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Abstract

The dynamics of heavy-ion collisions is studied in an energy domain in the vicinity
of the Fermi energy. The early history of the collision is analyzed from the theoretical
and experimentally point of view in which the message conveyed by bremsstrahlung
photons and neutral pions is exploited. The Boltzmann-Uehling-Uhlenbeck model
and the Dubna-Cascade-Model, both based on similar principles but each adopting
different computation technics, are briefly described and their respective predictions
are discussed. In particular the emission pattern of bremsstrahlung photons is dis-
cussed. The photon production has been measured in the systems %Kr + 58Nj at
60A MeV, '81Ta + 17Ay at 404 MeV and 2°5Pb + 97Ay at 304 MeV and energy
spectra, angular distributions and two-photon correlations have been analyzed. We
find that bremsstrahlung photons are emitted from two distinct sources that can
be correlated with nuclear-matter density oscillations. The properties of photon
emission are discussed in terms of collective properties of nuclear matter. The high
energy tail of the photon spectrum is interpreted by 7% and A decay but predom-
inantly by radiative capture of pions. The #° absorption in the nuclear medium is
further analyzed by examining their emission pattern.
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1 INTRODUCTION

The derivation of the Equation-of-State (EOS) of nuclear matter is one of the
foremost challenges of modern heavy-ion physics. Since heavy-ion collisions
provide up to now the only means to form and investigate hot and dense
nuclear matter in the laboratory, much experimental and theoretical effort is
being directed towards their study [1]. In the course of the collision nuclear
matter passes through a succession of fleetingly short-lived states of nuclear
matter and therefore heavy-ion collisions offer the promise to sample dynami-
cally the nuclear-matter phase-diagram. Changing the projectile kinetic energy
modifies the domain of the phase-diagram that is explored and thus, in prin-
ciple, permits one to select the specific properties one wishes to study, as for
example the possible liquid- (normal nuclear matter) gas phase transition or
the transition from hadronic matter towards a quark-gluon plasma. However,
the dynamic aspects of the collisions also introduce a major complication of
such studies as these will not only reflect the properties of nuclear matter
but also the dynamic features of the reactions. The analysis will therefore be
model dependent.

Because of their relatively high emission rates, nucleons, mesons (at energies
above threshold), light ions and intermediate mass fragments, produced and
emitted in the reactions, are conveniently used to obtain information on the
reaction dynamics at intermediate and relativistic energies. Any of the men-
tioned probes faces, however, the drawback that its production source cannot
be well localized in space and time since the emission can take place through-
out the collision. Moreover, these particles interact strongly with the nuclear
medium such that the information they convey only provides a blurred image
of their source. In order to be able to extract any information on the proper-
ties of nuclear matter it is therefore mandatory to separate effects related to
the collision dynamics from those linked to the EOS. Sophisticated theoretical
models are hence required [2]. In these, however, uncertainties in ill-defined
quantities, as e.g. the in-medium nucleon-nucleon cross section, can lead to
effects of the same magnitude as those expected from the thermodynamic
properties of nuclear matter.

Energetic photons offer an attractive alternative to the hadronic probes. Pho-
tons interacting only weakly through the electromagnetic force with the nu-
clear medium are not subjected to distortions by the final state interactions.
They therefore deliver an undistorted picture of the emitting source. At inter-
mediate bombarding energies hard photons, conventionally defined as y-rays
with energies above 20-30 MeV, are mainly produced via the bremsstrahlung
mechanism in individual proton-neutron collisions [3,4]. Moreover, they are
produced at an early stage of the heavy-ion reaction in first chance collisions
when the nuclear density is the highest [4]. They thus provide an undisturbed



snapshot of the initial stage of the reaction.

It was the main motivation for the construction of new detectors with un-
precedented performance to be able to fully exploit the richness of information
carried by photons. The Two Arm Photon Spectrometer, abbreviated TAPS,
is such a detector for hard photons. It was designed and constructed, and is
presently operated by an European collaboration of laboratories from France
(GANIL), Germany (GSI, University of Gieflen), The Netherlands (KVI), Spain
(University of Valencia) and the Czech Republic (NPI, Rez). In addition,
groups from many other institutes joined the collaboration for specific experi-
ments or programs. Because of its modularity, TAPS is particularly adapted to
be moved from one laboratory to the other. This has made a rich, diverse and
complementary research program possible that covers many different facets of
nuclear physics [5].

We report in the present article on experiments performed at the GANIL
facility in 1992. The main goal was to investigate the details of bremsstrahlung
photon emission in heavy-ion collisions. We have studied the systems 86Kr +
®Ni at 604 MeV, ®1Ta + 197Ay at 404 MeV and 2°5Ph + 1%7Au at 304 MeV.
Partial results have already been published [6-12].

The article is organized as follows. In § 2 we consider the theoretical aspects
of heavy-ion collisions in general, and the associated photon production in
particular. Two models based on the Boltzmann transport equation, in light
of which we will discuss the experimental results, are briefly presented in the
appendix (§ 12). Predictions on collision dynamics and photon production are
presented and discussed in terms of collective properties of nuclear matter.
In § 3 the experimental arrangement is presented with a description of the
three detector components: TAPS, the magnetic spectrometer SPEG, and the
charged particle hodoscope KVI-FW. The data analysis and the identification
of photons, neutral pions, charged particles and projectile-like fragments are
discussed in § 4. The event identification as a function of impact parameter
1s then presented in § 5. In § 6 we discuss the origin of photons in different
energy domains: soft photons, below 20 MeV energy, identified as statistical
emission of excited fragments and hard photons, above 20 MeV energy, iden-
tified as bremsstrahlung photons. In § 7 we present the first measurements of
second order interference between nuclear photons. All the results obtained
for bremsstrahlung photons are discussed and an interpretation of the data in
terms of thermodynamics quantities is given in § 8. In § 9 the properties of
neutral pions produced in the reactions below the free nucleon-nucleon thresh-
old are presented and finally in § 10 we discuss the origin of the most energetic
photons, with energies above the pion mass, in terms of pion radiative capture.



2  MODEL CALCULATIONS OF HEAVY-ION COLLISIONS

To theoretically describe the dynamics of heavy-ion collisions, one considers
a system of interacting nucleons which experience two- (or more) body col-
lisions, that are moving in a mean field, and which are subject to the Pauli
exclusion principle. This problem can be described by the semiclassical trans-
port equation, or Boltzmann equation, which is often simulated by using the
pseudo-particle concept [2] (see appendix). There exist several models sharing
these concepts and providing similar predictions on the gross properties of
heavy-ion collisions. We have selected two models that we considered the best
adapted to the production of particles (photons and mesons) at intermediate
bombarding energies. First the Boltzmann-Uehling-Uhlenbeck (BUU) model
of Cassing et al. [4] that includes the appropriate time evolution of the mean
field and that is well suited to describe the bremsstrahlung-photon production
and its dependence upon the parameters of the mean field.

The second is the Dubna Cascade Model (DCM) [10,13] which by its compu-
tational method is better suited for the description of rare events, like Deep
Subthreshold Particle (DSP) production. At variance with the BUU model
the time evolution of the mean field is simplified in this model. However, this
has no effect on DSP production which takes place in the early phase of the
heavy-ion collision before variations in the mean field start to play a role. Both
models are presented in detail in the appendix.

2.1  Heavy-ion collision dynamics

Since only BUU incorporates the local mean-field dynamics, we will use it
for the prediction of the heavy-ion collision dynamics, while the DCM code
will be used to calculate the DSP production and to study their propagation
through nuclear matter. We use the version [14,15] of the BUU code originally
developed by the theory group of the University of GieSlen [4].

Two possible scenarios emerge for central heavy-ion collisions for symmetric
nucleus-nucleus systems, depending on the bombarding energy [8]. At bom-
barding energies above about 504 MeV, the two colliding nuclei strongly over-
lap to form a di-nuclear system of dense nuclear matter that subsequently
expands violently and ultimately breaks up into many fragments, a process
known as multifragmentation. Such an evolution is seen in the central collision
of the Kr+Ni system at 100A MeV (Fig. 1). At bombarding energies below
50A MeV again a dense di-nuclear system is formed with a density 40% larger
than the saturation density [16]. In contrast to the scenario at higher incident
energies the attractive nuclear force is now strong enough to counterbalance
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Fig. 1. Time evolution, calculated with BUU, of a central (b=1 fm) collision Kr+Ni
at 100A MeV shown as the density distribution of nucleons projected into the X Z
coordinate plane. The beam azis is along Z.
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Fig. 2. Same as Fig. 1 for 30A MeV.

the initial expansion and to initiate a second compression phase of the system.
The di-nuclear system subsequently undergoes density oscillations around the
saturation density. Ultimately the system might partially fuse to form a hot
nucleus. Such a scenario is evidenced for the reaction Kr+Ni at 304 MeV
(Fig. 2). Viewing the same collision in momentum coordinates (Fig. 3), at
the beginning of the collision the two Fermi spheres separated by the relative
beam momentum are well identified. Later (v > 80 fm/c) during the second
compression the momentum distribution is isotropic which indicates that the
di-nuclear system is thermalizing.

The two presented scenarios are idealized. To be more realistic, it is necessary
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Fig. 4. Same as Fig. 1 for the collision Kr+Ni at 60A MeV at b=3 fm.

to average the collisions over impact parameter. On the other hand it was
found that by selecting reactions in which hard photons are emitted, mainly
central collisions are involved. We have experimentally determined that e.g. in
the reaction Kr+Ni at 604 MeV the average impact parameter is 3 fm corre-
sponding to 8% of the total reaction cross-section. During the time evolution
(Fig. 4) calculated for an impact parameter of b = 3 fm, heavy fragments are
formed after the first compression. Each of these fragments experiences den-
sity oscillations of the type discussed previously for the central collisions. The
space-time structure of such dynamics can be analyzed by bremsstrahlung-
photon interferometry (see discussion in § 7).



2.2 Bremsstrahlung dynamics

The photon emission is found to be intimately related to the dynamics of the
heavy-ion collision. This is confirmed by the calculations of their production
rates as a function of time, performed for central Ta+Au collisions at three
bombarding energies 404, 604, 954 MeV and for three photon energy thresh-
olds, 30, 80, 130 MeV. At all bombarding energies photon emission starts
immediately at the beginning of the collision but lasts only for a short period.
This photon flash coincides with the initial compression phase of the collision
(Fig. 1). We denote these photons direct bremsstrahlung photons as they are
produced in first chance NN collisions. At the lowest bombarding energy the
flash of direct photons is followed by a second flash of NN bremsstrahlung
photons emitted at a later stage of the heavy-ion collision during the second
compression phase (Fig. 2), from subsequent NN collisions. During this later
phase the di-nuclear system is thermalizing (the intrinsic momentum distri-
bution becomes isotropic as seen in Fig. 3). Therefore we call these photons
emitted in the second flash thermal bremsstrahlung photons.

As pointed out by several authors (e.g., Ref. [17]), spurious collisions do occur
at the momentum-space surface due to an imperfect treatment of the Pauli
blocking. As a consequence a low-energy photon contribution is artificially
generated by the calculations. In such circumstances the intensity of this con-
tribution cannot be exactly calculated and introduces a relative uncertainty
on the intensity of the photon sources which might be particularly significant
for the second and weaker one.

From the foregoing model calculations several conclusions can be drawn. Firstly,
the bremsstrahlung-photon emission is well localized in space and time, the
overlap zone of projectile and target (see Fig. 5). Secondly, the thermody-
namic state of the photon sources appears to be well determined. The early
source is dense but not yet thermalized, while the second can be considered to
have already reached local thermal equilibrium. The properties of the photon
emission from each of the two sources can be analyzed to extract thermo-
dynamic properties of the hot and dense nuclear matter formed during the
various stages of the heavy-ion collision:

— Density: since the direct-photon spectrum reflects the phase-space occu-
pancy of the participating nucleons, its slope is a measure of the momentum
distribution of nucleons forming the photon source, 1.e., of the nuclear mat-
ter during the early stage of the heavy-ion collision. The density is deduced
in the following way [16]. From systematic studies we find a dependence (see
§ 6.2, Eq. (40)) of the slope Eir (“incl” stands for inclusive) of the photon
spectrum as a function of the beam momentum (the empirical shape is of

10
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Fig. 5. Bremsstrahlung-photon production rate calculated at three bo-mbarding en-
ergies, 40, 60 and 95A MeV, and for three photon energy thresholds, 30, 80 and

130 MeV, as a function of the collision time. The system is Ta+Au at b=0 fm and
Ko =240 MeV.

the form: dN,, /dE, x exp(—E.,/ Ey)):

B
Eircl = 4 (Plab) 7 (1)

Po

with the values of the constants: pp = 1 fm™, A = 8.43 MeV-fm, and
B = 1.65. Intuitively we can write that the variations of Vs, the total
energy available in a NN collision — py + p2, p1 = p; + Plab, p2 = p; —, with
the intrinsic momentum p; and the beam momentum Dlab are related by:

/s =2x d\/§' (2)
dpi dplab

By changing the impact parameter, b, the slope variation associated to the
resulting exclusive photon spectra is related to a modification of the average
intrinsic momentum:

Eo (p1ab, b) = f (prab + 2pi(b)), (3)

11



and the variation of the slope with b at a fixed bombarding energy:

af
Following the local density Thomas-Fermi approximation (A = ¢ = 1):
2p}(b)
p(b) = 2, ()

one can convert the change in slope into a change in density:

2(pr + Ap;)°
—371_7—_’ (6)

where we have further assumed that at saturation density, pg, the intrinsic
momentum is equal to the Fermi momentum, pg.

p(b) = po +

Temperature: since thermal photons are emitted from a hot and thermal-
izing source, the slope parameter F, should reflect the local temperature
at the time of emission. However, since photons are not in thermal equilib-
rium with the nuclear medium E, and temperature are not equivalent. To
evaluate the temperature we follow the kinetic photon production prescrip-
tion proposed in Ref. [18] in which the system emitting thermal photons is
assumed to be static during the photon emission. This is justified by the
short emission time compared to the collision time (see Fig. 5). The pho-
ton emission rate is then only determined by the local conditions of the
participant region. The photon emission rate is calculated by associating
with each point in space a local density and temperature and by evaluating
subsequently the collision rate:

dN 8 o dpu dpu L., . do
dizdkdQ 47r/ @2r) (am)ed Pl (Pai)llvncll o (7)

where ||v1,|92 is the bremsstrahlung photon production rate (see Appendix)
modified for the Pauli blocking (see Appendix), p the momenta of the collid-
ing nucleons and f(7) the single-particle momentum distribution sampled
according to the Fermi-Dirac equilibrium distribution:

1

r,p) = ; 8
f(r.p) Hexp(mw(m) ®

T

where My is the nucleon mass, Er the density dependent Fermi energy and
T the temperature. The results of these calculations (Fig. 6) indicate a net
correlation between the nuclear temperature and the slope of the photon
spectrum defined between 20 and 40 MeV photon energies.

12
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Fig. 6. Photon emission rates from nuclear matter in thermal equilibrium at satu-
ration density calculated for temperatures of 3 and 8 MeV. The inset displays the
slope parameter Ey obtained by an exponential fit to the calculated spectrum (between
E, = 25 and 65 MeV) as a function of the temperature.

- Incompressibility modulus: since the strength of the restoring force
depends on the incompressibility of nuclear matter the second compression
produces higher densities for larger K,. Hence the production rate of ther-
mal photons is also sensitive to this parameter. This is demonstrated by
the BUU calculations (Fig. 7). The emission rate of direct photons does not
depend on K, but the emission rate of thermal photons shows a strong
dependence on this parameter. The calculations predict three times more
thermal photons for a hard EOS than for a soft one. Therefore the relative
intensity of the thermal photon source may provide a new and sensitive
measure of K.

13
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3 THE EXPERIMENTAL SETUP

3.1  Detector lay-out

The experiments were performed at the GANIL facility in Caen, France. The
detector system consisted of the photon spectrometer TAPS [19], the KVI
Forward Wall FW [20] and the magnetic spectrometer SPEG [21]. The general
lay-out of the three detection systems at the G3 beam line of GANIL is sketched
in Fig. 8. The target was located in a cylindric vacuum chamber made of 3 mm
thick PVC (0.018 radiation length) which minimizes the photon conversion.
The 1 m long beam pipe upstream of the target was made of the same material.
The cylindric part of the chamber was extended by a 1 mm thick aluminum
cone which housed the Forward Wall.

