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Chapter 6

Inclusive experimental results

This chapter covers the presentation of the results of the inclusive measurements for hard
photons and charged particles. In the first two sections I will focus on the analysis of
the measured hard photon energy spectrum and the angular emission distribution. Next,
the features of the charged particle distributions measured in the Dwarf Ball and in the
Forward Wall are discussed. In Section 6.4 the results concerning reaction and hard
photon cross-sections and related hard photon measurements are presented. In the last
section, I will discuss the new systematics built with the experimental data collected
from the different experiments where a thermal hard photon component has been clearly

identified and measured.

6.1 Photon energy measurements

Inclusive photon spectra result from the sum of contributions from all the photon pro-
duction processes, without requiring any particular final state of the nuclear reaction.
The corresponding events have been selected by requiring that they have fired the photon
minimum bias trigger. In our set-up this is the “Neutral*DB1” trigger, which signals
events where a photon of energy E, > 10 MeV in TAPS is in coincidence with a charged
particle detected in the Dwarf Ball. The selection of such a “photon-particle” coincidence
to analyze photon inclusive measurements guarantees the occurrence of a photon emission
during a real nuclear reaction. Thus, “photon” contributions coming from false events,

mainly cosmic rays firing any or several TAPS modules, are minimized.
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Figure 6.1: Ezperimental inclusive raw photon spectrum measured in the NN center-of-mass frame
for the reaction 2° Xe + "%t Sn at 50A MeV. The dashed line represents the cosmic
ray background contribution.

6.1.1 Raw photon spectrum

In Fig. 6.1 we present the inclusive raw photon energy spectrum for the 129Xe 4 ™#Sn
reaction at 504 MeV, constructed from the collection of 5.8-10% photons of E, > 10 MeV

measured in TAPS and transformed into the nucleon-nucleon (NN) center-of-mass frame,
EMN = yyy BY (1 — By cos 6Y)  with Byy = 0.16  and yyy = 1012 (6.1)

Subtraction of the cosmic ray contribution

The probability to detect a hard-photon is comparable to that of recording a cosmic
muon during a nuclear reaction in the high energy region of the spectrum. Although the
trigger has been selected to minimize the cosmic ray contamination, we therefore have
to reject this contribution in order to completely avoid a photon misidentification. This

is why in the particle identification step we have chosen to characterize the cosmic ray
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events according to the same time-of-flight and pulse-shape windows used in the photon
identification (see Table 4.1). This selection permits to subtract the contribution of cosmic
ray events from the raw photon spectrum, in order to construct properly the inclusive
spectrum of emitted photons from the nuclear reaction. The background of the 2 photon
electromagnetic decay of neutral pions produced in the reaction is at this bombarding

energy marginal.

6.1.2 Hard photon energy analysis

In agreement with the former analysis performed by the TAPS collaboration discussed in
section 2.3, we have found that the inclusive hard photon energy spectrum of the Xe+Sn
reaction at 504 MeV cannot be well described by just one exponential distribution, due
to an excess of the hard-photon yield in the energy region of 30-60 MeV. This excess
then calls for the existence of a second hard-photon contribution. The contribution of

each source can be extracted after the fit of the data with the following function:

dN

T = Kye B /B8 4 K, e Pr/ES (6.2)
N

where d and ¢ stand for direct and thermal, respectively, and the factors K are related to

the intensity of each source:

Iywy = Ky /

Eypr=30MeV

o0

eI dB, = Ky BXO ¢35 (6.3)

The low energy threshold of the fit, 30 MeV, has been selected in a conservative way,
as already advocated in the previous analysis of the KVI experiment [26], in order to
minimize any possible photon background from the tail of the GDR photon distribu-
tion. The effective upper limit corresponds to the most energetic possible case of pny
bremsstrahlung, the so-called “kinematic limit” for bremsstrahlung E7'“*(s): a photon of
energy is created in a head-on collision where both nucleons having the maximum intrinsic

Fermi momentum, pr =270 MeV. In that case, we have:

2
Smaz — 4my
2 v Sma.r

_ olEr(mNn+Eiab) + pF prap]” : : : o
where s;00 = 2 mx (o FFios) is the maximum energy available in a pn collision,

Ep = \/p% +m% and Ejgp = Kigp +my.

The result of the double source fit of the inclusive energy hard photon spectrum is

BT (s) = = 181 MeV (6.4)

displayed in Fig. 6.2 and the parameters obtained in the least square fit are reported in
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Figure 6.2: Experimental inclusive hard photon spectrum measured for the reaction *2° Xe + "%t Sn
at 50A MeV in the NN center-of-mass frame. The spectrum has been fitted according
to the double exponential distribution of Eq. 6.2 in the energy range E, = 30 - 180

MeV. The thermal (dashed line) and direct (solid line) exponential contributions are

shown.

E¢ (MeV)

E{ (MeV)

It/Itot(%) x2/ndf

15.6 £ 1.0

7.0 £ 0.6

22+1 1.9

Table 6.1: Thermal and direct slopes and ratio of thermal to total intensities deduced from the
inclusive spectrum measured for the reaction 1?9 Xe +"*Sn at 50A MeV (see Fig. 6.2).

Table 6.1. The associated errors are obtained by combining in quadrature the statistical

and systematical errors.

The softer hard-photon distribution, with inverse slope parameter Ef = (7.0 £ 0.6)
MeV, corresponds to the thermal hard component and the harder one, E'g =(15.6 £+ 1.0),

accounts for the dominant direct hard-photon production. The existence of these two
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Figure 6.3: The measured hard-photon energy spectrum in the region E, =30 - 65 MeV plotted in

a linear scale to emphasize the existence of the two different hard-photon contributions.

different components can be still best appreciated in Figs. 6.3 and 6.4. The systematics

of the direct and thermal slopes is discussed in sections 6.5 and 6.6, respectively.

The thermal contribution in the energy range of 30-60 MeV amounts to 22% of the
total hard-photon intensity [thermal and direct intensities have been calculated according
to Eq. (6.3)]. This ratio is compatible with those measured for the heaviest and the most
symmetric systems reported in Table 6.8. This result confirms that the largest measured
thermal bremsstrahlung yields, I;/I;,; ~20%, are obtained in heavy and symmetric re-
actions, in which the number of participant nucleons and the attained excitation energy
are high enough to produce a secondary NN bremsstrahlung. We have also measured
the percentage of thermal hard photons with respect to the total yield for different en-
ergy subranges within the 30-60 MeV region (Table 6.2). The observed I;/ I, evolution
verifies the fact that the thermal photon production becomes less important when the
hard photon energy increases. Thus, above E, > 60 MeV only the direct hard-photon

emission remains. A typical procedure to check the consistence of the double-source anal-
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Figure 6.4: The measured thermal (circles) and direct (squares) exponential hard-photon distri-

butions are explicitly shown. The thermal (direct) component has been obtained after

subtracting the direct (thermal) contribution from the total experimental inclusive spec-

trum.

