterization of Ref. [17] for photons pro-
duced during the first 70 fm/c of the reaction. The
calculation reproduces the observed behavior of E;. To
establish the origin of the observed E, dependence we
have performed two more caiculations. For the first one
we have chosen as the initial momenta of the nucleons
in the target and the projectile the Fermi momentum
(1.36 fm ™) instead of using the local density approx-
imation. The result is shown by the dashed line 1n
Fig. 4.

The second calculation assumes that all nucleons in
the overlap zone collide once with the momentum dis-
tribution as in BUU at initialization, with the projectile
nucleons boosted by the beam velocity. The results is
shown as the dotted line in Fig. 4. One observes that
only the dynamical calculation can reproduce the meas-
ured variation of the slope. Therefore the photon spec-
trum is also sensitive to the dynamical momentum
distribution which 1s related to the compression at the

beginning of the collision, If one also considers thermal
photons [3] produced in a latter stage of the collision
(up to 150 fm/c) Ey is reduced by about 5%, which
falls below the data. This observation confirms that
photons from a thermalyzed region produced in the
later stage of the collision do not contribute signifi-
cantly.

In conclusion, we have investigated the properties
of hard-photon production as a function of photon mul-
tiplicity (impact parameter). We have shown that
almost the entire range of impact parameters can be
selected in fine steps using the charged particle multi-
plicity measured in the forward direction and the mass
and velocity of the projectile-like fragments. This tech-
nique is based on the strong correlation between these
observables and the photon multiplicity which scales
in the p—n bremsstrahlung model with impact parame-
ter. We have then demonstrated that in the reaction
8°Kr+"*N1 at 60 A MeV the mechanism of hard-pho-
ton production does not change with the centrality of
the collision.

Finally, we have shown that the more central reac-
tions lead to harder photon spectra and that a significant
variation 1n the slope parameter occurs at large impact
parameters where the nucleus surface becomes the
main participant in the collision. According to model
calculations this effect reflects both the lower density
on the surface of the nucler and the higher densities
reached during the reaction.
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