3.1.1  The photon spectrometer TAPS

The “Two Arms Photon Spectrometer” [19,22] is designed to detect and iden-
tify photons from a few hundred keV up to a few GeV. It is a modular detector
system consisting presently of 384 BaF) scintillation crystals. Each crystal is a
25 cm long (12 radiation lengths) prism of hexagonal cross section, the diame-
ter of the inner circle being 5.9 cm (69% of the Moliére radius). A 4 mm (0.0097
radiation length) thick NE102A plastic scintillator of hexagonal shape is posi-
tioned in front of each BaF, crystal. The plastic scintillator, called Charged
Particle Veto detector (CPV) [23,24], constitutes together with the BaF, crys-
tal one TAPS module. The 384 modules can be assembled in various geometric
configurations to fulfill the specific needs of a given experiment. The choice is
always guided by a compromise between the optimization of electromagnetic-
shower collection and solid-angle coverage. For the experiments discussed in
this article, the modules were assembled to form blocks of 8x8 modules each.
This configuration enables an optimum shower collection but with a limited
solid-angle coverage. At the time of these experiments only 320 modules were
available, i.e., five blocks. The blocks were positioned around the target at
an average distance of 62 cm and covered an almost continuous polar angle
¢ range from 35° to 165° with respect to the beam direction. The positions
of the centers of the five blocks are reported in Tab. 1. The total solid angle
covered was equal to 17% of 4.

3.1.2  The charged particle hodoscope FW
The KVI “Forward Wall” [20] consisted of 60 phoswich detectors assembled

as a wall positioned inside the vacuum chamber at 50 ¢cm downstream of the
target. The active surface of the 32 inner detectors was 3.25 x 3.25 cm? and

15
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Fig. 8. General view of the detection systems TAPS, FW and SPEG located at
the G3 beam line of GANIL. The inserts (starting from the upper left corner and

clockwise) show the front face of one BaF, block, the front face of one CPV block,
the front face of FW, and one TAPS module.
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A B C D E

d[cm] || 65.2 | 64.5 | 62.1 | 61.3 | 60.0
g [°] || 64.6 | 108.6 | 147.9 | 101.8 | 50.9
o [7] 0.0 0.0 | 180.0 | 180.0 | 180.0

Table 1

Position of the central detector in the 5 blocks of TAPS (A-E): D is the distance to
the target, 8 the polar angle with respect to the beam direction and & the azimuth
angle; ® = 0° means the detector stands in the horizontal plane containing the

beamn azis and on the right-hand side of the beamn azis when looking downstream and
® = 180° on the left-hand side.

6.5 x 6.5 cm? for the 28 outer ones. The front layer of each detector consisted
of a 1 mm fast scintillator NE102A backed by a 50 mm slow scintillator NE115.
The light output of both scintillators was detected by a single photomultiplier.
The detectors covered polar and azimuthal angles from 3.7° to 24.5° with
respect to the beam direction. They were shielded with 100 um Nickel foils to
stop the intense flux of electrons and X-rays, and in the most forward region
an additional 2 mm thick Aluminum foil was used to stop elastically scattered
particles. ’

3.1.3  The magnetic spectrometer SPEG

The “Spectrometre a Perte d’Energie du Ganil” [21] is a high-resolution
energy-loss magnetic spectrometer with the focal plane at a distance of 1450 cm
from the target. It consists of two dipoles: the first one, called the analyzer,
disperses the incoming beam in momentum and allows through horizontal slits
to improve the energy resolution of the beam on the target located in its fo-
cal plane. The second dipole, called the spectrometer, consists of two distinct
magnets and disperses the reaction products in momentum. Quadrupole mag-
nets upstream of the target allow one to focus the beam on the target and to
control the beam dispersion in angle and position. Others downstream from
the target allow one to focus the reaction products in the plane containing
the optical axis of the dipole and perpendicular to the direction of the mag-
netic field. A set of detectors is located in the vicinity of the focal plane of
the spectrometer. It consisted of four 2 cm deep drift chambers (DC) with an
active area of 80 x 12 cm? and filled with isobutane at an average pressure
of 15 mbar. They provided at four different z positions the z and y coordi-
nates of the reaction products with a position resolution of about 0.8 mm.
This information is used to reconstruct the trajectory of the particles. The
DC’s were located 1404, 1424, 1491, 1511 cm from the target. A NE110 plastic
scintillator (PL) at 1680 cm with the same active area as the DC provided the
stop signals for the time-of-flight measurement of the particles. An ionisation
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name type active thickness z material
area [cm?] [cm] [cm] | (pressure [mbar])
DCi 1404
1424
drift chamber 80x12 2 isobutane
1491 (~ 15)
1511
IC | ionisation chamber | 70x12 60 1568 isobutane
(500 - 1500)
PL plastic scintillator 120x15 2 1680 NE110

Table 2

Characteristics of the SPEG detection system and position of the elements along
the optical azis z with respect to the target position. )

chamber (IC) at 1568 cm from the target measured the energy loss of the
reaction products. The pressure of the isobutane gas could be varied between
500 and 1500 mbar to match the range of the incoming particles. The active
area of this detector was 70 x 12 cm?. The positions and characteristics of the
detectors are summarized in Tab. 2.

The data from SPEG were collected only during the Kr+Ni experiment. The
spectrometer was positioned at 0° with respect to the beam direction and its
magnetic field was set at two values to select projectile-like fragments (PLF)
moving at 85% and 90% of the beam velocity. The momentum acceptance was

Ap/p = 7% and the angular acceptance was +£15 mrad in the horizontal and
vertical directions.

3.2 Data acquisition

The electric signals delivered by the various detectors were shaped and dig-
itized by standard NIM and CAMAC electronics partly developed at GANIL
and GSI. High-voltage units and discriminators for TAPS were located in the
experiment hall, the trigger electronics and the digitizing modules for TAPS
in a first counting room, and the electronics for SPEG and FW in a second
counting room distant by 50 m from the first one. The set-up parameters (high-
voltage values, thresholds, gates widths and delays) of the CAMAC modules

18



were controlled by a VME processor through a VSB bus. A second VME pro-
cessor controlled the read-out of the CAMAC modules through a VME bus
and built the event. A third VME processor handled the data to construct his-
tograms of raw parameters. A last VME processor controlled through a VME
global memory the communications between the various VME processors and
between the VME crate and a VAX station 3200. The communication between
the VME processors located in the TAPS counting room, and those located in
the SPEG/FW counting room and the target area was established through a
VIC link. High level on-line analysis was performed by 3 work stations VAX
4000/60 receiving the data from the acquisition system through ETHERnet
and the Transport Manager of GOOSY [25], a data analysis environment de-
veloped at GSI. A dedicated software package was developed [26] exploiting
the PAW, KUIP and HBOOK package from the CERN software library [27].
It was used for the on-line data analysis as well as for the off-line analysis.
The various parameters for each detection system were recorded on magnetic
tapes (EXABYTE format) on an event-by-event basis.

3.2.1 TAPS

The acquisition system recognized a hit in any BaF, detector when the recorded
energy surpassed a threshold of 1.5 MeV photon equivalent. For CPV the
threshold was 500 keV. Hit patterns, Hp.r, and Hcpy are constructed and the

hit multiplicity My is calculated. For each hit module the following param-
eters are stored:

~ the identification number Id of the module;

- the total energy E,, (w stands for wide gate) obtained by charge integration
over 2 us of the signal delivered by the photomultiplier;

~ the partial energy E, (n stands for narrow gate) obtained by charge inte-
gration over the first 30 ns of the signal delivered by the photomultiplier:

— the time-of-flight T measured with respect to the radio frequency (RF) signal
delivered by the cyclotron and signaling the impact of a beam burst on the
target.

In parallel, the total number of modules M, eutral and the number of modules
in each block Mpjoc, With an energy deposit in BaF, surpassing a second
threshold of 20 MeV and no signal in CPV were stored to be used for definition
of various trigger modes. These events were attributed to neutral particles,
photon and neutron. The number of modules M;,; which fired above the
10 MeV threshold irrespective of the status of CPV was also stored.
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3.2.2 FW

As for TAPS, two energies and a time were recorded per module of the Forward
Wall to enable the identification of the detected particles. However, in the
present experiments, only the number of detected particles per event Mpw
was considered, i.e., the multiplicity of charged particles irrespective of the
nature of the particle. This information entered also the trigger definition.

3.2.3 SPEG

The SPEG detection system provided for each detected reaction product the
following parameters:

~ the (2;,y:)i=1,4 coordinates from the DC detectors which define the trajectory
of the particle;

— the time between the RF signal and the PL time, Tpy;
— the energy loss inside the ionisation chamber, AFEic;

the total energy deposited by the fragments stopped in the plastic scintil-
lator, EpL.

The PL time entered the definition of the triggers.

3.2.4 Trigger definition

Various trigger configurations were defined using the trigger signals delivered
by the three detector systems and mixed in standard NIM logic electronics.
Each trigger favored a given type of events and could be scaled-down if nec-
essary to balance their counting rates. The various triggers exploited in the
present analysis are described in Tab. 3.

The first four triggers are the minimum bias triggers for the three detectors
systems. The triggers “yspeg” and “yfw” select neutral particles in coincidence
with PLF detected in SPEG and charged particles detected in FW. They are
used to analyze the properties of the bremsstrahlung-photon emission as a
function of the impact parameter deduced from the mass of the PLF and/or
the multiplicity of charged particles. Triggers “yy” and “2+” will be used to
analyze the photon-photon correlations and to identify the 7° decay. The “vv”
trigger requires that the two neutral particles have hit a single block. It selects
photon-photon coincidences with small relative momenta or very energetic
photon which develop large showers. The “2v” trigger selects photon-photon
coincidences with large relative momenta, i.e, mainly 7° Both triggers were
defined in coincidence with a valid trigger from FW to sign the occurrence of
a nuclear reaction. It has been verified that this additional condition does not
Introduce a bias on the event selection but helps to reduce false events due
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to cosmic rays which can fire in TAPS simultaneously several modules or even
several blocks. '

21

name event definition scale-down
Kr+Ni | Ta+Au | Pb+Au
taps low | single photon My > 1 215 - -
taps high | single photon My > 1 29 - -
v single neutral Mieuteal > 1 210 - -
speg single PLF Ter, > 0 210 - -
fw single particles Mpw > 1 214 213 -
yspeg photon-PLF | Mpeutral > 1 && 23 - -
coincidences Ipp, > 0
~fw photon-particle | Mueutral > 1 && 28 26 24
coincidences Mprw > 3
0% photon-photon | Myeytral > 2 && 1 1 -
coincidences Mok = 1 &&
Mrw > 3
2~ photon-photon | Myeusral > 2 && 1 1 1
coincidences Mk > 2 &&
and 7° Mpw > 3
high~y high energy Mieutral > 2 && 1 1 -
photon Mploek = 1
Table 3

Trigger definitions used in the analysis of the present experiments. A dash in the
scale-down column indicates that this trigger was not in use for the specified ezper-
iment.

Several other triggers were defined to control the operation of the detector
system during the experiment but were not used during the off-line analysis.




A last trigger selecting charged particles identified in TAPS by requiring a
coincidence between BaF, and CPV was defined to select electron pairs [28],
but because of the low counting rate it only provided data with marginal
statistics.

3.8 Systems studied

Data for the three systems reported in Tab. 4 were collected. These systems
were ®Kr + "*Ni at 604 MeV, 181 Ta + 197Ay at 404 MeV and 2°°Ph + 197A4
at 30A MeV. The beams were delivered by the GANIL facility. The thickness of
the targets and the effective beam time are also reported in Tab. 4. The longest
beam time was devoted to the Kr+Ni system. The main goal was to measure
with high statistics the correlation between hard photons and to search for
the existence of an intensity interference effect. Enough data were collected to
study as a byproduct the properties of the bremsstrahlung-photon emission as
a function of the impact parameter. In the Ta+Au system data were collected
to measure the photon-photon correlation. SPEG being switched off during
this experiment to reduce the dead-time introduced by the read-out of the
SPEG parameters, no data on photon-PLF correlation are available. Only 32
hours were allocated to the last measurement in the system Pb+Au, therefore
only data for single bremsstrahlung-photon emission could be collected with
reasonable statistics.

projectile | time energy | average intensity || target | thickness
[hours] | [A MeV] | [10%particles/s] [mg/cm?)
8Kr 200 60 1.8 PatNj 11.9
181Ta 80 40 0.9 97 A 11.2
208py, 32 30 0.8 197 A 11.2
Table 4

Nuclear collision systems studied.

4 PARTICLE IDENTIFICATION

As already mentioned, we did not identify in the present analysis the charged
particles detected in the FW and we have extracted only the multiplicity
of firing detectors Mcp, that is the multiplicity of mainly proton and light
ions. Particles detected with TAPS were identified as either photons, electrons,
neutrons or ions with Z> 1 (mainly protons). Events detected in TAPS were
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further identified as single photons, photon pairs, neutral pions, electron pairs
or cosmic-muon induced showers. The reaction products analyzed by SPEG
were identified in mass, charge and momentum.

4.1 TAPS

The four parameters Hcpy, Ey, E,, T recorded for every hit TAPS module
provide all the information for a redundant particle identification using time-
of-flight, CPV response and pulse-shape.

4.1.1  Time-of-flight

The flight path between the target and the front face of the BaF, detectors was
on average 62 cm. Owing to the excellent timing properties of the fast com-
ponent of the BaF, light output this distance is sufficient at the bombarding
energies of the present experiments to discriminate between electromagnetic
particles (photons and electrons) and massive particles (mainly neutrons and
protons). However to achieve an optimal time resolution several corrections,
which rectify imperfections in the electronics and the instability of the RF
signal, were applied to the measured time. Beforehand, all T"’s were aligned to
have the prompt peak at the same position defined as time zero, 7.

Walk correction

The time signal for the BaF, scintillators is delivered by 8 fold CAMAC
constant-fraction-discriminators FCC8 [29] that provide an automatic walk
correction. However, in the off-line analysis we observed a residual dependence
of the time on the amplitude of the signal. Between 1 and 8 MeV variations
of up to 400 ps were measured. This dependence was determined through an
automatic procedure which calculates for 7 amplitude intervals the shift of
the prompt time-peak position with respect to a fixed reference. The intervals
were 1 MeV wide and covered the range between 1 and 8 MeV.

RF drift correction

Drifts in the RF time signal were observed during the experiments. They occur
when the accelerator parameters which modify the trajectory of the beam and
hence its time-of-flight are changed. The drift of the order of 100 ps per hour
was rather smooth. Nevertheless after a shut-down of the accelerating system
we observed sudden variations as large as 1 ns. The drift was continuously
monitored by accumulating all 320 BaF, times in a single histogram. Every
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10,000 events, which correspond to roughly 10 minutes, the shift of the prompt
peak with respect to a fixed reference was calculated and stored for later use.

Cross-talk correction

The timing signals were transported through 8 fold ECL cables and digitized
in the 8 fold CAMAC TDC1612F [29]. The cross talk induced in the cables and
in the TDC caused time shifts of the order of 1 ns depending on the hit pattern
at the entry of the TDC. Systematic measurements demonstrated (30] that the
shifts are additive so that, for example, S}, = S1 + S where S%; denotes the
shift in channel 7 when channels ¢, j, k are hit. It was therefore only necessary
to determine the 8 x 8 S:jif s values for each TDC which correspond to the
shift induced in the presence of 2 hits at the input.

4.1.2  Time calibration

The time spectra were calibrated using the time structure of the pulsed beam.
For the Kr+Ni experiment, for example, the time difference between two beam
bursts was 90 ns. The range of the TDC was set to 200 ns so that 3.beam bursts
were observed in the time spectra.

In the resulting time spectrum (Fig. 9) the prompt peak, due to photons and
electrons travelling at the velocity of light, has a full width at half maximum
of 600 ps reflecting mainly the width of the beam burst on average equal to
500 ps. The broad bump observed at larger time-of-flight corresponds to mas-
sive particles, mainly neutrons and protons. The flat background under these
structures is due to cosmic ray induced events in random coincidence with the
RF time signal. The time-of-flight provides thus a first discrimination between
electromagnetic particles and hadrons. Setting a gate width of 1.8 ns on the
prompt peak the massive particles are almost totally eliminated except for
those having the largest velocities. The two next criteria will help to eliminate
totally this contribution.