Energy range

It/ Tt

38% £ 1%
29% + 1%
22% + 1%
14% + 1%
9% + 2%
5% £ 2%

Table 6.2: Ratios of thermal to total hard-photon intensities measured in different energy ranges.

ysis consists in analyzing the spectrum measured at 64 = 90°, for which E20° ~ B

To minimize any kinematic effect on the hard-photon excess observed in the low energy

range of the spectrum, the values of the parameters of the double fit of the spectrum
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Figure 6.5: Inclusive hard photon spectrum measured at 0,5 = 90° + 3°. The spectrum has been
fitted in the region E, = 30 - 125 MeV according to Eq. (6.2).

distribution integrated over 64, and those of the spectrum at 90° shouldn’t differ much.
The fit of our inclusive spectrum centered at 90° (87° < 645 < 93°) according to Eq. (6.2)
(see Fig. 6.5) has led to the slope and intensity parameters reported in Table 6.3. The
compatibility of these values and those found in the total hard photon spectrum of Table

6.1 validates the previous analysis. Moreover, the individual photon energy spectrum

Eg (MeV) Eé (MeV) It/Itot(%) X2/’n,df
151 £ 1.1 7.6 £0.9 22 +1 1.1

Table 6.3: Direct and thermal slopes and ratio of thermal to total intensities deduced from the
hard photon spectrum measured at 8;,;, = 90° + 3°.

measured in each TAPS block has also been analyzed in order to search for any possible
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Block | ES (MeV) | E§ (MeV) | It/Liot(%) | x*/ndf
A 155+ 1.2 | 59+0.9 | 16% + 3% 2.2
F 16.3 £ 1.0 | 5.8 £ 0.7 | 18% + 1% 1.2
B 151 +1.0| 7.0+ 0.7 | 22% + 1% 1.0
E 15.7+ 1.2 | 6.9 + 0.8 | 24% + 2% 1.4
C 155+ 1.1 5.7+0.9 | 17% + 2% 1.2
D 15.6 £ 1.0 | 6.4 + 0.8 | 20% + 1% 1.0

Table 6.4: Direct and thermal slopes and the ratio of thermal to total hard-photon intensities
measured in each TAPS block.

deviation. Therefore, the six hard-photon distributions have been fitted according to Eq.
(6.2) in the energy region 30-145/150 MeV, the extracted parameters are listed in Table
6.4. The ratios of thermal to total intensities and direct and thermal slopes agree, within
their respective errors, with those of the total hard-photon spectrum, reflecting the good
response of all six TAPS blocks. The differences between the values are solely explaneable

as due to the angular position of the (pairs of) blocks.
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Figure 6.6: The experimental inclusive hard photon energy spectra measured in each TAPS block.
The spectra have been fitted according to Eq. (6.2) in the energy range E, = 30 -
145/150 MeV. The thermal (dashed line) and direct (solid line) exponential distribu-
tions are also displayed.
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6.2 Analysis of the hard-photon angular distribution

We have seen in Section 2.2 that the velocity of the hard-photon source can be extracted
from the angular distribution measured in the laboratory frame by means of the Doppler
effect. Thus, the analysis of the hard-photon angular emission investigated in the asym-
metric projectile-target systems studied in the KVI experiment (36 Ar+197Au, 107Ag, Ni
and '2C at 604 MeV) has demonstrated that whereas direct photons are emitted from a
source moving with a velocity S~ By, the thermal hard photon component is emitted
isotropically from a source with a velocity close to that of the AA center-of-mass one
[26]. These results confirm that direct and thermal photons originate from individual

first chance and from secondary NN collisions, respectively.

In our experiment the existence of the two different hard-photon distributions has been
already demonstrated in the previous section by the double source analysis of the hard
photon energy spectrum. However, due to the close mass symmetry of the 2?Xe+"*Sn
system, the nucleon-nucleon and the nucleus-nucleus center-of-mass velocities are prac-
tically equal, Byny = 0.157 and Ba4 = 0.164, and the small difference between both
velocities cannot be ascertained within the experimental uncertainties. Therefore, unlike
in former experiments performed with asymmetric reactions, here the extracted values
of the hard-photon source velocities will not allow to prove the different origin of the
direct and thermal hard-photon components. Nevertheless, the analysis of the measured

laboratory hard photon angular distribution is important in order to test the con-

dN,
PTOR
sistency of the previous energy spectrum analysis. Moreover, besides the velocity of the
emitting source, there is another observable sensitive to the origin of the hard photon
emission which can be extracted from the measured laboratory angular spectra. This is
the anisotropy dipole factor (a) of Eq. (2.5) whose existence, as it has been discussed
in 2.2, can only be related with the photon emission in the first pn collisions. However,
as we will see below, the extraction of & from the experimental angular distribution can

only be considered, due to the systematic uncertainties, as an estimation.

The relative yield of direct and thermal hard photons depends on the measured energy
range (see Table 6.2). In order to investigate this energy dependence we have studied the

laboratory angular distribution in 4 different energy domains:

1. 30 MeV < E, <40 MeV;

2. 30 MeV < E, <60 MeV;
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3. Ey > 60 MeV;

4. The full hard photon angular distribution, E, > 30 MeV.

6.2.1 Angular distributions for different energy ranges

The hard photon distributions for the 30 MeV < E, <40 MeV and E, > 60 MeV
regions exhibit particularly interesting features (see Table 6.2). On the one hand, the
first case consists of a mixed distribution of direct and thermal photons and the thermal
component exhibits its largest contribution in this energy range. On the other hand,

photons of energies above 60 MeV have only a direct origin (see Table 6.2).

The measured laboratory angular distributions integrated over the three energy sub-
ranges of 30 MeV < E, <40 MeV, 30 MeV < E, <60 MeV and E, > 60 MeV have

been fitted according to the following expression :

vy _ K
a ), 22
with the Lorentz factor: Z = 7g (1 — Bscos ), @ is the anisotropy factor, low energy
thresholds E,,;, = (30,40 and 60 MeV) and high energy thresholds E,,q, = (40,60 and oo

sin? glob
l—-a+a 72

E(l)ocal [e—Emin'Z/EO — e_Emaw'Z/Eo] (65)

MeV). The value of the (local) inverse slope Ej is extracted from the measured laboratory
energy spectrum and K is deduced from the laboratory angular distribution measured at
6'eb = 90°. Only the a and By parameters are left free. The results for the fits of the
angular distributions measured in the three consecutive energy subranges are plotted in
Figures 6.7, 6.8 and 6.9. Table 6.5 reports the values of the a and 85 parameters obtained
in the least-y? fits.

Source velocity: As expected the values of the velocity of the hard-photon source Bg
extracted in all three fits are nearly equal and agree with the value expected from the

emission by a source moving with 8s ~ (yy but also with s = [44-

Anisotropy factor: As we have discussed in the second chapter, the measurement of a
dipole component (a non-zero anisotropy factor) can only be related with radiation emerg-
ing from first-chance NN scattering, in which the momentum of the projectile nucleon still

conserves its original direction. In our analysis, we observe a non zero anisotropy factor,

!This angular distribution comes directly from the energy integration of Eq.(2.6)
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Figure 6.7: Experimental angular distribution measured in the laboratory frame for photons of
energies in the region 30 MeV < E, < 40 MeV. The solid line represents the result of

a fit with Eq. (6.5).
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Figure 6.8: Experimental angular distribution measured in the laboratory frame for photons of
energies in the region 30 MeV < E, < 60 MeV. The solid line represents the result of

a fit with Eq. (6.5).



6.2 Analysis of the hard-photon angular distribution 91

18000

Ev > 60 MeV

=
D
o
o
o

14000

dN/dQ (counts)

12000

10000

8000

6000

4000

I Il Il ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il I
0.5 1 15 2 25 b, 3
8, (rad)

Figure 6.9: Experimental angular distribution measured in the laboratory frame for photons of
energies in the region E, > 60 MeV. The solid line represents the result of a fit with
Eq. (6.5).

Energy range Bs e’ X2 /ndf E'c (MeV)
30 MeV < E, <40 MeV  0.15 £ 0.01 0.0 + 0.1 1.0 12.5 + 0.7
30 MeV < E, <60 MeV  0.16 +0.01 0.1 + 0.1 0.7 11.1 + 0.8

E, >60 MeV 0.16 = 0.01 0.2 £ 0.1 0.5 15.1 +£ 1.0

Table 6.5: Values of source velocities and anisotropy factors obtained from the fits with Eq. 6.5 of
the experimental laboratory angular distributions measured in 3 different energy ranges.
The local slopes E'°° extracted from the fits are also reported.

a = 0.2£0.1, in the energy region of E, > 60 MeV, which as discussed is solely dom-
inated by the direct hard-photon component. In contrast, no anisotropy is found in the
angular distribution of photons in the energy region E, =30-40 MeV. In this range the
presence of thermal photons, emitted isotropically in secondary NN+ collisions, could be
high enough to blur the small anisotropy of the prompt bremsstrahlung component emit-
ted in first-chance collisions. Thus, these slightly different « values could be interpreted
as an indication of the distinct origins of the two hard-photon contributions measured in

this low energy range. However, we have to remark the relative large errors associated
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with the measured o’s.