4.1.8  CPV bit set

Charged particles deposit energy in the thin plastic scintillator CPV and are
stopped in the BaF;, whereas the CPV is transparent to photons and neutrons.
As described in Tab. 3, only neutral events entered the trigger definition, but
once a trigger condition was satisfied all hit detectors were recorded irrespec-
tive of the status of the corresponding CPV. Using the information stored in
the veto-bit Hopy we have a criterion to discriminate between charged and
neutral particles.
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Fig. 9. Time-of-flight spectrum obtained in the reaction 3 Kr + "2 Ni at 60A MeV.
The 320 individual time-of-flight spectra have been aligned with respect to a fived
reference and corrected as described in the tezt. The inset shows the sﬁectrum before
(dashed line) and after (continuous line) the corrections.

The efficiency of CPV to detect protons with energies larger than 100 MeV
was estimated by comparing the pulse shape and the CPV information [22]
to be 80 %. Less energetic protons are slowed down or stopped in the wall of
the scattering chamber, the air and CPV itself. They deposit therefore a small
amount of energy, if any and are thus not detected. The remaining 20% of
particles identified as protons in BaF, but not in the CPV (see next section)
are most likely induced by (n,p) reactions in the scintillator.

The efficiency of CPV to detect an electron was estimated to be 90 % [22].

4.1.4  Pulse-shape discrimination

The response of a BaF, scintillator is different when the incident particle is
an electromagnetic particle or a neutron on one hand and a proton or a light
particle on the other hand [31]. The pulse-shape thus provides a discrimination
criterion best observed in a map of E,, versus E, (Fig. 10). The upper branch
corresponds to the detection of photons, electrons or neutrons and the lower
one to protons and light particles. Charged pions would be intermediate [32]
and show up in between the two branches. This third branch is however not
clearly seen in the spectrum because of the weak m-production cross section.

The discrimination was performed by an automatic search of the minimum
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Fig. 10. E,, versus E, measured in a single TAPS BaF, detector fo}' the reaction
8 Kr + ™' Ni at 60A MeV. The upper branch corresponds to the detection of photons,
electrons or neutrons and the lower one to protons and light particles. The inserts
display projections on E, /E, for selected slices defined in the main figure.

of the valley between the two main branches. The E, versus E, map was
therefore divided into 5 concentric energy bins (Fig. 10). The positions of the
minimum in each bin were then fitted to a linear function, Fy vs E,, which
defined the discrimination line. It was checked that during the experiments
the parameters of the function remained constant.

4.1.5  Energy calibration

Because of the light output properties of BaF, scintillators (33], the energy
calibration is only valid for electromagnetic particles and thus provides an
approximate energy calibration for neutrons and protons or light ions. The
following calibration points were used:

~ the charge to digital converter pedestal provides the intercept at E,=0 and
corresponds to the output of the QDC1612F [29] in the absence of a signal
at the input.

— The energies of radioactive sources:
- 88Y, E,=0.898 MeV and 1.836 MeV:
- AmBe, E,=4.43 MeV.
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- Minimum ionising muons from the cosmic radiation deposit an energy pro-
portional to the distance traveled through the scintillator. With the present

TAPS geometry the average energy deposit estimated from GEANT [34]
simulations was 38.5 MeV.

To obtain an absolute energy calibration, it is still necessary to correct for i)
differences in the light production efficiency for photons and muons, ii) the
amount of shower energy which escapes out of the detector in the longitudinal
directions and iii) the energy thresholds in the constant-fraction discriminator.
A global correction factor was calculated by adjusting in the invariant-mass

spectrum the 7% peak to M, 0=134.9 MeV. The factor was found to be equal
to 1.11.

4.1.6  Shower analysis

At this stage of the analysis a particle detected by TAPS is characterized by
three parameters which are concatenated in a 3-bit word, PVT. It is defined
in the following way:

P (most significant bit) = 1 if the particle is identified as an electromagnetic
particle or a neutron by the pulse-shape analysis;

V (bit 1) = 1 if the particle is identified as a charged particle by CPV;

T (least significant bit) = 1 if the particle is identified as a prompt particle
by the time-of-flight analysis.

With this notation a photon will be marked by PVT=(101)binary=(5)decimal, an
electron by PVT=(111)binary=(7)decimal, a neutron by PVT=(100)binary=(4)decimal
and a proton or a light ion by PVT=(010)pinary =(2)decimal-

A high energy photon entering a BaF; detector will form an electromagnetic
shower which lateral development can fire several neighbouring detectors. In
our analysis a cluster was defined as a continuous ensemble of hit detectors.
We have distinguished three kinds of clusters:

type 1 all the modules belonging to the cluster have PVT=5;

type 2 all the modules belonging to the cluster have PVT=5 except for one
having PVT=T;

type 3 all the modules belonging to the cluster have PVT=5 except for a
few having PVT=1 or PVT=2

Type 1 clusters are identified as a single photon, type 2 as a single electron
and type 3 are single photons contaminated by one or more charged particle.
We have estimated that only 6% of the photons develop this latter type of
cluster and we have excluded it from our analysis.
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If the position of module ¢ in the laboratory coordinate is denoted by r; and
if E; is the corresponding measured energy then the total energy E of the
incident particle can be calculated by summing all energies in the cluster [35]:

E=3 E, (9)

and its position r as:

_ > Wir;
=T "
where
E;
WQ:MAX{QW&HnE}. (11)

The value of the constant W, = 4 in Eq. ( 11) was obtained from GEANT sim-
ulations. To achieve a better determination of the incident particle direction,
we had to take into account that the shower develops after having traveled
inside the detector an average distance Z:

Z:mmx{m0y§+L@X@, (12)

where F, is the critical energy equal to 12.78 MeV for BaF, and X, is its
radiation length. This results in a correction on the polar angle of the incident

particle which amounts on average to 3% for a photon with an energy between
25 and 100 MeV.

This shower reconstruction technique allows the determination of the direction
and the energy of the incident particle with an energy resolution estimated
from GEANT simulations to be 5% for a 70 MeV photon and a precision on
the direction of 1°.

4.1.7  7° identification

Because of their short life time 7 disintegrate before reaching the detector
by the back to back emission of two photons (branching ratio equal to 98.8%)
distributed isotropically in the #° rest frame. In the laboratory, due to the
Lorentz boost the two photons are emitted with a relative angle smaller than
180°. For a 60A MeV incident beam energy, the average opening angle is
8y = 160°, if we assume that the pion is created in the NN center-of-mass. To
identify neutral pions, the modulus of the relative four-momentum, Lorentz
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Fig. 11. Invariant-mass spectrum measured in the reaction S6Kr + MN; gt
60A MeV. The resolution of the n° peak is 9.6%. The solid line represents the
spectrum calculated with GEFANT.

invariant, which for photons is equal to the invariant mass M;,, is calculated
taking all combinations of pairs of photons detected in one event.

Qinv = \/q2 ~ @ = \/QE,Y1 E, (1 —cosb.,) = M, (13)

where ¢ and g are the relative momentum and energy respectively. In the
invariant mass spectrum measured in the reaction Kr + Ni at 604 MeV

(Fig. 11), the 7° peak is clearly seen at its rest mass. The resolution (full
width half maximum) was equal to 9.6%.

4.1.8  Cosmic-ray identification

Whereas cosmic muons are useful to calibrate TAPS BaF, detectors, they
constitute a noise on top of rare events like subthreshold pion emission or
2-photon events. It is therefore essential to identify them with extremely high
accuracy. We have used the following characteristics of cosmic-ray induced
events:

~ the particles of the hard component of the cosmic-ray spectrum cross the
TAPS blocks along a nearly linear trajectory;
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— those of the soft component are stopped in the surface detectors of the block;
— cosmic rays inducing showers in the concrete roof of the experimental area
generate events with unusual high multiplicity.

The photon showers (type 1) were therefore characterized by three additional
parameters:

(i) M, the multiplicity of the shower, Le., the number of modules forming
the cluster;

(ii) £, the linearity coefficient of the shower defined as:

_)\1—/\2

e Sl ) 14
T (14)

where \; are the eigenvalues of the sphericity tensor:

Szz' Sx
(8) = e (15)
Syz Sy

with the following definitions:
See=Y" Eiz?, ' (16)
Szy = Sy.’z: = Z E‘ixiyia

Syy = Z Eiyiza

where z;,y; are the coordinates of the modules in the block reference
frame;

(iii) S, the surface energy which represents the amount of the shower energy
deposited in modules on the surface of a block:

Zicsurfa.ce Ei
S = ==mae
> E

From the analysis of simulated events for photons and cosmic-ray events we
have established several criteria combining the three parameters previously
defined. The result was that almost all the cosmic-rays induced events could
be eliminated while the same criteria rejected at most 10% of the photon

events of interest. A detailed description of the cosmic-ray rejection method
can be found in Ref. [22,36].

(17)
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4.2 SPEG

The identification in mass A, charge Z and momentum p, of the PLF detected
in SPEG was performed in three steps. First the trajectory of the particle was
determined, then its velocity was calculated, and finally its mass and charge
were deduced.

4.2.1  Trajectory reconstruction

The trajectory of the particle inside SPEG was reconstructed using the four
horizontal positions z; measured with the drift chambers (see § 3.2.3). The
detectors were first calibrated using beam particles of known energy and by
varying the value of the field in the spectrometer dipole. A variation in mag-
netic rigidity Bp of 1% corresponds to a displacement in the focal plane of
10.4 cm. We have then adjusted to the four measured points a first order
polynomial of the form:

T = zo + tan bgy. - 2, (18)

z denotes the position of the drift chamber on the optical axis; 8, is the angle
in the focal plane between the trajectory of the particle and the optical axis
from which the position Xy, of the particle in the focal plane is deduced. The
magnetic rigidity of the particle is then calculated as follows:

_ Xfoc > ’
Bp = (1 * 10.4em (Bele, (19)

where (Bp)o is the reference rigidity at which the particle travels along the
optical axis.

4.2.2  Velocity calculation

The velocity of the particle is calculated from the length lgignt of its trajectory
and from the measured time-of-flight:

lﬂight = lO (1 + aXfoc + bafoc) P (20)
where [y is the length of the trajectory along the optical axis from the target
to the PL detector ({p = 1680 cm):

-
vpLp = Bt (21)
taight
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and tgighe is derived from the time information delivered by the PS detector.
The parameters a and b are evaluated by measuring the time of flight for
particles of known velocity like, for example, the elastically scattered beam

particles.
4.2.8  Mass and charge calculation

Using the values for vpr [Eq. (21)] and for Bp [Eq. (19)], the mass over charge
ratio A/Q of the detected particles is calculated using the following relations:

AMy
Bp=
P="gc UPLF: (22)
A € Xfoc lﬂi ht
—=—(B <1 ___) —&= 9
0= Mn PP 1 Toem Haighe (23)

where My is the mass of the nucleon and e the elementary electric charge.
The experiment including SPEG used a %Kr beam in the 34+ charge state
and the projectile was fully stripped after passing the target. Therefore the
charge of the produced PLF is equal to its atomic number: Q=7

The charge of the particle is calculated from the energy loss measured in the
IC detector using the Bethe formula and the velocity calculated from Eq. (21):

E-AF 1

Zip A §UI%LFAE’ (24)
AE*

ZpLF ; (25)
UPLF

where a was adjusted to achieve the best resolution. We found a = 0.496.
The y positions of the particles in the IC detector were used to correct for
recombination losses of electrons during their drift towards the anode. F inally
the gain drift of the IC was monitored and corrected. The final resolution on
Z was then equal to 1.1% which permitted the identification of all elements
(Fig. 12) from the projectile Kr (Z=36) down to B (Z=5).
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and produced in the reaction 8 Kr + "2 Ni at 60A MeV. The lower panel shows the
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5 EVENT CHARACTERIZATION

The charged particle multiplicity, Mcp, measured with FW and/or the mass
and the velocity of the projectile-like fragment, Ap r and vprr, measured with
SPEG were used to classify reactions according to their impact parameter b.
The absolute value of b was calculated [16] following the procedure suggested
in Ref. [37] which incorporates the associated bremsstrahlung-photon multi-
plicity, M., and the geometrical model of Ref. [38].

The experimental photon multiplicity associated with a reaction channel v is
defined as the ratio between the number of events of reaction channel v in
coincidence with a photon and the total number of events associated with the
reaction channel:

NV
M= (26)

In the variation of MY (Fig. 13) with Mcp and ApiF, the strong correla-
tion indicates that the highest photon multiplicity is obtained for the largest
charged-particle multiplicity and for the largest loss of projectile mass. This is
an expected behavior since, on one hand, Mcp is a rough measure of the cen-
trality of the collision, mainly selecting intermediate to small impact parame-
ters, and on the other hand the mass transfer, that can be linked intuitively to
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Fig. 13. Dependence of the bremsstrahlung-photon multiplicity on a) the mass of
the projectile like fragment with 90% (full squares) and 85% (open square) of the
projectile velocity measured in the system SKr+"2'Ni at 60A MeV and b) the
charged-particle (proton and light ions) multiplicity.
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Fig. 14. Variation of the bremsstrahlung-photon production probability with the slope
of the photon spectrum measured for various systems and bombarding energies. Data
are adapted from the systematics established in Ref. [4].

the overlap of projectile and target, selects peripheral collisions. Based on the
analysis of the systematics of bremsstrahlung-photon production [4], the cross
section can be reduced to a single parameter, the probability P, to produce

a bremsstrahlung photon per pn collision. This quantity only depends on the
bombarding energy Ep:

Oy

(My) = = = P, (EL) x (Npn)s, (27)

OR

where op is the total reaction cross section and (N,,); the number of pn
collisions averaged over the impact parameter. This number can be calculated
with a geometric model [38] as the number of pn pairs present in the region
of overlap between target and projectile nucleus. Since the slope E, of the
photon spectrum is correlated with the bombarding energy (Fig. 21, Eq. (40)),
we can replace the bombarding energy dependence of P, by its dependence
on Ey (Fig. 14). This dependence can be parametrized as:

P, (Ez) = Pyexp (‘EE(E‘)) , (28)

where E3y = 30 MeV corresponds to the often used threshold for bremsstrahl-
ung photons. At a fixed bombarding energy, Ey varies with the impact parame-
ter [39-43]. Assuming that the bremsstrahlung-photon production mechanism
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only reflects an energy dependence, P, reads:

P, (Eq) = P, (b) = Pyexp (— Eﬁz)) : (29)

Using Eq. (28) we calculate P, from the inclusive values Eir? and Pir?! mea-
sured at Er. The dependence of P, on b, at a given bombarding energy E;,
can then be written as:

: E E
. pincl 30 — 30
P, (b) = P x exp (E(i)nd) X exp ( £ (b)) : (30)

where Ei*® and Eq (b) are experimental values. Similarly to Eq. (27) we can
write the dependence of the photon multiplicity on b as:

M, (b) = P, () x Nya(8). (31)

Npn(b) is calculated using the geometrical model (Fig. 15). In this approxi-
mation target and projectile nucleus are treated as homogeneous spheres so
that the number of participants A;(b) for a given impact parameter scales as
the volume at maximal geometric overlap. For a projectile nucleus (A4,, Z,)
bombarding a target nucleus (A, Z;) at impact parameter b, the number of
pn collisions (Fig. 16) is given by:

As(d
Npa(b) = Af 543 (ZoN: + Z,N,), (32)
2
1 3 1 3
As(b) = ZAP (2 — 3cos 8, + cos 9,,) + ZAt (2 — 3 cos b; + cos Ht) ,
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Fig. 16. Variation of the number of pn collisions with the tmpact parameter b calcu-
lated using Eq. (32). Dots represent the number of first chance pn collisions calcu-
lated with BUU and downscaled by a factor 1.07 to normalize the result to the result
of the geometrical model at b=1 fm. The system is 3 Kr+58 Ni,

2bRp’t ’

cosf,, =

with Rp;) and A,(;) being the radius and the mass of the projectile (target)
nucleus. The procedure to calculate the impact parameter is then the following:

(1) We select a class of events v according to their charged-particle multiplic-
ity (proton and light ions) or to the mass of the PLF or a combination of
both and measure the number of events N.

(i) We measure the number of events of event class v, NY, in coincidence
with hard photons extrapolated to 47 photon detection and the slope Ej
of the photon spectrum.

(iii) From the previous two values we calculate the number of pn collisions
using Eq. (31,30):

y_ 1M E E
Ny, = Pl N X exp (E?él) X exp (_Fé;% , (33)

(iv) We then deduce (Fig. 16) the impact parameter b corresponding to N,y

In Tab. 5 we list the various parameters that characterize the classes of events
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APLF Mcp | M,-1073 Eo(MeV) Npn b(fm)
- 10 | 3.184+0.12 | 17.540.7 | 28.0+1.0 | 1.0+ 1.3
- 9 3.03+£0.10 | 184+£0.7 | 25.0+1.0 [ 2.0+ 1.2
- 8 2.91+0.10 | 18.24+0.7 [ 250+1.0 | 2.1+1.2
- 7 2.73+£0.09 | 18.7£0.8 | 22.0+1.0 | 27+1.0
- 6 2.44+0.08 | 18.7+0.5 | 20.0+1.0 | 3.3+ 1.0
- ) 2.12+0.07 | 182+0.4 | 18.0+£0.7 | 3.8+ 1.0
- 4 1.79+0.06 | 17.3£0.4 | 16.5+0.6 | 4.1 +1.0
- 3 137+0.04 | 17605 | 12.3+04 | 5.3+ 1.0
20< A < 40 224+006 | 176+£0.8 | 200+1.0 | 3.34+0.8
40 < A; < 60 - 1.57£0.03 | 17.2+£0.5 | 146+ 0.6 | 4.6 +0.8
60 < 4; < 70 - 1.194+0.03 { 16.6 +0.7 | 11.84+0.6 | 5.4+ 0.8
70 < A; < 80 - 0.94+£0.02 | 169+£04| 934+04 |6.24+08
60 < A; < 90 0 0.53+0.02 | 156+ 0.7 | 5.8 +0.2 7.3+0.8
60 < 4; < 90 1 0.67+0.02 | 155+0.6 | 7.5+0.2 | 6.7+0.8
60 < A; <90 2 0.86+0.02 | 154+0.5| 9.7+0.2 {6.0+0.8
60 < A; <90 3 1.06£0.03 | 16.7£0.7 | 10.4+0.4 | 5.84+0.8
60< A, <70 | - |0.87+0.02]165+0.3| 87+0.3 |6.3+08
T0< A <80 | - |0.69+0.02|16.0+03| 7.3+0.3 | 6.8+0.8
80 < A <90 | - 0.58+£0.02 | 16.0£0.7 | 6.1+0.3 | 7.2+0.8
60 < A3 <90 0 0.28+0.02 | 13.5+0.7 | 4.1+£0.2 | 8.0+0.8
60<A;<90 | 1 |0444+0.02]14.240.7] 58+0.2 | 7.34+0.8

Table 5

Conditions on the projectile like-fragment masses (the indices A; with i = 1,2 corre-
spond to the two different magnet settings Bp = 0.9 and 0.85(Bp)beam 0f SPEG) and
on the charged-particle multiplicities Mcp (proton and light ions) to select classes
of exclusive events and the associated characteristics of the photon spectrum from
which the impact parameter was deduced. The data were obtained for the system
86 Kr + MN; at 60A MeV.

we have selected.
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Fig. 17. Photon spectrum measured with TAPS for the reaction 3 Kr + "@tN; at
60A MeV obtained by combining three spectra measured with three different trigger
conditions (see text). Open circles represent cosmic-ray events not identified in the
event-by-event analysis. Closed circles represent the photon spectrum with the con-

tributions from cosmic-rays subtracted. The photon energy is calculated in the NN
center-of-mass.

6 INCLUSIVE PHOTONS

The photon spectrum, measured for the system Kr + Ni at 604 MeV (Fig. 17),
covers the most extensive energy range ever obtained in this bombarding en-
ergy domain, from Efyv N =5 up to 300 MeV, where E‘va N represents the
photon energy calculated in the NN center-of-mass. The highest photon en-
ergy measured in this experiment is 10 times the energy available in a single
NN collision and 15% of the total energy available in the AA center-of-mass.
The cross section extends over 10 orders of magnitude which demonstrates the
remarkable sensitivity of the experiment exploiting the performance of TAPS.
This spectrum combines data measured with different trigger conditions. The
low energy region (E, < 50 MeV) was obtained from data collected with the
trigger “taps low” (see Tab. 3), the intermediate energy region (20 ~ 150 MeV)
was associated with the trigger “4”, and finally the high energy part above
120 MeV was obtained with the trigger “highy”.

About 99% of all events induced by cosmic-rays were identified and rejected
on an event-by-event basis (see § 4.1.8). A full analysis of events appearing in
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the time-of-flight spectrum earlier than the prompt photon peak (see Fig. 9)
removed the remaining 1%. The resulting spectrum (open circles in Fig. 17)
was then subtracted from the photon spectrum.

Considering their origin, the spectrum of photons emitted in heavy-ion colli-
sions can be sub-divided into three energy regions. For each of these regions
different production mechanisms, which occur at different times of the colli-
sion, are dominant. The exponential distribution of low energy photons (E, <
15 MeV), usually referred to as statistical photons, results from the final steps
of the statistical deexcitation of the hot fragments formed in the reaction. It
includes the y-deexcitation of giant resonances, l.e. mainly the giant dipole
resonance (GDR). Above the giant resonance domain, at about 20 MeV for
the present system, hard photons constitute the high energy exponential dis-
tribution of bremsstrahlung photons. This part of the spectrum also includes
photons originating from the decay of neutral pions. This last contribution
to the hard photon spectrum is, however, weak at the bombarding energies
under consideration, which are well below the threshold energy of 280 MeV
for the pion production in free NN collisions.

Hard photons have their origin in the bremsstrahlung radiated in individual
pn collisions. The bremsstrahlung spectrum exploits the energy. available in
each pn collision and builds up by adding to the beam momentum py the
Intrinsic nucleon momenta pr due to the Fermi motion. An upper limit of the
bremsstrahlung energy can therefore be calculated assuming a head-on, first
chance pn collision, with the partners having the maximum intrinsic momen-
tum of the Fermi-Dirac distribution, pr = 270 MeV/c. The maximum energy
available in the collision is then:

s —9 [Er(My + EL) + prpr)
max Z MN(MN T EL) 3

where Ep = /M3 + p%, Ep, = VMp +pt = Ty + My, and Ty, is the kinetic

energy of the projectile. The highest photon energy which can be produced is
given by:

(34)

2
Smax — 4MN

2 \V Smax

max __
ET™ =

(35)

For the Kr+Ni system at 604 MeV this energy, which we shall call the kine-
matic limit, is equal to 194 MeV. The measured photon spectrum (Fig. 17)
extends well beyond this limit. These very energetic photons can have several
origins which will be discussed in details further on.
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Fig. 18. Photon spectrum measured with TAPS for the reaction 86 Kr + "2N; at
60A MeV and accumulated with the scaled-down “taps low” trigger. The solid line
represents a parametrization according to Eq. (36) to the data. The dashed lines
represent the statistical- and bremsstrahlung-photon spectra. The inset represents
the estimated GDR strength distribution. The photon energy is calculated in the NN
center-of-mass.

6.1 Statistical photons

Since the primary goal of the experiments discussed in the present article
was almed at a detailed understanding of the origin of hard photons, the
experimental parameters were tuned to optimize the detection of photons
with energies above 20 MeV. Less energetic photons were, however, collected
simultaneously but with moderate statistics (the corresponding trigger “taps
low” was drastically scaled down).

The photon spectrum (Fig. 18) exhibits the exponential behavior of statistical
photons from the lowest energy up to about 15 MeV. Above this energy the
photon spectrum is dominated by the contribution from hard photons which
can be mainly attributed to bremsstrahlung processes.

To describe the statistical distribution, the hard photon contribution was sub-
tracted from the spectrum assuming a distribution in form of the sum of two
exponentials. We shall see later that this shape describes best the hard photon
spectrum. The remaining photons originate entirely from statistical decay of
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A B D T T, C G
[MeV] [mb/MeV] [mb/MeV] [MeV] [MeV] [MeV] [MeV]
1.8 8.9-10° 0.37 1.25 8.3 15 15

Table 6

Parameters of Eq.( 36) describing the statistical photon spectrum measured in the
system 86 Kr+P2 N qt 60A MeV.

excited fragments including the GDR strength. We have attempted to describe
the spectrum by the empirical function established in Ref. [44]:

do (E, —A &)
d&—( E, )&m%_ﬂ

EAG2
~— D exp (— El) , (36)
(m—m)+@@ T,

+

where A, B, C, D, G, Ty, and T}, are free parameters. This function describes
the two physical processes playing the dominant role in the statistical decay.
The first term represents the statistical decay of particle-bound states and the
second term represents the decay of states at higher excitation energies includ-
ing the decay of GDR states. The comparison of Eq. (36) with CASCADE [45]
calculated spectra for bombarding energies below 204 MeV indicates that the
parameters C' and G are only an approximation within 5-10% of the shape
parameters, energy and width, of the GDR. Obviously, in view of the lim-
ited resolution of our data set, it was not possible to fit with a x? method
Eq. (36) to the measured spectrum (Fig. 18). First we subtracted the brem-
sstrahlung part form the raw spectrum. The adjustment was then performed
considering the two terms of Eq. (36) separately, fitting first the low energy
part and then the GDR part to the difference between the raw spectrum and
the estimated low energy exponential. Therefore the extracted values are given
(Tab. 6) without uncertainty and should be considered only as indicative. We
find that the GDR strength is much weaker than the bremsstrahlung photon
cross-section and would correspond, according to CASCADE calculations, to
rather low excitation energies (about 14 MeV). This weak strength and its dis-
tribution, broader than the natural width of the GDR, could also be explained
by the excitation of GDR in several hot fragments, with a broad distribution
of masses [46], associated with a possible quenching of the GDR strength, as
it was observed at high excitation energies [47].
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6.2 Bremsstrahlung photons

At intermediate bombarding energies hard photons defined as photons with
energies above the Giant Dipole Resonance domain, i.e. above approximately
20-30 MeV, originate exclusively from bremsstrahlung emitted in individual
pn collisions, and from the two-photon decay of neutral pions. This is true only
up to the kinematic limit defined by Eq. (35) above which new mechanisms
producing photons start to play the dominant role. At the bombarding energies
under consideration (below 60A MeV) the 79 contribution to the single-photon

spectrum can be safely neglected. We determined it to be less than 3% at
60A MeV and 0.02% at 40A MeV.

BUU-calculations presented in (§ 2) predict for the reactions studied that the
bremsstrahlung photons are emitted from two distinct sources. The first and
dominant one is associated with the initial phase of the heavy-ion reaction as a
result of first-chance pn collisions. The second one originates from the second
compression phase in a later stage of the reaction when the di-nuclear system
is thermalizing and it results from secondary pr collisions. The existence of
these two distinct sources can be identified taking advantage of the expected
differences in their emission pattern.

6.2.1 Energy spectrum

From the BUU predictions direct and thermal photons should exhibit different
spectral shapes: thermal photons give rise to a softer energy spectrum than
direct ones. Folding the elementary cross section (Fig. 40) with the intrinsic
momentum distribution of participant nucleons leads in the NN system to a
distribution close to exponential with a cutoff in the vicinity of the kinematic
limit [Eq. (35)]. It can be described by the function:

do E
=K —-—l) .
dE, &P ( Eo (37)

The slope parameter Eo depends on the bombarding energy and on the average
intrinsic momentum of the participant nucleons. As less energy is available on
average in second chance pn collisions than in first-chance collisions because
most of the projectile kinetic energy is damped, the thermal-photon spectrum
is softer. In presence of an emission from two sources with the characteristics
predicted by BUU calculations, we expect an empirical photon spectrum of
the form:

do E, . E,
15, = Kaexp (—E_g) + K;exp ( E{,) : (38)
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with the constant K defined by:

T E E
Igs = Ky, / exp <—F$) db, = Kd,tEg’t exp (_ “32) ) (39)

E3o 0

14, represents the intensity of each photon source, d stands for direct and # for
thermal. So far the presence in the photon spectrum of two exponential distri-
butions was overlooked because of experimental limitations which restricted
the measurement of photon spectra, only to a too narrow energy domain. To our
knowledge there are two exceptions where the photon spectrum was measured
up to rather high energies: 120 MeV at a bombarding energy of 404 MeV (48]
and 160 MeV at 354 MeV [49]. In both measurements, the two exponential
components are clearly visible. In the first experiment, data were compared to
calculations considering pn bremsstrahlung from a thermal source. These cal-
culations correctly reproduce the low energy part of the spectrum (where we
locate thermal photons) but underpredicts the high energy part. We attribute
the excess to direct photons. Reversely, in the second experiment an extended
version of the nucleon exchange transport model [50] was used to calculate the
photon spectrum. This model includes only direct photons and reproduces the
high energy part of the photon spectrum but fails to reproduce the photon
yield below 50 MeV. The excess production of photons in this energy range
was tentatively attributed to statistical photons.

For all three systems we have studied photon spectra measured over the energy
range where bremsstrahlung photons dominate (Fig. 19) and corresponding
to the “y” trigger selection (see Tab. 3). Fitting a single exponential function
to the data gives a good description of the high energy part of the spectrum
only. As a matter of fact a strong excess with an exponential slope is ob-
served below 50 MeV. This excess cannot be attributed to the tail of the GDR
strength distribution because it would imply a much too large cross section
and temperature in contradiction with our analysis of statistical GDR photons
and with the observation of the GDR quenching observed at lower bombard-
ing energies [47]. Fitting the two component function [Eq. (38)] to the data
provides a better description. The fit parameters are reported in Tab. 7.

A different way to identify the presence of two slopes is provided by the local
slope analysis. The local slope is deduced from a fit performed over a constant
energy range and by moving the centroid along the spectrum. Assuming a
purely exponential spectrum, the slope parameter obtained in any local fit
equals the global slope. In the case of two exponential components having
different slopes E; and E,, the local fit performed in the low energy part of
the spectrum yields a value intermediate between E; and E>. Moving to higher
energies results in an increase of the slope value up to a maximum value equal
to E,. However, if the process related to the second slope is constrained by
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Fig. 19. Photon spectra measured at § = 90° for the reactions a) 38 Kr + " Nj gt
60A MeV b) 31 Ta + 197 4u at J0A MeV and c) 2°8Pb + "t Ay at 30A MeV. Solid
lines represent the fit of Eq. (38), dashed lines the direct photon component and
dotted lines the thermal photon one.

system I/ 1, E¢ E}
(MeV) (MeV)

Kr+Ni 60A MeV | 3.0+0.5(20.24+0.4 | 8.5+ 0.8
Ta+Au 404 MeV | 2.0+£0.6 | 13.44+0.8 | 6.9+ 0.6
Pb+Au 30A MeV | 1.6+0.5 | 10.14+0.4 | 5.5+ 0.6

Table 7

Parameters for the fit of Eq. (38) to the double differential cross section of hard
photons (E., > 30 MeV, 8 = 90°) measured in the three systems studied.

energy limitations, like the kinematic limit, its yield close to this threshold is
significantly reduced. In this case the local slope will drop when approaching
the threshold. We have analyzed with this method the spectra measured for the
Kr+Ni and Ta+Au systems (Fig. 20). In both cases the local slopes increase
and reach an almost constant value indicating the presence of two components.
At higher energies, specifically in the case of Kr+Ni, the local slope values fall
quite rapidly, indicating the influence of the kinematical limit. This measured
evolution can quite well be described (Fig. 20) by assuming two-component
exponential spectra with slopes and intensities from Tab. 7 and by applying
a simple reduction of the high energy yield.
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Fig. 20. Local slope parameters for the ezperimental photon spectra for the Kr+Ni
reaction at 60A MeV (full circles) and for Ta+Au at J0A MeV (full squares).
The horizontal bars indicate the fitting range. The open symbols were obtained for
two-component spectra with slopes and intensities reported in Tab. 7 together with
the yield reduction close to the kinematical threshold.