6.2.2 Double source analysis of the full (E, > 30 MeV) hard-photon
angular distribution

Taking into account the results obtained from the fits of the hard-photon angular distri-
butions measured in the lower energy region and that of E, > 60 MeV, we have fitted
the total (£, > 30 MeV) laboratory hard-photon angular distribution with the following

expression:

dN\ K¢
dQ lab a (Zd)2

where Z% = ~4(1 — B cosb) and Z° = (1 — BLcosby). The first term of the

sin? 9%“”
l—-at+a—rt-

(Z4)?

Kt
(Z*)?

Eg o—302%/E8 + ES o302/ B} (6.6)

equation represents the dominant contribution of the direct hard-photon emission, with
the experimental inverse slope Eg and the normalization K¢ parameter. The second term
accounts for the photon emission from a secondary and thus isotropic bremsstrahlung

source with the associated experimental parameters Ef and K'. Table 6.6 reports the

B B a L/Lo(%)  x*/ndf | Bvn  Baa
0.15 + 0.01 0.16 £0.01 0.0+ 0.1 26% + 2% 1.5 0.157 0.164

Table 6.6: The direct and thermal source velocities and the ratio of thermal to total intensities
obtained from the fit of Eq. 6.6 to the total (E, > 30 MeV) laboratory angular dis-
tribution. The values of the nucleon-nucleon and nucleus-nucleus velocities are also
reported.

parameters extracted from such a fit. These measured values for the direct and thermal
source velocities are compatible with the expected one Syny ~ Ba4. The value of the ratio
I;/Iio; is roughly equal to that measured in the hard-photon energy spectrum. Therefore,
we can conclude that the double source fit consisting of an anisotropic plus an isotropic
angular term is capable of reproducing the experimental full (£, > 30 MeV) inclusive
angular distribution of hard photons emitted in the ?Xe 4+ "%!Sn reaction at 504 MeV.

However, the measured value for the dipole strength of the direct component is equal
to zero, unlike the strength of the dipole component of the angular distribution of photons
above 60 MeV. Besides the fact that photons of E, > 60 MeV have a little weight (~

12%) in the hard-photon inclusive spectrum, the zero anisotropy value can be related, on



6.2 Analysis of the hard-photon angular distribution 93

02

—

1800

s

c
=3 1600
o

Q
~71400

I|||IIIlllllllllllllllllllllx

2 25 3
0. (rad)

Figure 6.10: Experimental angular distribution measured in the laboratory frame for hard-photons
(E, > 30 MeV). The solid line represents a fit of Eq. 6.6. The dark region is an
estimation of the thermal hard-photon contribution.

the one side, to the fact that the '?*Xe + ™*'Sn reaction at 504 MeV is a very heavy
system in which only a small anisotropy can be observed [26, 88], and on the other side,
to the lack of measurements in the most forward direction. Although in the experimental
set-up the position of the TAPS blocks was chosen in order to optimize the detection of
photons emitted in the forward directions, we have to point out that there is an uncovered

forward angular region (0;,, < 32°) due to the presence of the Forward Wall.
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6.3 Charged particle distributions

In this section the inclusive charged particle distributions measured in the Dwarf Ball and
in the Forward Wall are presented and compared. Since in an inclusive measurement no
reaction class selection is done, a minimum bias (MB) reaction trigger, whose probability
to be fired does not depend in principle on the type of event, is used. In the present
experiment the “DB or ds (down scaled)” trigger, defined by the condition of detecting
only a charged particle in the Dwarf Ball, worked as the MB reaction trigger.

6.3.1 Charged particle multiplicities measured in the Dwarf Ball

Fig. 6.11 depicts the total charged particle distribution measured in the Dwarf Ball,
Mgg. One can note that the highest cross-sections correspond to the lowest multiplicities,
MZB =1-2. This low charged particle multiplicity region is due, as it can be intuitively
deduced and it will be discussed in chapter 7, to the most peripheral reactions. In the
region of Mgﬁ =3-10 the distribution exhibits a soft decreasing evolution, falling then
more abruptly up to a Mgg around 20. However, DB subevents with Mgllf above 11
exhibit a cross-section which is lower than 0.2% of the total cross section, being compatible
with the estimated cross-section of random coincident events, opijeyp = Pint - or, where
P;nt=1.9-103 rea./pulse. Therefore, events with a charged particle multiplicity measured

in the DB higher than 11 will not be considered in the exclusive photon analysis.

In figures 6.11(b) and 6.11(c) the distributions of light-charged particles (LCP) and
intermediate-mass fragments (IMF), respectively, are presented. The LCP distribution
exhibits a very similar behavior with the increasing multiplicity to the shape of the total
charged particle distribution in the DB. Whereas the histogram of the IMF distribution,
for which the same amount of statistics as for the LCP distribution histogram has been
used , presents an exponential fall off, which has also been measured in the previous KVI
experiment [86]. In fact the relative cross-sections of IMF and LCP measured in the
DB, orymF / oLcp, amounts only to around 24%. The different LCP and IMF weight can
already be estimated comparing the population of the IMF and LCP regions in Fig. 5.2.

6.3.2 Charged particle multiplicities measured in the Forward Wall

The charged particle distribution measured in the FW, see Fig. 6.12(a), exhibits with

respect to the one measured in the DB, a sharper decreasing shape and above Mg}’JV =6 the
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Figure 6.11: Dwarf Ball inclusive charged particle multiplicity distributions: (a) total inclusive
charged particle distribution corresponding to the total available statistics, (b) light-
charged particle multiplicity distribution and (c) intermediate-mass fragment multi-
plicities measured both in a 12% of the available statistics.

pileup contamination should be already important. This difference between both phoswich
multidetectors is not very surprising if their distinct angular coverage, 31° < 0pp < 168°
and 5° < Opw < 25°, respectively, are taken into account. When comparing the relative
measured cross-sections of IMF and LCP in the DB and in the FW, in the latter case the
ormF | opcp amounts to around 48%, the double of the value measured in the DB. This
higher IMF contribution, with respect to the emission of light-charged particles (see Fig.
6.13), can be understood by the higher mass of these reaction products that make the

angular distibution being more forward peaked.

DB
MIMF
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Figure 6.12: Inclusive charged particle multiplicity distributions measured in the Forward Wall:
(a) multiplicity distribution of the total charged particles and (b) distribution of the
light charged particles and (c) intermediate-mass fragments. For all 3 spectra the
same statistics, 12% of the total, has been used.

6.4 Cross-sections and related measurements

6.4.1 Cross-section formula

In order to obtain the particle cross-sections our measurements have to be corrected to

account for the different experimental effects.

In general, to calculate the cross section of a certain type ¢ of reaction products N;

measured by a trigger z the following expression is used:

o5(mb) = C - (STDL Loy (6.7)

€x

IMF
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Figure 6.13: Comparison of measured charged particle multiplicities in the Forward Wall and the

where:

Duwarf Ball: (a) LCP multiplicity detected in the Forward Wall, M f‘g;, versus LCP
multiplicity measured in the Dwarf Ball, ME5,. In (b) IMF in the FW, MLV, as
a function of the IMF multiplicity in the DB, MEE..

- the factor C accounts for the number of projectile particles and the density of the

target, and it reads as:

A

—103.
C(mb) =10 N, Na-d

(6.8)

The 10 factor allows to express the cross-section in millibars, N4 is Avogadro’s

number, d is the thickness of the Sn target expressed in mg/cm? and A is the atomic

number of the (Sn) target. The number of projectile particles (/N},) is measured by

means of the integration of the beam charge in the Faraday cup. The factor C has

a relative error of around 10%. This error accounts for the statistical uncertainty
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in the charge collection in the Faraday cup and the systematic error due to possible

variations of the target thickness.