As a first conclusion we find that the hardest spectral distribution is char-
acterized by a slope parameter ( E¢ ) which follows the trend (Fig. 21) of
the variation of Fy with the reduced bombarding energy (E.. = F — V. /A,
with E7 the bombarding energy, V. the Coulomb barrier and A, the projectile
mass). The average dependence is described by:

Eo =068 - 983, (40)

The ratio between the value of the two slopes equals 2, a value similar to what
BUU calculations predict (Fig. 22). The second conclusion concerns the rela-
tive intensities measured for the three systems. The direct photon source is by
a factor 3 more intense than the thermal one in the Kr+Ni system measured at
60A MeV. This is at variance with the systems measured at lower bombarding
energies for which this factor drops to two or even less. This change is well
explained by the BUU calculations as the force driving the second compres-
sion is progressively counterbalanced by the expansion force with Increasing
bombarding energy. A change in the relative intensity of thermal and direct
photons should also be observed when varying the impact parameter. One
expects relatively more thermal photons in central than peripheral collisions
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Fig. 21. Compilation of measured slope parameters, taken from Ref. [4{], plotted as
a function of the bombarding energy minus the Coulomb barrier energy. Our data
(inclusive EE) are represented by the symbol x. The solid line represents a fit of

Eq.( 40) to the data.

impact L/ E¢ E}
parameter (MeV) (MeV)
inclusive 30+05{202+04|854+0.8

peripheral b > 5fm | 3.0+ 0.6 | 18.7+0.9 | 7.3+ 1.5
central b < 5fm 21+£052274+09]9.8+1.0

Table 8
Parameters for the fit of Eq. (38) to the double differential cross section of hard

photons (E, > 30 MeV, § = 90°) measured in inclusive, peripheral and central
reactions of the system 36 Kr+"2tNi at 60A MeV.

reflecting the higher densities reached in central collisions. We have therefore
constructed two exclusive photon spectra (Fig. 22) measured in the reaction
Kr+Ni at 604 MeV and associated with different impact parameters (see § 5).
The first one corresponds to central collisions with b < 5 fm, and the second
one to peripheral collisions with b > 5 fm. Eq. (38) was fitted to these spectra
and the resulting parameters are reported in Tab. 8. We observe that the slope
parameters are modified so that the softer spectra are obtained in peripheral
collisions. This behavior was already well established [39-43] and its origin
results from changes of the phase-space population. The relative intensities of
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Fig. 22. Hard-photon energy spectra measured for the reaction 88Kr + natpy; gy
604 MeV for central collisions b < 5 fm and peripheral collisions b > 5 fm. The
solid line is the result of the fit of Eq. (38). The dotted and dashed lines represent

the two components of Eq. (38 ). The circles represent the result of a BUU calculation
at b=0 fm.

the two exponential distributions follow the expectation that relatively more
thermal photons are produced in central collisions.
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6.2.2  Angular distributions

Direct photons, originating from first-chance pn collisions have a characteristic
angular distribution that due to the Doppler shift is peaked in the laboratory in
the direction of the projectile. The Doppler effect can be exploited to measure
the photon-source velocity. If the picture of the first chance pn collisions is valid
this velocity should be equal to the NN center-of-mass velocity, Oun = Bproj/2.
Because of the nature of the elementary process producing bremsstrahlung
in the pn rest frame, the angular distribution partly has a dipole character
and partly an isotropic component. The dipole component is emitted when
the proton is slowed down before scattering on the neutron and the 1sotropic
emission takes place when the proton is re-accelerated after being scattered
in a random direction. The double differential cross-section, d*c/dEdQ, can
thus be written in the source frame [51] as:

d*c K

E,
T = (1 — a cos? 05) exp (—E—O) , (41)

where 6; and E; are the polar angle and the energy of the photon in the source
frame. Denoting 3, the source velocity and «, the related Lorentz factor, in
the laboratory frame the Lorentz-boosted photon angular distribution is:

d’c K sin? 6, ZE;,
dELdQL_7<1—a+a 7 )exp (‘ E, ) (42)

Z=7,(1—pBscos6z).

where 6, and Ey are respectively the measured polar angle and energy of the
photon in the laboratory.

To construct the angular distributions, the angular acceptance of TAPS was
calculated from GEANT simulations. The simulations were performed by gen-
erating hard photons with the experimentally determined energy and angular
distribution. The energy deposited in each module, calculated by GEANT, was
then analyzed with the same algorithm that was used for the data. From the
simulated polar-angle distribution we deduced the acceptance used to correct
the experimental angular distribution. Eq. (42) was fitted to the angular dis-
tributions (Fig. 23), measured for photons with energy above 30 MeV, with
K, Ey, Bs, and « as free parameters and which values are listed in Tab. 9.

We find back the slope parameters reported in Tab. 7 and extracted from the
photon spectra measured at 8., = 90°. The source velocity, G, is compatible
with the NN center-of-mass velocity for the three systems, although the AA
center-of-mass velocity is not that different in these almost symmetric sys-
tems. These two parameters indicate that photons beyond 30 MeV originate
predominantly from bremsstrahlung in first-chance pn collisions. The photon
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Fig. 23. Angular distribution measured in the laboratory frame for photons above

50 MeV emitted in the reaction Kr + "Nj at 604 MeV, 81T + 197 Ay at
40A MeV and *®*Pb + 7 Au at 30A MeV. Solid lines represent the fit of Eq. (42)

to the data.
system
parameter Kr+Ni 604 MeV | Ta+Au 404 MeV | Pb4+Au 304 MeV
K [mb/sr/MeV] 0.065 £+ 0.007 0.46 £ 0.05 0.2+£0.02
Ey [MeV] 20.2+0.3 13.1+0.4 10.0+ 0.5
Bs 0.174 £ 0.009 0.140 £+ 0.009 0.12+0.01
s 0.18£0.04 0.27£0.05 0.24+0.12
BNN 0.177 0.144 0.125
Baa 0.209 0.138 0.129
oy [mb] 3.5+04 6.9+0.7 1.14+0.11
(Npn)y 7 18 19
P,(x10%) 11.54+1.2 54+0.5 0.8240.08
Table 9

Parameters characterizing the photon production in the three systems studied.
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Fig. 24. Systematics of measured photon emission probability per pn collision adapted
from Ref. [4], as a function of the bombarding energy minus the Coulomb barrier
energy. Our data are represented by stars. Solid line represents Eq. (44).

emission probability per pr collision is calculated [Eq. (27)] with the following
parametrization of the total reaction cross-section [4]:

or[mb] = 10m {1.16 (AY* + A}° 4 2.0) }2 (1 ~ EY") . (43)
L

The number of pn collisions in the heavy-ion reaction is calculated using the ge-
ometrical equal-participant model [38] (see § 5) and is reported in Tab. 9. From
oy (obtained by integrating Eq. (41) over the photon energy above 30 MeV
and over the solid angle) we have calculated the values of P, also reported in
Tab. 9. Its dependence on the reduced bombarding energy E.. (Fig. 24) can
be parametrized by the function:

P,=5-10"* exp (——EELOO> , (44)

where the Eo dependence with E,. is given by Eq. (40). We observe a noticeable
dispersion, somewhat smoothed out by the logarithmic representation, in the
values measured at the same energy, which might be attributed to changes in
the reaction dynamics when the entrance channel system changes. It might
also be linked to the fact that P, does not scale exactly with the number of
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pn collisions as was established recently [52]. Different scalings consequently
have been proposed [53].

The angular distribution for thermal photons should exhibit a behavior differ-
ent from the one for direct photons. First it should tend towards an 1sotropic
angular distribution (o — 0) as thermal photons are emitted in second chance
pn collisions when the memory of the initial direction of the projectile is lost.
Second, since thermal photons are emitted from an almost equilibrated di-
nuclear system, the source velocity should be equal to the AA center-of-mass
velocity of this system. A first attempt to measure the angular distribution as
a function of the centrality of the collision was performed [54] for the system
%Ar + 1%7Au at 954 MeV. The hard-photon source velocity was indeed found
to be sizably smaller than the NN velocity, except for very peripheral colli-
sions. This is the first indication that photon emission is not solely dominated
by first-chance pn collisions, but carries also information on the later, stopping
phase of the reaction.

Because the three systems we have measured are nearly symmetric, the two
velocities Oxn and Baa are almost equal (see Tab. 9) and cannot be resolved
experimentally. The situation becomes even more complicated as between 20
and 50 MeV at most 50% of the total amount of photons have thermal origin.
We therefore considered to search for a change by analyzing the ratio of angular
distributions integrated over two different energy domains, N and NZ, where
the thermal versus direct photon composition is also different:

Eo
) o
= dFE
N dxn
E;
do
N? = dF
~ )
s d NN
E _doy/dQnn + dog/dOnn (45)
N_‘Y? - dO‘d/dQNN ’

In the numerator we consider to have a mixed contribution and in the denom-
inator we have only direct photons. The angular distribution of direct photons
in the NN center-of-mass [Eq. (41)] and integrated between E; and E, reads:

dO’d <9
pTon. =1 (1 + asin 9) , (46)

E| E,
I, = K B8 |ex (———) —ex (——)] .
d d g [ P Eg P Eg
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In its center-of-mass frame the thermal emission is isotropic:

d20't E,Y
m = I{t €Xp (—Eé), (47)

which when integrated between F3 and E, in the NN reference results in:

dO't __I{tEé e ZE3 ZE4 (48)
dnn 22 |OP\TE ) TR\TTE )|

Z= “Yrel (1 - ﬁrel COs oNN) ’

where (. is the relative velocity between the direct-photon source and the
thermal-photon source.

The ratio (Fig. 25) was constructed for the system Kr+Ni at 604 MeV only
because the entrance channel asymmetry should provide the largest value for
Bret- The denominator of Eq. (45) was obtained by integrating between 40 MeV
and 80 MeV. In the upper panel of Fig. 25 the numerator was obtained by
integrating between 20 MeV and 40 MeV and in the lower panel between
80 MeV and 120 MeV. As expected we find that the ratio is constant when
direct photons build up both numerator and denominator (bottom of Fig. 25)
but rises at small angles when the denominator contains also thermal photons
(top of Fig. 25 ). The shape is compatible with a relative velocity equal to
Bret = 0.04 which corresponds to the velocity of the AA center-of-mass seen
from the NN center-of-mass, Brel ~ Baa — Onn. This observation indicates that
the angular distribution changes when going from high energy photons to low
energy photons and the change is compatible if one adds photons emitted from
a system moving at the AA center-of-mass velocity. The latter confirms that
the low energy part of the hard photon spectrum contains direct and thermal
photons.
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Fig. 25. Ratio of angular distributions measured for bremsstrahlung-photons in the
reaction Kr + Ni at 60A MeV. The denominator is obtained by integrating the
double differential cross section [Eq. 45] between 40 MeV and 80 MeV. The angular
distribution in the numerator is obtained by integrating between 20 MeV and 40 MeV

(top) and between 80 MeV and 120 MeV (bottom). Solid lines represent the fit as
described in the text.
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7 HARD PHOTON INTERFEROMETRY

In analogy to the Hanbury-Brown and Twiss (HBT) method [55] in astronomy
intensity interferometry between pairs of identical particles is extensively being
used to analyze the space-time extent of the particle emitting source. The
interference arises from the indistinguishability of the two identical particles
and the symmetrization of the two-particle wave function [56]. The method
consists in measuring the two-particle coincidence rate to evaluate the relative-
momentum correlation revealing the interference pattern. Although widely
used in nuclear [57] and particle [58] physics, the HBT method was never
applied successfully to photons previous to the present work, mainly because
of their extremely weak production rate compared to the overwhelming hadron
production. It is, however, well worth the effort since photons are the best
suited probe for interference measurements, as photons are not subject to
final state interactions, and since they convey the true 1mage of the production
source being unaffected by the traversed nuclear medium. Detailed information
of two-photon interferometry in nuclear physics can be found in Refs. (59,60].

7.1 Correlation functions

In heavy-ion collisions and at the bombarding energies under consideration,
photon pairs are produced via two different mechanisms. The first one is the
decay of neutral pions and the second one corresponds to the emission of
bremsstrahlung photons from two distinct pn collisions. The cross section,
0, for simultaneous but independent emission of two bremsstrahlung photons
can be estimated by generalizing the expression for the inclusive cross section

[Eq. (27)]:

Ty = OR(Npn(Npn — 1)>5P'3’ ) (49)

where the averaged quantity (Np,(Npn,—1))s is calculated with the geometrical
model. Using the value for P, obtained from the inclusive photon production
(see Tab. 9) we find 0.,y = 6 = 1 b for the Kr+Ni system at 604 MeV and
16 = 3 pb for the Ta+Au system at 40A MeV. These numbers have to be
compared with the cross-sections that we have measured for neutral pion pro-
duction, 42 =4 and 2.2+ 0.3 ub respectively (see section 9). Although photon
pairs stemming from 7° decay are expected to be, at 604 MeV, about ten
times more abundant than bremsstrahlung-photon pairs, they can rather eas-
ily be distinguished due to the good momentum resolution of TAPS. This can
be visualized in the invariant mass spectrum (Fig. 26) defined by Eq. (13). The
invariant mass spectrum was constructed from events containing at least two
photons with energy above 25 MeV calculated in the NN center-of-mass sys-
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Fig. 26. Invariant mass spectrum, not corrected for the detection acceptance, mea-
sured for the reactions a) 36Kr + "'Ni at 60A MeV and b) B1Tq + 197 Ay gt
40A MeV. The solid line describes 7° contribution estimated from GEANT simula-
tions.

tem. These events were selected with the triggers “2y” and “y4” (see Tab. 3).
The cosmic ray events were eliminated by selecting showers according to their
profile geometry (see § 4.1.8 and Refs. [22,36]). An optimum shower collec-
tion was achieved by reducing the fiducial volume with the surface condition
[Eq. (17)] § < 0.8. In order to distinguish real pairs of photons from false
ones generated by a single high energy photon whose shower has developed in
non-adjacent modules (discontinuous shower) [22], we have required a mini-
mum relative angle of {3 = 8.3°. The spectrum was not corrected for the
momentum acceptance of TAPS.

36



Number of pairs

System | photon | cross section | cosmic | di-electron | split | random
[ub] ray shower

Kr 4+ Ni | 1900 6.6+0.8 3 <5 < 46 6

Ta + Au 370 16+ 2 5 <6 < 48 5

Table 10

Bremsstrahlung photon and 7° contribution measured in the systems 6 Kr + mat
at 60A MeV, 81Ta + 197 Ay at J0A MeV and 2°8Pb + 197 Ay at 30A MeV. The
contribution of false pairs generated by known sources is also reported.

The invariant mass distribution of 7° was deduced from GEANT simulations
including the detector and the analysis algorithm response. Below 80 MeV
the n% contribution is negligible. The resulting number of photon pairs are
reported in Tab. 10 together with the corresponding cross sections. We find
that the estimate obtained from Eq. (49) agrees with the measured cross
sections. Other sources of photon pairs could still contaminate the spectrum.
A first source of false pairs is provided by random coincidences when two
photons emitted in two distinct reactions occurring in the same beam pulse
are detected simultaneously. Their production is estimated by:

d 2
]V'Ar/:n om = npulsesPRRMfy Eyys (50)

where Ppr = 4-107* is the probability to have two reactions per beam pulse,
Npulses the total number of beam pulses accumulated during the expériment,
and €, the probability to detect two photons. Other sources of false pairs like
di-electrons, discontinuous showers, and cosmic muons are mostly eliminated
by the shower reconstruction algorithm. The numbers of false pairs which
might still be present in the set of photon pair data have been estimated for
each source and are reported in Tab. 10. Details on how these estimations
were obtained can be found in Ref. [22].

The correlation is experimentally defined as:

Py (ky, k2)
Cralky, ko) = Pi(ky) x Py(ks)’ (51)

where Pj(;) is the probability to detect one (two) photon and k the four-
momentum. The correlation function is thus defined as the ratio between
two-photon events and one-photon events. It is a function of the relative
four-momentum and can be evaluated in the four-dimensional space. How-
ever, because of the usually limited statistics available for the construction of
the numerator, the correlation function is represented in one dimension only.
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For photons, the most convenient variable is the invariant four-momentum,
Q, defined by Eq. (13). This choice is guided by the fact that this variable,
which for photons is also the invariant mass, allows an unambiguous identifi-
cation of neutral pions. Relying on GEANT Monte-Carlo simulations, we have
demonstrated [60] that, owing to the photon kinematics, the projection from
the four- to the one-dimensional space only slightly distorts the correlation
function.

The construction of the denominator has generated in the past many discus-
sions [61-63] and in particular the question of the distortions in the presence of
a resonance like 7°. We have chosen to construct the denominator from the set
of singles data by associating photons from distinct events. The advantages of
selecting single photon events are twofold: first, they provide extremely good
statistics and thus a well defined uncorrelated spectrum, and second, at the
bombarding energies under consideration the neutral pion contribution can be
neglected. This method must of course include exactly the bias of true photon
pairs in the numerator and must represent the same class of reactions. The
first condition is achieved by submitting the mixed pair events to the same
analysis as true pair events. The second condition is fulfilled since triggers “4”
and “2y” or “y4” contain the same condition on FW multiplicity.

Theoretically, the correlation function of photons emitted from an incoherent
source Is related to the Fourier transform, g(k), of the source density distri-
bution [58], p(r):

Cualkr, k2) = 14 Alo(ky, ko), (52)
where ) is a parameter added ad koc to take into account various effects like
partial coherence of the source, dynamics of the photon emission [64,65], and

left-over false pairs. However it is necessary, to know a preori the shape of p,
usually postulated to be Gaussian:

r? t?
1= () (L) o

where Rg is the spatial Gaussian radius of the source and 7 its lifetime. The
Fourier transform takes the form (k= ¢ = 1):

2 2 2.2
qRG+qOT )’ (54)

(g, qo) = exp (— 5

where ¢ and go are respectively the relative momentum and energy. As men-
tioned earlier, because of technical difficulties the experimental correlation
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function can only be calculated with the present data in a one-dimensional
space like Q. The projection of Eq. (52) writes:

Cra(@) =1+ A e(Q)[*
=14 Aexp (—

Q;Rz) . (55)

Comparing Eqgs. (54) and (55) and using the definition of the relative four-
momentum given in Eq. (13), one can relate [66] the parameter R to the spatial
and temporal extent of the source:

Q*R*=¢’Rg + 577,

_ 1+ (r/Rg)*(q0/q)*
R= RG X \’ 1= (qo/q)2 . (56)

We have checked [22,60] with the help of GEANT Monte-Carlo simulations
that for photons, where go < ¢, R is a good approximation of the spatial
radius Rg. The value of ) is, however, modified but this has no influence on
the interpretation of the correlation.

The simple source distribution of Eq.(53) does not represent the more complex
source distribution predicted by BUU calculations (§ 2) and observed exper-
imentally in the energy spectra and angular distributions of bremsstrahlung
photons. We therefore considered the existence of two sources, which we as-
sumed as a first guess to be identical in shape but separated in space and time
by Ar and At respectively:

p(r,t) = Lapa(r,t) + Lps(r — Ar,t — At), (57)

where the d(t) indice refers to direct (thermal). The corresponding correlation
function writes:

Ci2(Q) = 1+ Ao(Q)F x {I3 + I? + 2141, cos (goAt — g.02)}, (58)

where we have further assumed that the relative momentum between the two
sources is parallel to the beam direction. Eq. (58) is equivalent to Eq. (55)
multiplied by a factor due to the interference between two photons stemming
each from one of the two sources. The projection on Q is not straight for-
ward and does not lead to a simple analytical form. To avoid the analytical
derivation, we have chosen the mathematical solution of generating the photon
source distribution and performing the Fourier transform event-by-event.
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7.2 BUU simulations of correlation functions

BUU simulations do not directly provide for each pn collision a photon with a
certain energy, but rather determine a probability distribution. We have thus
stored for each ith pn collision its position, r;, and the associated probabil-
ity distribution Pj(k). We then analyzed the output by constructing, at r;,
plane waves with four-momentum k and calculated for i # 7 the two-photon
probability:

Pg(ki, k]) = P,‘@j X |Aexpi (kﬂ‘i + k]'T'j) -+ Bexpi (kﬂ‘j + k‘jT‘,’) |2
= Pigj x {1 +2ABcos [q(r; — r;)]}, (59)

where A and B take into account the eventually different probabilities of the
direct and cross terms:

P and B= Fiei

A=, |t _ Fiei
Pigi + Pigi Pig; + Pigi

(60)

Pig; = Pi(k:) x Pi(k;) and Pjg; = Py(k;) x Py(k;) are the probabilities to
produce the pair without correlation. Q is then calculated and its spectrum
incremented. Similar calculations were performed elsewhere [67] and compared
to our data.

The experimental correlation functions (Fig. 27) for photons having passed
the TAPS filter (energy and angular resolution, momentum acceptance and
analysis filter) for the two systems Kr+Ni and Ta+Au are compared to the
calculations considering two scenarios described below. In the first scenario
we have considered photons emitted only during the first 60 and 80 fm/c of
the collision for the systems Kr+Ni at 604 MeV and Ta+Au and 404 MeV,
respectively, i.e., we considered only direct photons. The impact parameter
was b = 3 fm for the first system and b = 4 fm for the second. The value
of the parameter A in the correlation function was fixed to be 0.75 to take
into account [65] the dipole component established in the angular distribution
(§ 6.2.2). We find that the correlation (Fig. 27) is too strong when compared
to the data thus indicating that additional factors must be taken into account
to reduce it. One way would consist in arbitrarily decreasing the value of \.
It would indeed take on a smaller value if the photon emission is not fully
incoherent. Alternatively, taking into account the second photon source will
reduce the correlation function as indicated by Eq. (58). This was done by
extending the BUU calculations up to 180 and 240 fm/c, respectively, for
the two systems, thus including the thermal photons. In this second scenario
we obtain a satisfactory description of the data (Fig. 27). These comparisons
demonstrate the necessity to take into account the full dynamics of the photon
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Fig. 27. Ezperimental correlation functions compared to BUU calculations. Dashed
lines correspond to photons produced during the first t=60 and t=80 fm/c of the
collision. Solid lines correspond to photons produced up to t=180 and t=240 fm/c.
Left-hand side corresponds to *Kr + ™ Ni at 60A MeV and the right-hand side to
181 Ta + %7 Ay at JOA MeV.

emission calculated by BUU to obtain a correlation function with a strength
and width comparable to the experimental one. Nevertheless for the heavier
system the calculations do not predict the modulation for which there is an
indication in the experimental correlation function. This modulation could be
a result of the collision dynamics which is not perfectly treated by BUU after
the expansion phase of the system (§ 2). Data with better statistics are needed
to unambiguously establish this modulation.

7.3 Monte-Carlo simulations of correlation functions

To study the influence of the full dynamics and to take into account the two-
body mechanism observed for heavy systems around the Fermi energy [68]
and predicted by BUU (see Fig. 4), we performed additional calculations. The
space-time coordinate r; 5 of the origin of the photons is sampled via a Monte-
Carlo technique according to various source distributions: i) a single source
described by Eq. (53), ii) two sources separated in space and time described
by Eq. (57), and iii) two sources as previously but with the second one split
into two fragments described by ps; and P12

p(r) = lapa(r) + Ii{pu(r — [Az = AZ[2]) + pa(r — [Az + AZ/2))}, (61)
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Fig. 28. Ezperimental correlation functions compared to calculations based on
Monte-Carlo sampling. The different lines correspond to one source, two sources,
and two sources of which the second one is fragmented (dotted, dashed and solid
respectively). Left-hand side spectrum corresponds to 86 Kr + "3t Ny qt 60A MeV and
the right-hand side to 81 Ta + %7 Au at J0A MeV.

where Az’ is the separation between the two fragments. For this last case the
thermal source is split in space into two fragments presumably experiencing
each the density oscillation at the origin of thermal photons. The two photons
are correlated in the same way as previously [Eq. (59)] and the correlation

function is projected on ) after passing the photons through the experimental
filter.

The two measured correlation functions have been compared to the results of
this calculation (Fig. 28) where in Eq.( 61) p was described by a Gaussian
distribution [Eq. (33)] of width R equal to the size of the overlap zone of pro-
jectile and target, and of lifetime equal to 7 = 3R. The distance between the
two sources was taken to be Az = S44At. The separation between fragments
Az2', the time At separating the two sources and the intensity I; were taken as
free parameters. As it was the case for the BUU calculations considering only
one photon source, the calculation largely overpredicts the data. By introduc-
ing the second source a better agreement is achieved which can be further
improved by considering that the second source is fragmented. In addition
the calculation assuming fragmentation predicts the experimentally observed
modulation in the correlation function of the heavier system.
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Fig. 29. Time evolution of the mazimum density (solid line} and of the bremsstrahl-
ung photon emission (dashed line) calculated with BUU for the system 86 Kr + nat
at 60A MeV at b=0 fm.

8 COLLECTIVE PROPERTIES OF NUCLEAR MATTER

In the light of the BUU calculations, the whole set of data we have collected
on hard photons can be consistently interpreted in terms of the emission from
two distinct sources emitting at different instants of the heavy-ion collision.
The first one is associated with a dense state of nuclear matter, the second
one to the thermalizing phase. The relative intensity of the two sources reflects
the strength of the density oscillations characteristic of heavy-ion collisions at
intermediate energies. We shall now express the collective character of nuclear
matter in terms of thermodynamical quantities (see § 2): density, temperature,
and incompressibility modulus.

- Density:
Direct bremsstrahlung-photons are emitted during the first compression
phase in the heavy-ion reaction. As a matter of fact, according to the cal-
culations, most of these photons are emitted only after the maximum den-
sity has been reached (Fig. 29). The delay is long enough so that nucleons
can be accelerated by the potential gradient which depends on the density
[Eq. (70)] and nucleons acquire extra intrinsic momentum. Since the com-
pression is less important in peripheral collisions than in central ones, the
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Fig. 30. Photon spectra measured for the system $6Kr + "tN; at 604 MeV for
various impact parameters selected from the associated charged particle multiplicity

and PLF mass, from central (upper left panel) to peripheral (lower right panel)
collisions. The photon energy is calculated in the NN center-of-mass.

acceleration and thus the extra intrinsic momentum are also less important.
Consequently the average energy available in an individual pn collision is
larger in central than in peripheral collisions. This is reflected in the photon
energy and can be visualized in a change of the slope of the spectrum. The
hardest spectrum is measured for the most central collisions (Fig. 30).
Using Eq. (4) we calculate the change in the average intrinsic momentum
which corresponds also to a change of the slope with the impact parameter.
The intrinsic momentum variation is then converted into a density varia-

64



tion following Eq. (7?). This method does not lead to absolute values of the
density but to values relative to a reference value which we have selected as
the density calculated by BUU at b = 8 fm, the largest impact parameter
for which the photon slope parameter could be measured. In the result-
ing variation of the density with decreasing impact parameter (Fig. 31),
one observes a sharp and continuous increase when going from peripheral
to central collisions until projectile and target overlap by one radius. At
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Fig. 31. Average density reached in the heavy-ion collision 8 Kr + "t Ni at 60A MeV
calculated from the slope parameters of direct bremsstrahlung-photon spectra mea-
sured as a function of impact parameter. The density is normalized to the value
calculated with BUU at b = 8 fm. The solid line represents the mazimum density
calculated by BUU. '

smaller impact parameters the density only slightly increases to its maxi-
mum value of p = 1.5py. The experimental trend follows exactly the trend
of the maximum density calculated by BUU (Fig. 31).

Although the absolute value of the density deduced from the measured
direct bremsstrahlung-photon spectrum relies on the model calculations,
the variation with impact parameter is an experimental observation. The
only hypothesis thus made is that a change in the slope parameter reflects
a change in intrinsic momentum of the colliding nucleons. We therefore
consider the experimentally observed impact parameter dependence as ad-
ditional evidence that the BUU model provides a good description of the
collision dynamics at least for the first instance of the collision when direct
bremsstrahlung photons are emitted.
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System Impact parameter | Temperature Ecn
[MeV] [MeV]
inclusive 6.3+ 1.0 14.4
Kr+Ni 604 MeV b<5fm 7.5+ 1.0
b>5fm 5.0+ 1.5
Ta+Au 404 MeV inclusive 5.0+ 1.0 10.0
Pb+Au 304 MeV inclusive 3.0+1.0 7.5

Table 11

Temperatures reached in specified heavy-ion collisions and deduced from the slope of
thermal bremsstrahlung-photon spectrum and calculations of Fig. 6.

-~ Temperature:

The interpretation of the data emphasizing that a second source of thermal
photons is created can be exploited to deduce from the slope of the thermal-
photon spectrum a local temperature of the system (Fig. 6) since the photon
emission is short on the reaction time scale. One reaches slightly higher
temperatures (Tab. 11) in the system Kr+Ni at 604 MeV than in the system
Ta+Au at 404 MeV, 7.0 £ 0.5 MeV compared to 5.5 + 0.5 MeV and the
temperature 1s very sensitive to the impact parameter. In central collisions
(b < 5 fm) the system reaches T= 8.040.6 MeV and only T= 5.6+0.4 MeV
for peripheral collisions.

- Incompressibility modulus:

From the calculations it is found that the relative intensity between the
direct and the thermal bremsstrahlung-photons depends strongly on the
Equation-of-State of nuclear matter via the incompressibility modulus K,
(Fig. 7). Experimentally we found the predicted behavior of the relative in-
tensity with bombarding energy and impact parameter. The corresponding
incompressibility modules K, deduced from a comparison between exper-
imental and calculated relative intensities of the two sources are reported
in Tab. 12. Taking the average value of the incompressibility modulus de-
duced in the three systems we find K,, = 290 & 50 MeV. This value fits
within the range of values deduced from the energy of the Giant Monopole
Resonance [69]. The incompressibility modulus is certainly the most model
dependent parameter we have extracted from the hard-photon data and it
should therefore be taken with caution. However, it provides a new quantita-
tive information on the Equation-of-State of nuclear matter independently
of all other known methods which are all as well model dependent (see for
example Ref. [1]).

We can now attempt to evaluate how the longitutinal kinetic energy of the pro-
Jectile is dissipated. We first can evaluate the energy Ecomp stored in compres-
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System Relative intensity | Incompressibility modulus
I/ 1 Ko [MeV]
Kr4+Ni 604 MeV 3.0£0.5 310+ 50
Ta+Au 404 MeV 20+0.6 290 + 80
Pb4-Au 304 MeV 1.6£0.5 270+ 80

Table 12

Incompressibility modulus deduced from comparison of the ezperimental relative in-
tensity of direct and thermal bremsstrahlung-photon and of theoretical values pre-
dicted by BUU calculations.

sion energy to reach the density of 1.5p, measured in the Kr+Nj system. We
use the value of the incompressibility modulus and the potential of Eq. (70):

Ecomp = E(1'5p0) - E(po), (62)
E(p) = / [Z—Jf/zg +U (p')} dp’. (63)

We find Ecomp = (2.9 £1)A MeV.

To evaluate the amount of energy converted into excitation energy E*, we can
construct a caloric curve E* = f(T') and set:

EC]\/I = Ecoll + E*, (64)

where Ec)y is the energy available in the system calculated in the AA center-of-
mass and Econ any kind of collective energy including the compression energy.
The correlation between the temperature and Ecys (Fig. 32) can be described
by a Ecy = 3/2T dependence (Beltzmann relation) with E.,; = 3.4A4 MeV
rather than by a aT? dependence (Fermi liquid relation). The meaning of
this correlation remains an open question. Further and detailed investigations
are needed, namely by measuring the excitation energy through the complete
detection in coincidence with photons of light charged particles and fragments.
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tons energy spectra and the total energy available in the system and calculated in the
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9 NEUTRAL PIONS

We discuss in this section the production of sub-threshold neutral pions. The
70 detection requires the coincident registration of the two decay-photons and
the identification by invariant mass analysis. For each photon pair identified

with the shower reconstruction algorithm, the invariant mass is calculated
using Eq. (13).