- The ratio between the scale down factor (SD) and the life time (T) of a trigger =
is equal to the ratio between the real number of events and the number of events

finally accepted by the trigger z.

- €, stands for the efficiency of detection of the trigger z. This factor corrects for the
acceptance of the detectors and the deviations of the reaction products spectra due

to the procedures used in the analysis method. The efficiency is defined as follows:

NM

Where NiG is the number of particles generated by means a simulation tool and NiM

is the final number of particles measured after the analysis process.

In the case of a TAPS experiment the different particles are generated by means of
a simulation package KANE [89], based on the GEANT program[81]. The output
of the KANE simulation is a FOSTER ntuple with the same format as the ntuples
of experimental data. The KANE ntuple is therefore used as the input of the
ROSEBUD analysis, as in the experimental raw data case. The efficiency accounts
then, and on the one side for the response of the detector, and on the other, for the
losses introduced by the particle identification and reconstruction analyses carried
out with the ROSEBUD package.

The uncertainty of the experimental cross-sections is mainly due to the errors associ-

ated to the normalization factor C and the trigger efficiency:

se= o (39) 4 (&) 610

6.4.2 Reaction cross-section

To measure the reaction cross-section we use Eq. (6.7) for the minimum bias reaction
trigger, “DBor ds”. To compute this trigger efficiency charged particles are generated
by means of a FREESCO [90] nuclear deexitation simulation implemented in the KANE
package. The estimated efficiency is eg =0.76 £ 0.01. The number of counts Ng is
obtained by integrating the inclusive charged particle spectrum of figure 6.11(a).
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The experimental reaction cross section is o7 = (5300 + 592) mb. This value is in

good agreement with the geometrical cross-section:

Ve (MeV)

o_%eO(mb) =10-7- Rzznt(fm) ' (1 - W
a

) = 5126 mb (6.11)

where Vi is the Coulomb barrier of Eq. (2.3) and R;j,; is the interaction radius:

Ring(fm) = 1.16 - (4,”° + AL/%) 4 2.0 (6.12)

6.4.3 Hard photon cross sections

The experimental inclusive hard photon cross-section is obtained by computing Eq. (6.7)
for the MB v trigger (“NEUTRAL*DB”). The number of measured hard photons N,
results from the integration of the hard photon spectrum of Fig. 6.2.

The efficiency for hard photon detection is estimated with the TAPS simulation pack-
age KANE generating a hard photon exponential distribution whose slope, related source
velocity and anisotropy factor, are the measured values. The photon efficiency is cal-
culated by dividing the number of generated photons by the number of photons finally
measured. Thus the obtained efficiency ¢,.pp =0.12 £ 0.01 accounts then, on the one
side for the response of TAPS, mainly due to the geometric acceptance [73], and on the
other, for the biases introduced by the reconstruction and identification of photon showers

implemented within the ROSEBUD package.

The cross section of direct and thermal photons (a,‘i and O',ty) are measured just by tak-
ing the direct and thermal experimental contributions to the total hard photon inclusive
spectrum, amounting to (78 £ 1) % and (22 + 1) %, respectively. The total, direct and

thermal cross sections are listed in Table 6.7.

6.4.4 Hard photon multiplicities

The main source of uncertainty of the former hard photon cross-sections comes from the
error associated with the cross section normalization factor C. It is therefore advantageous
to determine the experimental direct and thermal hard photon multiplicities, which are
related to the direct and thermal cross-sections but do not rely on the C factor. The direct
(thermal) hard photon multiplicity, i.e. the number of direct (thermal) hard photons
emitted per nuclear reaction, is deduced from the following expression:

.ol
M = — with i=direct, thermal (6.13)
OR
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where op is the experimental reaction cross section (see Section 6.4.2). We report the

obtained direct and thermal hard photon multiplicities in Table 6.7.

6.4.5 Hard photon probability

The direct hard photon probability P;l, i.e. the probability to produce a hard photon
in a first chance pn collision, is determined from the experimental direct hard photon
multiplicity:
ad M
Pd — 84 — i
7 OR* <an>b <an>b

where (Npp,)p is the number of first chance pn collisions averaged over impact parameter

(6.14)

calculated from the geometrical model (see 2.8). (Npy)p is equal to 11.79 for the Xe on
Sn system. The measured Pff is reported in Table 6.7. We note that we do not quote
a thermal hard photon probability, since we should determine the average number of
secondary (and not primary) pn collisions, from which the thermal component originates,

is not well determined experimentally nor theoretically.

However as we will discuss in the next section, the empirical Eq. (2.10) is obtained
from the experimental systematics of hard photon production and refers to a total (direct
+ thermal) hard photon probability, Py¥°. Thus, in order to compare our inclusive hard
photon results with the systematics we have calculated this total hard photon probability,
taking the total (direct + thermal) hard photon multiplicity and (N, )s. The experimen-
tal P, (reported in Table 6.7) is in good agreement with the value predicted from the
systematics, Py¥* = 0.98-10~%.

6.5 New direct hard photon systematics

The empirical exponential expressions describing the correlation between the bombarding
energy and the experimental hard photon inverse slope parameters and probabilities [Eq.
(2.4) and Eq. (2.10), respectively] were deduced from the systematics collected since the
first (hard) photon experiments in 1985 [27, 28, 29, 30]. However, only from the TAPS
experimental campaign of 1992 the photon double source fit of the spectra allowed to
distinguish and to isolate the first chance (direct) NN bremsstrahlung radiation from the
thermal NN bremsstrahlung component. Therefore, the original formulas do not describe
the relation of the direct hard photon emission with the bombarding energy but of a

mixed systematics consisted of total and direct slopes and probabilities.
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Reaction properties
129Xe + "4t Sn at 504 MeV

Kce (MeV) 47.8
EA4(MeV) 11.2
BNN 0.157
Baa 0.164
(Nyn)p 11.79
Inclusive hard « results

Total Direct Thermal
Ey(MeV) - 15.6 + 1.0 7.0 £ 0.6
B - 0.15 + 0.01 0.16 + 0.01
0. (mb) 6.25 + 0.73 4.88 £ 0.57 1.37 + 0.17
M, (1.18 £ 0.11)-1073  (9.24 £+ 0.82)-10~*  (2.61 £ 0.27)-10°*
P, (1.004 0.07) -107* (7.83+0.70) - 1075 -

Table 6.7: Main reaction characteristics and summary of the experimental inclusive hard photon
results for the '2° Xe +"%tSn reaction at 50A MeV.

Table 6.8 reports the HI reactions studied since 1992 where a double source hard
photon analysis has been performed: the 8 different reactions studied by the TAPS col-
laboration [40, 26] (including the one investigated here), and the three different Ni induced
reactions at 304 MeV studied by the MEDEA collaboration [91]. By compiling the di-
rect hard photon results obtained in these analyses we can try to describe the systematic
dependence of the direct hard photon slope and production probability on the Coulomb
corrected (Cc) bombarding energy.

6.5.1 Direct hard photon slope

The evolution of the direct hard photon slope as a function of the Cc bombarding energy
(K¢.) is presented in Fig. 6.14. One can note comparing this Figure and Fig. 2.2, that the
direct and the total hard photon experimental slopes exhibit a very similar dependence

on K. Thus, the following function is deduced from the Eg systematics:
Ej = a(Kcge) (6.15)

with ¢ = 0.53 + 0.08 and b = 0.90 &+ 0.04. This relation is equal to the one of the
total bremsstrahlung slope systematics of Eq. 2.4 except for a light change in the fitting
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Reaction E§ (MeV) E§ (MeV) | L/L(%) | M#(10~*)  P#107°) | ML(-107%)
86Kr+°8Ni at 604 MeV [40] 202+04 85+08 | 250£10 | 6.0+1.2 86+09 | 2.0+02
181Ta+197Au at 404 MeV [40] | 134+ 08 69+06 | 33.0+1.0 | 96+20 36+03 | 3.2+0.3
208Pb+197Au at 304 MeV [40] | 10.1 £ 04 55+06 | 380+1.0 | 1.0+£32 05+00 | 06=+0.2
36 Ar+197Au at 604 MeV [42] | 20.1+12 68+06 | 185+ 1.0 | 7.0+ 0.7 100+ 1.6 | 1.6 + 0.2
36Ar4+107TAg at 604 MeV [42] | 201+ 13 7.0+1.0 | 16.0+2.0 | 66+02 11.7+1.8| 1.2 +0.2
36 Ar+58Ni at 604 MeV [42] 209+13 69+08 | 195+1.0 | 44+02 98+14 | 1.1 +0.2
36 Ar+12C at 604 MeV [42] 181+11 00£05 | 00+£50 | 1.9+£03 10.1+32| 0.0=+0.6
129Xe+1128n at 504 MeV 156+ 10 704+06 | 220+1.0 | 92406 7.8+ 0.6 | 2.6 +0.2
58Ni+27Al at 304 MeV [91] 103 +£0.5 48+0.2 | 20.0+5.6 - - -
58Ni+58Ni at 304 MeV [91] 102+£0.5 52+04 | 375+ 125 - - -
58Ni+197Au at 304 MeV [91] | 124+ 0.7 43 +0.2 | 41.1 £ 11.7 - - -

Table 6.8: Parameters characterizing the inclusive hard photon production for the HI reactions
where a double source hard photon analysis has been performed. For each reaction we
report the measured direct (ES) and thermal (Ef) hard photon slopes, the ratio of ther-
mal to total bremsstrahlung yield (Iy /1ot ), the direct multiplicity (Mff ) and probability
(PY), and the thermal multiplicity (MF).

parameters (¢ = 0.48 + 0.06 and b = 0.91 £ 0.03).

6.5.2 Direct hard photon production probability

The direct hard photon production probability systematics as a function of the Cc bom-
barding energy is presented in Figure 6.15. The expression deduced from the total hard
photon probability systematics, Eq.(2.10) (dashed line in Fig.6.15), does not describe
properly the experimental direct hard photon probability at the lowest bombarding en-
ergy, for which the ratio of thermal to total hard photon yield is the highest. However,
the experimental direct hard photon production probability systematics exhibits an ex-
ponential dependence on the bombarding energy, as the total hard photon probability
systematics does. This dependence can be parameterized in the Pff case through the Eg

by the function (solid line in Fig.6.15):

P,;i — P(;i e*30(]\46‘/)/(1.'1(0C (616)

with P§ =(1.21 4£0.19)-10~3 and @ = 0.22 + 0.01. By comparing this expression with
the one deduced from the total hard photon probability systematics, Eq. (2.10), we can

conclude that the change in considering the E'g and Pff systematics, instead of the total
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Figure 6.14: Systematics of direct hard photon slope, E¢, as a function of the Cc bombarding
energy Kc.. The measurements correspond to different TAPS reactions [25, 26] and
to three Ni induced reactions studied by MEDEA [91]. The dashed line is the fit of
Eq. 2.4 to the data.

hard + slope and probability systematics, is not reflected in a radical change of the type
of dependence on the K¢, but in the strength of this dependence. This result confirms
that the first chance bremsstrahlung emission constitutes the dominant component of the
total hard photon spectrum and hence the direct and total slopes are expected to follow

a very similar trend with the bombarding energy.

6.6 Thermal hard photon systematics

As in the former section we consider here the experiments where a thermal hard photon
component has been measured (Table 6.8) to investigate the systematics of the thermal

bremsstrahlung emission.
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Kr+Ni 60A MeV
Ta+Au 40A MeV
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Figure 6.15: Compilation of direct hard photon probabilities P plotted as a function of the Cc
bombarding energy Ko.. The experimental points correspond to the different TAPS
direct hard photon measurements. The dashed line represents o fit to Eq. (2.10)
obtained from the total hard photon systematics. The solid line is a fit to Eq. (6.16).

6.6.1 Thermal hard photon slope

In Figure 6.16 the compilation of thermal slopes (Table 6.8) plotted as a function of
the Cc available energy in the nucleus-nucleus center of mass, E'éf = Aeq K gff [Atot, 18
presented. The Figure has been adapted from [42] by adding the thermal slopes reported
in [91].

The experimental thermal slope measured in the '2Xe + "*Sn at 504 MeV reaction
follows the linear dependence on the Cc available energy in the nucleus-nucleus center
of mass, Eéf discussed in 2.3.1. In order to evidence the different origin of the thermal
and direct bremsstrahlung components we have plotted in Fig. 6.17 the compilation of
measured thermal slopes as a function of the K%° (left panel) and the E¢ systematics
as a function of the EA/# (right panel). Taking only into account the thermal and direct
slopes corresponding to the asymmetrical systems, one can check that on the one side,

thermal slopes do not scale with the bombarding energy and on the other, direct slopes
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do not exhibit, as the thermal ones do, a linear dependence on the available energy in
the nucleus-nucleus center of mass. This result is consistent with a thermal origin of the

second bremsstrahlung emission [26, 42].

2 [ 4 Kr+Ni 60AMeV & Ni+Al 30A MeV
s 140 Ta+Au 40A MeV + Ni+Ni 30A MeV
< [ ¥ Pb+Au 30A MeV X Ni+Au 30A MeV
2512 = Ar+Au 60A MeV
W © Ar+Ag 60A MeV
107 Ar+Ni 60A MeV
© % Xe+Sn 50A MeV e %
8 T
- I % !
6 ?bL J
a-
21
0:\ 11 ‘ - ‘ 11 | ‘ 11 | ‘ | 11 ‘ | 11 ‘ | 11 ‘ | | |
0 2 4 6 8 10 12 14 16

E .. (A MeV)

Figure 6.16: Compilation of thermal hard-photon slopes Ef, measured at nyab = 90°, plotted as a
function of the corrected nucleus-nucleus center-of-mass energy Eéf. The solid line
is a linear fit to the data.

6.6.2 Thermal hard photon multiplicity

As discussed in 6.4.5, a thermal hard photon probability systematics is not available.
However, we can exploit what we have learned about the thermal slope and the direct
probability systematics to discuss the available systematics of the thermal hard photon
multiplicity. On the one side, in analogy with the expression of the direct photon mul-
tiplicity of Eq. (6.13), the thermal hard « multiplicity is equal to the product of an
unknown thermal hard photon probability times the number of second chance pn colli-
sions, which should scale with the system size (At~ A1 + Az). On the other side, and
also in analogy with the direct hard photon dependence on the bombarding energy, the

thermal probability is expected to scale with the available energy in the nucleus-nucleus
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Figure 6.17: Left panel: systematics of thermal hard photon slopes as a function of the (Coulomb
corrected) bombarding energy. Right panel: direct hard photon slopes plotted as a
function of the Cc nucleus-nucleus center-of-mass energy.

center of mass. Therefore the thermal hard photon multiplicity normalized to the size
of the system should exhibit a linear dependence on the available energy in the nucleus-
nucleus center of mass. As a matter of fact, this is indeed the behavior observed in Fig.6.18
which plots the systematics of the thermal hard photon multiplicity as a function of the

Coulomb corrected available energy in the nucleus-nucleus center of mass.



6.6 Thermal hard photon systematics 107

5
5 023(10
< F ¥ Kr+Ni 60A MeV
—0.18C o Ta+Au 40A MeV
29 C 4 Pb+Au 30A MeV
“2-50.1 6 Ar+Au 60A MeV
i > Ar+Ag 60A MeV
014 Ar+Ni 60A MeV
C * Xe+Sn 50A MeV
01 2:* Jf ‘
01 ;_ ',;r"‘
0.08 : 1
0.06 .
0.04;— .
0028 i
0: ‘ I"‘I‘ 1 ‘ 1 1 | ‘ | 1 1 ‘ 1 1 1 ‘ | | | ‘ | 1
4 6 8 10 12 14

E . (A MeV)

Figure 6.18: Systematics of inclusive thermal hard photon multiplicity normalized by the system
size (Aior~ A1 + As) as a function of the Cc available energy in the nucleus-nucleus
center-of-mass. The measurements correspond to the different TAPS experiments.
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Chapter 7

Exclusive hard photon analysis

The exclusive analysis of the dependence of the thermal hard photon emission on the
centrality of the collision is of great interest. The path followed by the system formed
during the reaction, along the nuclear phase diagram depends on the reached excitation

energy, and hence on the impact parameter of the reaction.