The experimental 7° invariant mass distribution (Fig. 26) can be described
by:

o) =000+ 00X = Xo)ep (-E 2 (g0, ey

g(X) =exp (—%{L)z) :

where the parameters have been fixed from the analysis of the invariant mass
spectrum calculated by GEANT, and 8 is the step function. Owing to the
9.6% resolution, most of the detected 7° events are contained in_the analysis
cut 100 MeV< M, < 150 MeV. In contrast to measurements performed
at energies above the free NN 7° threshold (2804 MeV), the number of 7%s
In one event in our experiment is at most unity so that the invariant mass
analysis does not generate a combinatorial background by pairing photons
from different #%’s. Experimental parameters characterizing the m° production
measured in the three systems we have studied [70] are summarized in Tab. 13.
For the Pb4+Au system we can only give an upper limit of the cross section
because of the low statistics. The probability to produce a #° is calculated
following Eq. (27) but by replacing the average number of pn collisions by the
average number of NN collisions.

9.1  Energy and momentum distributions

Information on the pion dynamics can be obtained from the total energy and
the transverse momentum spectra. The total energy is calculated as:

B - 2M3, 7 (66)
' (1 —cosfq,) |1 — (E——TE'“_E”Y
o v T Ly

In the 7° total energy spectrum measured for the Kr+Ni system (Fig. 33),
very energetic pions are produced, similarly to the photon spectrum, above the
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system
parameter Kr+Ni Ta+Au Pb+Au
60A MeV | 404 MeV | 304 MeV
or [b] 4.37 7.11 7.21
(NNNYs 14.02 37.77 40.50
Eo[MeV] || 1764+09 | 16+4 -
Ox0 [ub] 4244 22103 <0.9
Po(x10%) || 69+7 | 0.8+0.1 | <0.14
To [MeV] || 15.840.2 | 1644 -

Table 13
Parameters characterizing the 7° production.

kinematic limit defined in analogy to Eq. (35). The data are compared to DCM
calculations (Fig. 33). In these calculations, pions are produced in inelastic
NN collisions (see Appendix) and the primordial pion yield is subsequently
modified by both absorption and rescattering processes in the nuclear medium.
To compare the calculations with our data, the calculated energy spectra
were folded with the TAPS response and geometric acceptance. While for the
Ta+Au system the small number of detected pions renders the comparison
difficult, we find for the Kr+Ni system that the calculated energy spectrum
is softer than the experimental one. As a consequence the calculated cross
section, 28 ub, is also smaller than the experimental one. This difference can
be explained by the fact that the popular Ver West-Arndt approximation of the
pion production cross section [71] used in DCM might fail near the threshold.
This is plausible in light of recent measurements [72]. Another possible origin
of energetic pions could also be found in three-body collisions and dynamical
fluctuations not present in the DCM model.

The transverse momentum, pr = pcos¥, is a particularly interesting observ-
able. Since it is Lorentz invariant, it is free of kinematic effects and determined
only by the internal characteristics of the pion source. Assuming a source in
thermal equilibrium, the transverse momentum should exhibit a Boltzmann
distribution with a slope parameter related to an apparent temperature of the
source:

d
99 X pry/TMTexp <_Czn,()l)’

dpr

mr =/ M2 + p.
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Fig. 33. 70 total energy measured for the reaction 8 Kr + "t Ni at 60A MeV. The
solid line represents a DCM calculation corrected for the detector response and ac-
ceptance. The arrow indicates the kinematic limit.

Fitting Eq. (67) to the data corrected for the detector response and acceptance
(Fig. 34) we find an apparent pion temperature Ty = 15.8 + 0.2 MeV for the
system Kr+Ni and To = 16 £ 4 MeV for the system Ta+Au. In spite of the
difference in bombarding energy we find the same temperature for the two sys-
tems . We thus confirm the finding of previous measurements [73-75] that the
transverse momentum distribution of pions is independent of the bombarding
energy as long as its value stays well below the pion creation threshold energy.
While the temperature stays almost constant, the pion production probability
per participant nucleon increases by a factor 8.5 when the bombarding energy
increases from 40 to 60A MeV. This could indicate that the additional trans-
lational energy is not used to increase the kinetic energy of the emitted pions
but rather to increase the number of pions with no change in their average
kinetic energy. In the picture in which pions originate from the decay of the A
resonance, this would mean that the additional energy available in individual
NN collisions with increasing bombarding energy is not converted into heat
but rather into mass by exciting nucleons to the A resonance.
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Fig. 34. 7° transverse momentum measured in the system 86 Kr + ™ Ni at 60A MeV
and corrected for the detector acceptance. The solid line is a fit to the data with
Eq. (67).

There exists a depletion for the 7° transverse momentum at low transverse
momentum when compared to the Boltzmann distribution (Fig. 34). The same
effect was observed in other measurements [75,76] and was interpreted in terms
of final state interactions of 7° in nuclear matter. However, absorption can be
best observed in rapidity distributions.

9.2 Rapidity distribution

It is advantageous to analyze the shape of the rapidity distribution rather
than the angular distribution to get information on both source velocity and
location. If pions are emitted from a single moving source, the rapidity will
be distributed symmetrically about the source velocity (rapidity). The total
rapidity distribution integrated over pr (Fig. 35) measured for the system
Kr+Ni is distributed about a centroid at ¥ = 0.00 + 0.01. This could indi-
cate that the pion source is nearly at rest in the laboratory frame and clearly
slower than the NN center-of-mass system (Ynn = 0.17) and the AA center
of mass system (Y44 = 0.21). The same behavior was observed in previous
measurements [73]. However this apparent shift of the rapidity distribution
can be explained by pion absorption in nuclear matter. To demonstrate such
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represent the rapidity distribution for pr < 30 MeV/c and for central collisions; the
solid line represents the corresponding distribution calculated with DCM.

absorption we have selected pions emitted (i) preferentially along the beam
direction (|p;/py| < 1) and (ii) preferentially perpendicular to the beam direc-
tion (|p:/p))| > 1). The corresponding rapidity distributions (Fig. 35) exhibit a
forward-backward asymmetry reflecting the asymmetry of the entrance chan-
nel. Pions emitted backwards through the Kr projectile are more strongly
absorbed than pions emitted forwards through the Ni target. Pions emitted
perpendicular to the beam direction do not see this asymmetry as confirmed
by the data. From this observation one can conclude that pions are produced
in central collisions when projectile and target start to overlap, i.e., only in
the early phase of the heavy-ion collision.

The rapidity distribution (Fig. 35) yields more precise information on the
origin of the #° transverse momentum at low pr values. A minimum in the
rapidity distribution is observed around the NN rapidity. DCM calculations
reproduce this distribution. The explanation is straightforward. Since pions
with small pr are selected, pions with the NN rapidity will have a small kinetic
energy and thus will be preferably absorbed. The energy dependence of the
pion absorption was established in Ref. [75,76].
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60A MeV (upper panel) and '®'Ta + "t Ay at J0A MeV (lower panel). The solid
lines represent the sum of all known contributions calculated with DCM. The arrow
indicates the kinematic limit [Eq. (35)].

10 VERY ENERGETIC PHOTONS

The commonly used models for the production of hard photons cannot re-
produce the most energetic photons (Fig. 36) beyond the kinematic limit
[Eq. (35)]. Indeed the pn bremsstrahlung spectrum (Fig. 36) calculated ei-
ther with BUU or DCM stays well below the data at photon energies near and
above the kinematic limit where the cross section falls to zero. To overcome
the kinematic limit in individual pn collisions, nucleons must acquire more in-
trinsic momentum than available at saturation density: pp2* = A (3n2p,/ 2)1/ °,
Several mechanisms supplying the extra energy may be considered:
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Fig. 37. Photon spectra calculated assuming intrinsic momentum distributions in
the nuclear ground state such that (i) 0.6% of the nucleons have momenta between
300 MeV and 500 MeV/c (dashed line) and (ii) 3% of the nucleons have momenta
between the same limits (dotted line). The system considered was 38 Kr + "2t Ni gt
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~ nucleon off-shell effects

During their propagation through nuclear matter nucleons can go off-shell
(E* > p* + M%) and collide with other nucleons. Extra energy is thus
brought into the system and energetic photons can be produced. These
effects can of course not be taken into account by semi-classical calculations
as BUU or DCM. They can be mimicked by artificially changing the intrinsic
momentum distribution in the nuclear ground state but that would lead to
an incorrect description of the collision dynamics. We therefore did not
follow this path but calculated the expected photon distribution by folding
a given intrinsic momentum distribution with the elementary pn — pn~y
cross section (Fig. 37). We considered two cases. First we assumed that
0.6% of the nucleons have intrinsic momenta between 300 and 500 MeV/c
as was recently measured via electron scattering [77] for 2°®Pb. Within this
assumption the calculation still largely underpredicts the data. Second, to
get a good description, we considered that 3% of the nucleons have intrinsic
momenta within the above defined range in disagreement with the electron
scattering data.

— three-body collisions
In the BUU and DCM model calculations the collision integral [Eq. (71)]
of the transport equation is approximated by two-body collisions, neglect-
ing higher order collisions. This approximation is certainly not justified
when high densities are reached. In such circumstances three-body colli-
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Fig. 38. Two-body (solid line) and three-body collisions (dashed line) distribution as
a function of the energy available in the collisions, calculated for the system 86 Kr
+ "2 Ni at 604 MeV.

sions become important [2]. Additional elementary bremsstrahlung-photon
production processes must therefore be considered, among which reactions
involving deuteron-like correlated nucleon pairs play the leading role [78].
Presently such mechanisms are to the best of our knowledge not yet system-
atically included in the collision integral. We have therefore only calculated
the energy available in three body collisions occurring during a heavy-ion
collision (Fig. 38). Even if all this available energy would be converted into
the production of a single photon, it could not explain the experimental
spectrum. Again we find that the additional energy brought in by three-

body collisions is by far not sufficient to explain the experimental photon
spectrum.

~ dynamical fluctuations
Dynamical fluctuations are a very general phenomenon occurring in any
random medium, e.g., the Brownian motion of molecules. Similarly the ran-
dom propagation of nucleons through the randomly changing mean field
generates stochastic and large fluctuations in the intrinsic momenta. Col-
lisions can thus occur in which nucleons have an unusually large intrinsic
momentum. Several approaches have been considered to treat dynamical

fluctuations [79-81] but none has dealt with the very energetic photons
that we have measured.
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Although bremsstrahlung photons have not yet been calculated including in
the heavy-ion dynamics the three effects we have just discussed, it is very
unlikely that the experimental hard photon spectrum can be described only
by bremsstrahlung photons. We have therefore considered other processes that
produce hard photons and which are usually neglected because of their small
cross sections. We considered three processes whose relative intensities vary
with the photon energy (Fig. 39). Together with the bremsstrahlung the sum
of the three additional contributions provides a satisfactory description of the
data (Fig. 36). '

- 70—y
The energy distribution of photons from the decay of neutral pions has been
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determined experimentally and was found similar to the calculated one.
The neutral pion decay yields a maximum in the photon spectrum at M, /2
which is however significantly lower than the bremsstrahlung contribution.
At higher photon energies (E, > 150 MeV) these two contributions come
close to each other. The role of 7° decay as photon source increases rapidly
with bombarding energy and already at £ > 1004 MeV this decay is the
main source of hard photons with E, > M, /2.

- A — Ny
The A isobars are exclusively excited in inelastic NN scattering (see ap-
pendix). The photon decay occurs with a weak branching of 6 x 103, The
calculated distribution (Fig. 39) does not correspond to the shape of the A
resonance but to the convolution of the shape with the resonance excita-
tion probability. At the bombarding energies under consideration, only the

low-energy tail of the resonance is excited, the mass of the resonance at the
peak being My = 1232 MeV.

- T4+ N = Ny

The pion absorption off a nucleon followed by emission of a hard photon
(radiative capture) is the dominant mechanism for hard photon production
above the pion mass and at bombarding energies below 1004 MeV. The
energy spectrum of subthreshold pions is essential for calculations of photons
in the extreme high energy tail of the spectrum. For the Kr+Ni system
DCM predicts a too soft pion-energy spectrum (Fig. 33) and consequently
the calculated photon spectrum falls off too steeply (Fig. 36).

From the analysis of photon spectra above the kinematic limit we found that
this part of the spectrum cannot be described in the standard approach based
only on incoherent pn bremsstrahlung. As suggested by DCM, the radiative
capture m + N — N 4 v involving pions produced in the nuclear medium
dominates the production of very energetic photons. An improved quantita-
tive description of photon production by this additional mechanism however
requires a deeper understanding of subthreshold pion production itself as well
as of pion dynamics in the nuclear medium.

78



11 CONCLUSION

The aim of the research program presented here is to establish the Equation-
of-State of nuclear matter. We have made some progress in this direction by
solving two major problems encountered in this field. The first problem was
an experimental one, linked with the difficulty to isolate photons among the
overwhelming hadronic radiation generated in heavy-ion collisions. We have
succeeded to solve it by exploiting the performance of the TAPS detection
system. The second problem, linked with the difficulty to disentangle effects
due to nuclear matter properties from collision dynamics effects, has been
solved by choosing hard photons as a probe. The data were then analyzed
considering collective properties of hot and dense nuclear matter.

The hard-photon emission pattern is characterized by the energy spectrum
and angular distribution, and the space-time distribution of the source was
extracted from the two-photon interference. All experimental observations
converge towards the conclusion that for the systems studied bremsstrahlung
photons are not emitted from a single source but from two sources instead
with different characteristics. The more intense source produces the harder
spectrum and travels with the NN center-of-mass velocity. The second and
softer source moves with the center-of-mass velocity of the combined system.
The relative intensity of the two sources changes with impact parameter so
that more soft photons are produced in central collisions. Finally the source
distribution extracted from the two-photon correlation function is compatible
with two sources separated in space and time with the possibility that the
latter is split into two or more fragments. From these purely experimental
observations we conclude that hard photons are emitted at two different in-
stants of the heavy-ion collision: first at the very beginning of the collision in
first chance pn collisions and second in a later phase of the collision through
secondary pn collisions.

For comparison with our data BUU calculations were performed for heavy-ion
reactions at intermediate bombarding energies. These calculations reveal that
at low enough bombarding energies the collision proceeds via density oscilla-
tions of a monopole type. Knowing that BUU calculations cannot really be
trusted over a too long time, we considered only two of these oscillations no
matter how the system evolves later on. During the first oscillation, dense
nuclear matter is formed over a volume corresponding to the overlap volume
between projectile and target. During the second oscillation, a new dense state
is formed but this time the system is thermalizing. The calculations further
predict that a bremsstrahlung-photon flash accompanies each oscillation and
each flash has exactly the emission pattern established experimentally. We thus
identified the two experimentally observed photon sources with the two calcu-
lated sources resulting from density oscillations. Based on these experimental
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observations we have proposed methods to evaluate density, temperature and
incompressibility modulus characteristic of nuclear matter compressed and
heated in heavy-ion collisions.

Besides bremsstrahlung photons, the photon spectrum measured for the first
time over such a wide dynamical range reveals new aspects. On the low en-
ergy side the weak cross section for GDR photon decay suggests that reaction
fragments are produced with a broad mass distribution and that a possible
quenching sets in at high excitation energies. Having data of better quality
in this photon energy range will be extremely attractive since it will provide
the means to follow the reaction dynamics from the very beginning probed
by bremsstrahlung photons to the last evaporative stage probed by statistical
photons.

On the high energy side of the spectrum we found that photons are pro-
duced well above the kinematic limit, and that they cannot be interpreted as
bremsstrahlung photons even when considering the dynamics of the intrinsic
momentum distribution. With the help of DCM (comparable to BUU except
for the computation technique which in DCM allows to produce real particles)
we found that pion radiative capture is by far the dominant process to pro-
duce very energetic photons besides the better known 7° and A decay. This
interpretation makes very hard photons a new and interesting probe of pion
production and of their propagation through nuclear matter.
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12 APPENDIX: MODELS FOR HEAVY-ION COLLISIONS AND
PARTICLE PRODUCTION

12.1  Boltzmann transport equation

The semiclassical Boltzmann transport equation describes the time evolution
of the one-body phase-space distribution f (7,7,t) = f. This distribution, de-
scribing a nuclear many body ensemble, represents the probability to find a
nucleon with momentum p'at spatial coordinate ¥ and at time £. In this formal-
ism, during the evolution of the system nucleons collide with other nucleons
while moving through a time dependent mean-field potential. The introduc-
tion of the Pauli exclusion principle in the collision term and the Fermi motion
of nucleons in the initial state preserve the quantal nature of nucleons inside
the nucleus. The Boltzmann equation takes the following form:

SIE R0 = 1177 7.0). (68)

The left-hand side of Eq. (68) represents the equation of motion.for the one-
body distribution. It develops as:

d, [0 58 o, . 8
% —{E‘Fa“gﬁ_vr(](r’t)a_ﬁ}f? (69)

where U(r,t) represents the time dependent mean-field potential. A phe-
nomenologic potential can be adopted. According to a Skyrme parameteriza-
tion depending on the local baryonic density, p(7), this approximated potential
reads [82]:

U(7) = ap(r) + bp(7)" + Uc. (70)

In this equation Ug contains the Coulomb interaction. The momentum depen-
dence of the potential is neglected. The three parameters a,b,n are fixed by
the properties of infinite nuclear matter at zero temperature and pressure: the
saturation density po = 0.17 fm™, the binding energy Ep = —16 MeV, and
the incompressibility modulus K. The latter will be a free parameter in the
calculation. A large value (> 250 MeV) for K., defines a stiff Equation-of-State
and a smaller value (< 250 MeV) for this parameter a soft Equation-of-State.
The frontier between these two regimes is of course not strictly defined.