In this chapter the exclusive hard photon analysis performed for ?*Xe 4 "%'Sn reac-
tions at 504 MeV is reported. A global exclusive measurement on the behavior of the
photon production with the centrality is presented in the first section. Then we will focus
on more selective measurements which have been carried out for the first time in the
present experiment. The method employed to measure the impact parameter for a given
reaction centrality class is described in the second section. The characteristics of the
reaction classes selected for the exclusive hard photon analysis are presented in section
7.3. In the next section the results on the thermal hard photon production as a function
of the impact parameter are presented. In the last section I present the investigation on
the 7 yield from the Giant Dipole Resonance (GDR) decay, which has been undertaken
to detect any possible GDR contribution to the photon spectrum above 30 MeV.

7.1 Gross exclusive measurements

The detected charge particle multiplicity is an indicator of the violence of HI collisions.
Reactions associated to small (large) impact parameter reactions are related with a high
(low) production of particles. This aspect is evinced when particle yields are plotted as
a function of the charged particle multiplicity. So, as a first step of our exclusive hard

photon analysis, we have investigated the evolution of the photon yield along all the
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range of charged particle multiplicities measured in the Dwarf Ball. We have considered

3 different energy regions:

- Photons of 10 MeV < E, <22 MeV, which are expected to come mainly from the

decay of Giant-Dipole Resonances;

- The region of 30 MeV < E, <45 MeV consisted, as discussed in 6.1.2, of a mixed

contribution of thermal and direct photons;

- Photons above 60 MeV, that should only come from direct production.

o I~
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= 1 —a—
- - ,
: —A— —A—
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B —A—
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C W E, = (30 - 45) MeV
0.2 .. ® E >60 MeV [x 4.5]
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Figure 7.1: Photon multiplicity, M, as a function of the charged particle multiplicity measured in
the DB, MEE

One can observe in the Figure 7.1 that whereas both hard photon components exhibit
the same increasing behavior with the charged particle multiplicity, low energy photons
show a maximum at Mggzél followed by a saturation, which is compatible with the GDR
quenching measured at high excitation energies €* > 3 MeV [92]. The suppression of the

GDR has been proposed as a signal of the liquid-gas phase transition [24, 93].

The M, (MEE) measurement has been also motivated to compare our result with the
one observed for the 36Ar+1°7Au at 604 MeV reaction studied at the KVI laboratory
[42]. The dependence on Mgﬁ of both hard photon energy ranges (25 MeV < E, <35
MeV and E, > 50 MeV) measured for that system are similar and compatible with the
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behavior observed for the hard photon energy ranges measured in the Xe+Sn reaction.
The decrease with the increasing centrality of the low energy v component (10 MeV <
E, <18 MeV) measured for the 36 Ar+197 Au reaction is even stronger, by a factor 2

between the maximum photon multiplicity and the M, at the highest Mg}? .

These gross measurements suggest that both (direct and thermal) hard photon yields
might not exhibit very different behaviors compared to the centrality dependence of GDR
photons. However, to address the question of the dependence of the thermal hard pho-
ton production, and thus of thermal equilibration, on impact parameter, an exhaustive

analysis is clearly needed:

1. The centrality has to be quantitatively estimated in order to express the hard photon

production as a function of impact parameter.

2. The hard  spectrum has to be analyzed from peripheral to central collisions, to
extract the dependence of the thermal hard photon slope and yield on the impact

parameter.

The high hard photon statistics of the present experiment in concomitance with a complete
charged-particle set-up have enabled to undertake for the first time such an exclusive

investigation.

7.2 Estimation of the impact parameter

7.2.1 Impact parameter estimation from the charged particle multiplic-
ity

The impact parameter b can be deduced in nucleus-nucleus collisions from the experimen-
tal charged particle yield M¢cp by means of the geometrical method proposed by Cavata
et al. [94]. This method assumes that:

1. The reaction cross-section is well approximated by the geometrical cross-section,
op(mb) =~ 107 b2,,, (7.1)

where

1 1
bmaw(fm) =T (A;i}3 + Ag) with ry = 1.2 (72)
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2. The charged particle multiplicity Mcp decreases monotonously as a function of the

impact parameter.

Thus, the difference between the total reaction cross-section and the one of reactions with

a given impact parameter b reads as:

MG do(M.,)) ME do(M,,))
Obmag—t = T (bopay — %) = / ——2=dM,, — / ——2=dM,
max Mépzl ndp ¢ Mcp(b) ndp P
Mep=Mep(b)
= Yo o(M,) (7.3)
M,,=1
From Eq. (7.3) the impact parameter can be estimated as:
. M, =Mcp . M, =Max
b= |82, — ~ o(My,) = bmas - > oMy, (7.4)
My,= My, =Mep

7.2.2 Impact parameter estimation from the direct hard photon yield

An alternative (although less straightforward) method to deduce the impact parameter in
experiments where the hard photon emission can be analyzed is based on the correlation of
the direct hard v multiplicity with the impact parameter, relying on the equal-participant

geometrical model of Nifenecker and Bondorf [36].

Intuitively, knowing that the inclusive direct hard -« multiplicity, as discussed in the
former chapter, is proportional to the number of first chance pn collisions, one can expect
that the hard « multiplicity increases with the projectile and target degree of overlapping,
i.e. with the centrality. And in fact, this has been extensively observed in several exclusive
studies on hard photon production (see e.g. [95, 96, 97, 83, 92, 98]). Direct hard photons

are therefore exploited in our analysis as probes to measure the reaction impact parameter.

Due to the low probability of producing a bremsstrahlung photon in a pn collision,
the reaction centrality cannot be selected by means of direct hard photons on an event-

by-event basis. The impact parameter selection is hence performed in two steps:

1. Reaction classes are selected by imposing different conditions on charged-particle

observables sensitive to the reaction centrality.

2. The average impact parameter of each reaction class is deduced from the measured

direct hard photon multiplicity.
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The charged particle observables depending on centrality that are exploited in the first
step are mainly: the total charged particle [99, 26] and the LCP [96, 40] multiplicities,
the size and velocity of the projectile-like fragments (PLF) [40, 92] and, as presented in
a recent work [98], the ratio of the residue velocity to the center of mass velocity. The
PLF method is restricted however to binary reactions, and hence, to rather large impact
parameter classes. We have to point out that these are not the only impact parameter

indicators but the ones typically exploited in exclusive hard photon investigations 1.

In the present work, as the ultimate goal was to study the hard photon emission
from peripheral to central collisions, and considering the characteristics of charged par-
ticle detectors, the charged particle multiplicity has been adopted naturally as the event

centrality selector.

From the direct hard photon multiplicity Mif(RC) measured in a given reaction class
RC, and from the direct hard photon probability P7d (see 6.4.5), which is considered to
depend only on the (Coulomb corrected) bombarding energy, the experimental average
number of first chance pn collisions (N, (RC)) reads as:
M4(RC)

<an (RC)) = pd
Y

(7.5)

According to the equal-participant geometrical model [36], by modifying Eq. (2.8),
the average number of first chance pn collisions for a given impact parameter can be
written as:

7N, + ZN
N, (b) = p) . (=22 TP
pn( ) pa'rt( ) ( Ap At

where A, Z,, Ny, Ay, Z;, Ny are the mass, charge and neutron numbers of the projectile

) assuming A, < A; (7.6)

and target respectively. Ap.q+(b) reads as:

5 1
Apart = ZAP(Q — 3cosf, + cos®0,) + ZAt(Q — 3cos; + cos® ;) (7.7)
with ) ) )
b+ R, — Ri,

2b Rg,t

cos b, = and R,; = 1.15 A/} (7.8)

The average impact parameter of each reaction class is hence deduced from expression
(7.6) and from the measured (Npy, (RC)) values (see solid line of Figure 7.3). We note that
if the impact parameter is obtained directly from the total hard photon yield, as commonly
done, instead of only from the direct component, the deduced impact parameter might

be distorted for reactions where a thermal photon contribution cannot be neglected.

LA detailed study of the charged particle observables sensitive to the reaction centrality and their
correlation for the Xe+Sn at 504 MeV reaction can be found in [100, 43, 101].
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7.3 Selection of reaction classes

Among different candidates, 6 reaction classes have been selected to investigate the de-
pendence of the thermal hard photon production on centrality. This choice results from
a compromise between requiring a global wide impact parameter coverage and obtaining
enough statistics in hard photon production for each reaction class. We report in Table
7.1 the conditions on the charged particle multiplicities measured in the SSD, Dwarf Ball
and Forward Wall that define the selected reaction classes A through F(see also Fig. 7.2).
Since, as discussed in section 5.4.1, the SSD multiplicity values are restricted to one and
zero, when we consider here the total charged particle multiplicity M9, we refer mainly

to the sum of the multiplicity measured in the DB and the FW.

Why have we chosen a total charged particle multiplicity criterion instead of applying
different correlations between the multiplicity of fragments measured in the 3 detectors,
and the multiplicity of LCP measured in both phoswich multidetectors? The reason is
that the total accumulated hard photon statistics measured in reaction classes selected by
alternative and more exclusive criteria are too low (less than 10* photons) to perform a
safe double hard - source analysis. For instance, reactions where at least 3 intermediate-
mass fragments are measured in the DB account only for 2% of the total cross section.
So, with the available statistics, a reaction selection based on IMF multiplicity conditions
becomes impossible if one intends to investigate the thermal hard photon emission in an

exclusive manner.

Comparing the criteria imposed to classify events as reaction class A or B (see Table
7.1), reaction class A is indeed a subgroup of class B for which an additional condition on
the SSD multiplicity is required. Such a condition has been imposed after investigating
the correlation of the hard photon multiplicity and the SSD measurements. The hard
photon multiplicity is found to be slightly higher, reflecting a larger impact parameter,
when a fragment is measured in the SSD at polar angles lower than 5°. So, the opposite
case (“M35P (at § < 5°) = 0”) is required to tag the most peripheral case, reaction class
A. However, at this point we have to note that the largest impact parameter reactions are
almost inaccessible in our exclusive hard photon measurements. In peripheral collisions,
on the one side the number of pn+y collisions is lower than in central ones, and on the other,
the extra Fermi nucleon momentum, necessary to produce a hard photon in a pn collision,
is less important in the surface of the nucleus than in its central part. Therefore, the

selection of nuclear reactions for which a hard photon is measured implies an intrinsic bias
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toward low impact parameter reactions. As a matter of fact, the requirement of the MB
photon trigger (a photon of £, > 10 MeV in coincidence with a charged particle detected
in the DB), already biases the accepted event centrality toward low impact parameters.
This effect can be appreciated by comparing the contribution of each reaction class to
the total reaction cross section, o, and to the partial reaction cross section involving the

MB 7 trigger, or(y*DB), reported in Table 7.1.
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Figure 7.2: Total charged particle distribution MEST =MEE + MEY of each selected reaction
class. The spectrum has been built for events satisfying the MB photon trigger.

For each reaction class, the corresponding hard photon spectrum is fitted to the double
exponential distribution, Eq. (6.2), to extract the direct hard photon yield. From the
number of measured direct hard photons, N,‘Yi(RC), and of the charged particles detected
in each reaction class, Ng(RC), the direct hard photon multiplicity is computed according

to:
1 (SD T N4(RC
M,‘Yi(RC) = . (_> . (_) M (7.9)
Exy T ). .o \SD)p Nr(RC)
where €, is the photon efficiency and the factors (SD/T'),.«pp and (SD/T)g are the ratio
of the scale-down factor to the life time of the minimum bias photon trigger and of the

MB particle trigger, respectively. The only difference between the former expression and

the inclusive Mif from Eq. (6.13) concerns the considered efficiencies. Since the exclusive
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Reaction class Multiplicity condition %or | Y%oor(y*DB)
A or Peripheral MPB+FW — 1.2 and (M®5P (at 0 < 5) = 0) | 57% 23%

B MPB+EW — 1.9 67% 26%
C 2 < MPB+HEW g 38% 58%
D 5 < MPBHEW < 9 10% 24%
E 6 < MPBHEW <10 % 18%
F or Central 9 < MPBHW 15 2% 6%

Table 7.1: Condition on the fragment multiplicity in the SSD (MS5P ), the charged particle multi-
plicity (IMF + LCP) in the DB (MPB) and the FW (M*W ) that define each reaction

class.

The contribution to the reaction cross-section and to the nuclear reactions de-

tected by the photon photon MB trigger for each reaction class are also reported.

photon measurements are performed after selecting a particular range in the total charged

particle distribution, the DB efficiency factor (er) is canceled in Eq. (7.9), and hence only

the TAPS efficiency (e,) is present in the exclusive hard photon multiplicity expression.

The experimental Mif, (Npn) and (b) values that characterize the selected reaction

classes are listed in Table 7.2 (see also Fig. 7.3). The errors associated to each (b) are
obtained by employing expression (7.6) for Np,(RC)* = Np,(RC)+ AN. The asymmetric

error of the Mif measured for reaction class F comes from the use of an average upper

limit in the double source fit of the hard photon spectrum.

Reaction class M;i (Npn) (b) (fm)
A or Peripheral (3.24 £ 0.19)-107% | 4.14 £ 0.55 | 9.2 £ 0.3
B (4.07 + 0.26)-10~* | 5.19 + 0.62 | 8.8 + 0.3
C (1.46 + 0.08)-103 | 18.64 + 2.17 | 5.9 + 0.5
D (2.40 £ 0.15)-1072 | 30.65 & 3.73 | 4.0 + 0.6
E (2.83 £ 0.15)-1073 | 36.14 + 4.44 | 3.1 £ 0.7
F or Central (3.83 70:39)-1073 | 48.91 £ 6.69 | 1.3 £ 1.1

Table 7.2: Measured direct photon multiplicity (Mif ), average number of first chance proton-

neutron collisions (Npp), and associated averaged impact parameter {b) obtained from

the model [36] for each one of the siz studied reaction classes.
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Figure 7.3: Number of proton-neutron collisions Np, as a function of the impact parameter b,
computed from Eq. (7.6). The stars represent the experimental (Npy) of each reaction

class obtained from the measured direct hard photon multiplicity.

7.3.1 Impact parameter cross-checking

In Section 6.4.2 we show that the experimental (efficiency corrected) reaction cross-section
o%? is in good agreement with the geometrical one, as assumed by the geometrical pro-
cedure for the estimation of the impact parameter (Section 7.2.1). We have applied this
method in order to test the validity of the impact parameters measured from M;l, since

both independent techniques should provide compatible results.

We have considered that the DB was not efficient for the most peripheral events,
as indicated by FREESCO simulations [26]. Therefore, the experimental b, has been
deduced from Eq. (7.1) using the a%wp measured without applying the efficiency correction
factor, eg =0.76 (6.4.2). Employing Equation 7.4 we have calculated the relation between
the (inclusive) total charged particle multiplicity M;OT and the impact parameter. The

result is shown in Figure 7.4.

For a given reaction class, the associated impact parameter (b)g., has been estimated

as the average of the b(M, g;,OT) values, which have been weighted by the relative contri-
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Figure 7.4: Total charged particle multiplicity as a function of the geometrical impact parameter.
This relation is obtained by means of the geometrical method ([94], see 7.2.1).