The right-hand side of Eq. (68) represents the collision integral which can be
approximated by the expression for two-body collisions, 5+ 5, — P2 + Pa,
integrated over the available phase space:
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In Eq. (71) the collision rate |5]do/dQ is integrated over all the available
phase space. The é-functions ensure energy and momentum conservation in
the NN collision. The factor in curled brackets contains the loss and gain terms
weighted by factors describing the Pauli exclusion principle. These factors are
obtained from the probability that there is no nucleon with momentum 7
at spatial coordinate 7 and at time ¢, i.e., f; = 1 — f;. The differential NN
cross-section, do/df), is taken from the experimental free NN cross section as
an approximation to the unknown in-medium NN cross section. Alternatively
the parameterization proposed by J. Cugnon [83] can be used.

12.2  BUU model

Several varieties of the transport equation labeled with names like for the
most popular ones Boltzmann-Uehling-Ulenbeck (BUU) [4], Landau-Vlasov
(LV) [84], Boltzmann-Nordheim-Vlasov (BNV) [2] have been developped. Among
the different varieties the recipe to solve the equation might also change. Ob-
viously Eq. (68) cannot be solved analytically. A numerical solution is derived
instead applying the test-particle technique [85]. The continuous one-body
distribution f(7,p,t) is discretized by associating to each of the A = A, + A,
nucleons A elementary functions, commonly called test or pseudo particles:

1 NA
frpt) =+ _2;5 (F=7i(8) 6 (F - pi(2)) .- (72)

Within this form f; is a solution of the equation of motion (left-hand side
of Eq. (68)) if each test particle with momentum #; and at location 7; is a
solution of the classical Hamilton equations:

dp; dr; 1

bt (LA _61,(](,3.,15), — = Eﬁi' (73)

With the introduction of test particles, the nuclear system is approximated by
a classical ensemble with a finite number of particles and A parallel ensembles.
A technical remark must be added here. The original symmetry in the entrance
channel might be lost during the collision. This is an artifact of the numerical
method based on a finite number of parallel ensembles (100 test particles
per nucleon were used for our calculations). It does not lead to the numerical
convergence of the Boltzmann-equation solution. Increasing this number would
lead to a better convergence and restore the symmetry [2]. However using only
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a limited number of test particles is a technique which can be used to study
statistical fluctuations in the collision dynamics.

For the initial conditions the system must be prepared in its ground state,
Ep = —16 MeV and po = 0.17 fm~3. Therefore test particles are randomly
distributed in configuration space according to a Woods-Saxon distribution [4]
which gives the correct value for the binding energy. The test-particle momen-
tum is also chosen randomly according to a uniform distribution between 0
and the local Fermi momentum, pr(r) = &(3/272p(r))/3, where p(r) is the
local density.

The temporal evolution of the system is performed by discretizing the time in
steps of typically 6t = 0.5 fm/c. At each time step the solution of the Hamilton
equations [Eq. (73)] are:

Pilt + 6t) = pi(t) — V., U (7, t)8t, | (74)
Fi(t+ 66) = 7(t) + (1) (75)

The local density p(7;) is calculated as the ensemble average over a volume of
typically 1 fm3:

p(Ft) = [ £, 7, 1)dF, (76)
Q

where f(75, p;, t) is given by Eq. (72). The local potential appearing in Eq. (74)
is then calculated using Eq. (70). To achieve a better numerical convergence,
Gaussian test particles [85] are preferred to the point test particles of Eq. (72).
Although the two representations are approximately equivalent, the latter one
has the advantage that less test particles per nucleon are needed which as a
consequence reduces the computation time.

Finally the collision term of the transport equation is evaluated by calculating
at t+0t/2 the distance between all test particles belonging to a same ensemble.
By definition a collision occurs when the impact parameter is smaller than
bmax = y/onn/m. Scattering kinematics are then calculated following Eq. (71)

and the blocking factors f are computed as ensemble average values. A uniform
random number is then compared to f;f; to decide if the collision is allowed.

Because of the ensemble averaging technique, this method to solve the Boltz-
mann equation only provides average quantities. This approach is somewhat
inconvenient, especially in the case of rare events, like deep-subthreshold par-
ticle (DSP) production. They cannot be calculated with a reasonable number
of test particles and therefore a reasonable amount of computation time. This
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limitation of the Boltzmann equation can be overcome by developing more
sophisticated models which can provide more than an average behavior. Two
directions are presently pursued. The first one considers the classical molec-
ular dynamics extended to include the quantum features of heavy-ion colli-
sions [86,87]. The second approach is based on stochastic methods in which
an average dissipative pattern is introduced on the one-body distribution f
through the collision integral. The transport equation transforms then into the
Boltzmann-Langevin equation. To our knowledge none of these two approaches
have yet systematically included photon and particle production. Only an at-
tempt has been made [79] to calculate the deep-subthreshold production of
kaons.

12.8  Dubna-Cascade-Model DCM

To calculate DSP production we have adopted the intra-nuclear cascade model
to simulate the heavy-ion collision dynamics. This model was developed by the
Dubna group [13,10]. The Dubna Cascade Model (DCM) is also based on the
Boltzmann equation [Eq. (68)] with the difference that the mean field temporal
evolution is treated in a simplified way. The scalar nuclear potential of the
initial state is kept constant during the collision and only the potential depth
is changed according to the number of knock-out nucleons. This frozen mean
field approximation should not bias too much the DSP production since they
are mainly produced during the early stage of the collision. Since the exact
mean field does not need to be recalculated at each time step as it is done
in the BUU model, it is not necessary anymore to resort to the test-particle
technique. The DCM model therefore regards the collisions as full ensembles in
contrast to the BUU models which regards the collisions as parallel ensembles.

The ground state of the initial system is prepared as in BUU by calculating
the intrinsic momentum distribution and the parameters of the Woods-Saxon
distribution are extracted from electron-nucleus elastic scattering data [88].

The collision between nucleons is treated in a similar way as in BUU. Since
DCM does not resort to the test-particle technique which gives access as we
have seen only to the average properties of the heavy-ion collision dynamics,
the dynamics of each NN collision can be followed. Consequently also very
weak channels, like the production of very energetic photon or DSP can be
calculated. But as soon as the dynamics of the mean field prevail, DCM is not
relevant anymore.
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12.4  Photon production

The spectrum of energetic photons emitted in a heavy-ion collision is calcu-

lated as the incoherent superposition of bremsstrahlung produced in individual
NN collisions:

b
do, 7 d¥ k dPMN(\/5) -
— =21 [ bdbd [ ——2 NV FF 7
T T 0/ NN/ ir b db f2f3 ( )

In Eq. (77), k is the photon energy Doppler shifted to the frame moving with
the NN center-of-mass velocity, the factor kE/E' the Jacobian of the Lorentz
transformation, and (' the phase space available in the final state of the col-
lision '+ Py — p2 + ps + k weighted by the Pauli blocking factor f,fs. The
final photon spectrum is obtained by integrating the photon production prob-
ability over the available phase-space, then by summing over all NN collisions
and finally by taking the average over the impact parameter b. In Eq. (77)
dPNN (\/s) /dk’ represents the probability to produce a photon with center-
of-mass energy &’ in a NN collision in which the available energy is 1/s. The
value for this cross section is again not known when the NN collision occurs in
the nuclear medium. Therefore as a first guess the known value from free NN
collisions is adopted. However, since data are scarce specially in the interme-
diate energy domain, the photon production is calculated instead. Indeed only
pn collisions will be considered since the intensity of bremsstrahlung emitted
in proton-proton collisions is, because of its quadrupole character, strongly
reduced with respect to the dipole radiation emitted in pn collisions. In a
quantal description of the photon production, the cross-section is calculated

as [89]:

dP, _ My ] k|gl*|T,|? ,
dkdl,dQYy  4|5|(2r)°E,  2[Er (g — kcos8) + El(q — kcos 0)|’

(78)

where Ep, E/, and E;, are the initial and final energies of the proton and the
final energy of the neutron, ¢ is the relative momentum between the proton
and the neutron, and |T.,| is the transition amplitude, calculated from the One
Boson Exchange amplitude [90]. In the NN scattering, photons are produced
through external bremsstrahlung by the in- and out-going proton as well as
through internal bremsstrahlung in the exchange of charged mesons. While
solving numerically the Boltzmann equation, each time two nucleons collide
the spectrum of Eq. (78) is evaluated and the result is put into Eq. (77). In
doing so the photon production is treated perturbatively, i.e., photons do not
participate to the dynamics of the collision. This approximation is justified
by the weak production probability of a photon in a single NN collision; of
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Fig. 40. Bremsstrahlung photon spectrum calculated for a pn collz'sioﬁ at 200 MeV
using the Schifer parameterization [90] and using classical electrodynamics.

the order of 107 at 100A MeV, it decreases for lower bombarding energies
(Fig. 41).

The photon spectrum of Eq. (78) is very similar to the classical bremssﬁrahlung
radiation emitted by an accelerating charge (Fig. 40). It has a 1/k dependence
and drops abruptly to zero at a maximum photon energy equal to the energy
available in the NN center-of-mass system, i.e., approximately half the pro-
jectile kinetic energy. As illustrated by the calculated photon spectrum for a
pn collision at 200 MeV (Fig. 40), the cross section goes, as expected, to zero
for photons with energy close to 100 MeV when the available energy in the
NN center-of-mass is exhausted. The evolution of this cross section is repre-
sented (Fig. 41) by the photon production probability [90] as a function of the
Coulomb corrected beam energy, E.. = E;, — V., /A,, where Ej is the kinetic
energy per nucleon of the projectile, V. the Coulomb barrier and A, the mass
number of the projectile. A minimum photon energy of 30 MeV is required,
which implies the existence of a 60 MeV threshold on the beam energy below
which photons with energy larger than 30 MeV cannot be produced. The situ-
ation is radically different when the pn collision occurs in the nuclear medium
during heavy-ion collisions, as illustrated by the bremsstrahlung photon pro-
duction probability scaled by the number of participants and calculated for
the heavy-ion collision 4°Ca+*°Ca at b = 0 (Fig. 41). The number of partici-
pants is calculated as the number of pn pairs present in the geometric overlap
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between projectile and target (see Sec. 5). The photon production probabil-
1ty at a given bombarding energy is much larger than what is expected from
the calculation for a free NN collision. Moreover the probability remains large
even at the 60A MeV threshold and down to bombarding energy as low as 204
MeV. At 60A MeV bombarding energy for example, bremsstrahlung photons
with energy above 30 MeV can thus be considered as subthreshold photons.
Both BUU and DCM calculations give similar results. The strong deviation
from the free NN case evidences the major role played by the intrinsic mo-
mentum due to the Fermi motion (Er ~ 40 MeV) of nucleons in the nucleus.
This coupling provides the additional energy needed to overcome the thresh-
old. The energy of the subthreshold photon, which can be best studied at
beam energies per nucleon close to the Fermi energy, thus reflects the intrinsic
momentum of colliding nucleons, and the photon spectrum can be viewed as
an image of the phase-space occupancy of participating nucleons. In that sense
the bremsstrahlung-photon production acts as a collective probe (the Fermi
motion is a mean-field effect) of nuclear matter (the participant zone) and of
its dynamics.

12.5  Inelastic NN collisions in DCM

Only pions, the lightest mesons, will be considered since the bombarding en-
ergies under consideration in this article are already well below the threshold
of 280 MeV at which pions are produced in free NN collisions. Therefore in
heavy-ion collisions at, for example, 504 MeV the pion production probability
is only of the order of 1078 per NN collision. As emphasized, such weak chan-
nels cannot be studied with the BUU model within reasonable computation
time (except if fluctuations are considered [79]). To the contrary the DCM
approach allows to investigate the collisions in an event-by-event mode with
much less computation time. Therefore weak NN inelastic channels can be
simulated and the dynamics of produced particles followed. Pions in DCM are
produced either directly via N+ N — N+ N+, or in two steps through the
A resonance formation and decay: N+ N - A+ Nand A = N + 7. For in-
medium inelastic cross section, the experimental free cross section modified by
the Pauli blocking is adopted. The formation of the A isobars is calculated so
that the effective mass of the 7V system follows the A mass, M, distribution:

L'(p)
POV = 3 Iy (V5 — M M), (79

where My = 1232 MeV is the mass at the peak of the resonance, My the
nucleon mass and /s the NN center-of-mass energy. The # function ensures
energy conservation.The momentum dependent width, ['(p), is parametrized
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as [82]:

0.47p°
1+ 0.64] M2

s

I'(p) = [ , (80)

where p is the center-of-mass momentum in the NA channel. We checked
that the calculated 7 spectra and the A production reproduce closely the
experimental data for free NN collisions [91].

The production of = and A gives rise to an additional source of photons.
Neutral pions decay before they reach the detector and emit two correlated
photons with a branching ratio of 99%. A isobars decay through the emission
of one photon, the branching ratio being 0.6%. These two sources of photons
contribute to the total photon spectrum in an energy range depending on the
beam energy.

The yields of primordial pions and A’s are subsequently modified by absorp-
tion and rescattering processes in nuclear matter. Pions can be absorbed either
in two-step processes: m + N -+ Aand A+ N - N+ N, or directly by nu-
cleons or correlated nucleons, (NN)., in the processes: m + N — N + ~ and
©+(NN). = N+ N. The modified treatment of the inverse channel for short-
lived resonances [92] is used to estimate the isospin averaged cross section of
the A+ N — N + N process:

(Vs—Mpy)?

1
UN+N—)N+A/ / _Q;MIIF( M”)p”dM”, (81)
(My+Mr)?

Mp2

1
OA+N—sN4N = g—p—,z,—

where p' is the center-of-mass momentum in the NN channel, and F (M)
represents the A mass distribution [Eq. (79)]. The probability of the pion
absorption on a correlated (NN), pair was derived from the inverse cross sec-
tion for the reaction p + p — d + 7*. This cross section could be enhanced
by a factor 3 in the nuclear medium [93]. However the probability to find a
deuteron-like pair has a relative weight of about 1/4 [94]. Since these two fac-
tors are not precisely known and have the tendency to cancel each other, the
free cross section for the pion absorption [95] is used instead.

Pions can also be absorbed in the process m + N — N + ~. The cross section
for this process is calculated using the detailed balance principle:

1p°
Oni NNty = gFUN‘M—’N"'"’ (82)

39



and the Lorentzian parametrization of Prakash et al. [96]:

(300E,)?
(300E,)* + (E2 - (2.1M, + 30)?)

ON4~v=3N+4+r = 0.4 3 mb. (83)

To avoid double counting, the A-isobars v-decay in the intermediate state of
the reaction 7 + N — N + v is ignored since it is included implicitly in the
inverse reaction parameterization.

For higher bombarding energies the production of heavier mesons can be cal-

culated in this model similarly to pions and by considering the proper inelastic
channels.
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Fig. 41. Photon (E, > 30 MeV) production probability per pn collision as a func-
tion of the bombarding energy per nucleon corrected for the Coulomb barrier. The
solid (dashed) line represents the BUU (DCM) prediction calculated in the heavy-ion
collisions **Ca+*°Ca at b=0. The dotted-dashed line is a calculation for a free pn
collision following Eq. (78).
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