Reaction class (MZ;,OT> (b)geo (fm)
A or Peripheral 1.5 9.4 + 0.8*
B 1.5 9.4 £+ 0.8
C 4.7 5.2+ 04
D 6.8 3.3 £03
E 7.8 2.6 = 0.2
F or Central 11.4 0.9 +£0.1

Table 7.3: Average charged particle multiplicity M, ;’,OT and impact parameter {b) of each reaction
class estimated using the total charged multiplicity (x see text).

bution of each Mg;,OT to the reaction class. The weighting factors have been determined
from the M, CT;JOT distribution measured by means of the MB photon trigger. The obtained
(b)geo (Table 7.3) are in good agreement with the ones calculated by means of the direct
hard photon multiplicity (Table 7.2), thus confirming the former impact parameter mea-
surements. Despite this agreement, the monotonous variation of M., with b assumed by

the geometrical method is not valid for central collisions, since the maximum M, CT;,OT does
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not correspond to a real b=0. So, for this cross-checking we only consider peripheral and
semicentral reactions. Concerning reaction class A, since for this reaction class the con-
dition on the total charged particle multiplicity is the same as for reaction B (MPB+FW
= 1-2), the average impact parameter cannot be distinguished from the one of reaction

B, using this method.

7.4 Determination of the impact parameter for reactions

where a hard photon is produced

We attempt to exploit the radiation of the thermal hard photon component as a tool to
extract the thermodynamical state of the source and its dependence on the centrality,
equivalently on the €*, of the collision. So, it is of crucial importance to assess the impact
parameter for the particular reactions where a hard photon is produced as precisely as
possible. With regard to this requirement, for a given reaction class (RC), defined by a
window in the MCI;,OT distribution, the hard photon production may be biased through
the higher Mg;,OT values (see discussion in the former Section). Hence, the (b) calculated
by means of the previous method(s) may be overestimated for reactions where a hard
photon is produced. Whereas the difference between the estimated (b) and the impact
parameter when a hard photon is detected might be minor for RC accounting for a low
% o R, in our case defined by a narrow M, CY;OT gate, the b distribution might exhibit a non
negligible shift for RC covering a wide o region. That may be the case of the b estimated
for reaction class C and definitely for the average inclusive impact parameter. How can
the b of particular reactions, where a hard photon is produced, then quantitatively be

estimated?

For those reactions were a hard photon is produced, the og(b) is modulated by the
number of pn collisions Np,, whose dependence on b is given by the equal-participant
geometrical model (Eq. (7.4)). As a consequence the ratio between the og(b) and the
total (integrated over b) o is a representable function sensitive to the deviation through

lower b (see Figure 7.5).

Applying the geometrical model to the total charged particle distribution for reactions
where a hard photon is emitted, for a given value of M, c:gOT the associated og(M, g;,OT) /oR
corresponds to the same value of or(b)/og. Thus, it is possible to estimate the average
impact parameter for reactions where a hard photon is emitted by correlating the experi-

mental o p(MZEOT) /o R and the theoretical or(b)/og. The average b of each reaction class
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has been obtained with this method after weighting the b(MZT) by the contribution of
each Mg;,OT to the RC. Table 7.4 reports the (b) estimated for each RC for reactions

where a hard + is emitted.

=

~(b)/a,
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Figure 7.5: Evolution of or(b)/or as a function of the impact parameter without and with (dark

spectrum) the condition of measuring a hard photon.

Reaction class

<b)geo (fm)

Class A or Peripheral
Class B

Class C

Class D

Class E

Class F or Central

7.6 £0.3
72+ 0.3
4.2+ 04
28 +04
2.2 £0.6
1.0 £ 0.9

Table 7.4: Average impact parameter {b) estimated for reactions where a hard photon is produced.
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7.5 Centrality dependence of the hard photon production

The two-exponential fit of Equation (6.2) reproduces the hard photon energy spectrum
of each one of the six reaction classes, from peripheral to central events. The values of
the direct and thermal inverse slope parameters and relative intensities obtained from the

best least-square fit are listed in Table 7.5.
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Figure 7.6: Hard photon energy spectra measured in the region E, =30 -65 MeV for the most
peripheral and central reaction classes. The thermal (dashed line) and direct (solid
line) exponential distributions are shown. The spectra have been plotted in a linear

scale to emphasize the thermal contribution in both cases.

Reaction class | E¢ (MeV) | E§ (MeV) | I;/T;01(%) M X2 /ndf
A 149 +£09 | 5.7+ 0.5 19 +£1 (7.60 + 0.72)-10_5 1.5
146 +£09 | 57405 | 190+1 | (893 +1.08).107°| 1.2
15.6 £09 | 6.3 £ 0.6 19 +£1 (3.40 £ 0.43)-10~* 1.0
( )-
( )-

160+£1.0 | 7.8+£07 | 25+1 | (7.80+0.57)-107* | 1.4
161 +£1.1 | 79+£07 | 25+1 | (943 £0.61).107%| 1.2
159 £1.0| 87+£08 | 27+2 | (1.421332).1073 1.0

mEH O QW

Table 7.5: Characteristics of the hard photon spectra measured in the 6 different centrality classes:
direct (EZ) and thermal (E}) slopes, the ratio of thermal to total hard-photon intensities
(It/I1o¢) and the thermal photon multiplicity (M ).
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Figure 7.7: The hard photon energy spectra measured in each reaction class, from the most periph-
eral case (reaction class A) to the most central class (reaction class F). The spectra
have been fitted according to Eq. (6.2) in the energy range E, = 30 - 130/160 MeV.
The thermal (dashed line) and direct (solid line) exponential distributions are shown.
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The contribution of the thermal hard photon emission to the total hard photon spec-
trum is not negligible (I;/I;t > 19%) in any of the selected reactions. The evolution of
the direct and thermal hard slopes and yields with the centrality are discussed in the

next two sections.

7.5.1 Direct and thermal hard photon slopes

For each one of the 6 reaction classes the direct and thermal slopes normalized to the
inclusive direct and thermal slope values are displayed as a function of the reduced im-
pact parameter b/bp,q, in Figs. 7.8 and 7.9, respectively. Such a representation allows to
compare the relative variation of both slopes with the reaction centrality. Whereas the
measured E}(b) differ up to 24% from the inclusive value, the direct slope does not vary

within the errors from the inclusive E§. A small decrease of the hard photon hardness

cl
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N
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Figure 7.8: Variation of the direct hard photon slope measured in 6 different centralities in 12° Xe
+ "ot Sn reactions at 50A MeV, normalized to the inclusive value, as a function of the
reduced impact parameter.

from central to peripheral collisions has been observed [95, 33, 96, 102, 25] and under-
stood by preequilibrium phase-space population arguments [102]. The E'g variation with

centrality measured in the present experiment is lower than expected on basis of previous
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Figure 7.9: Variation of thermal slope measured in 6 different centralities in 2% Xe + ™' Sn re-
actions at 50A MeV, normalized to the inclusive value, as a function of the reduced
impact parameter.

measurements, whereas the dependence of the thermal slope on the impact parameter is
more compatible with the observed hard photon behavior in former single source analy-
ses. That could be an indication of the important weight the thermal component should
have in (some) previous exclusive hard photon measurements. The thermal slope evolu-
tion with the centrality reflects the larger excitation energies, and hence temperatures,
reached in small impact parameter reactions. The measurement of an almost constant
direct slope confirms that the Eg might be considered as an observable mainly dependent
on the bombarding energy. However, we have to keep in mind that we are not sensitive to
the most peripheral reactions, for which a change in the direct hard photon slope cannot

be discarded from the present analysis.

7.5.2 Direct and thermal hard photon yields

In Figure 7.10 the direct and thermal hard photon multiplicities, normalized to the inclu-
sive direct and thermal multiplicity values, have been plotted as a function of the reduced

impact parameter. The multiplicity of both components follow a very similar evolution
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with the impact parameter, as already suggested by the MA,(M(J’?IID3 ) measurements de-

scribed in Section 7.1.
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Figure 7.10: Variation of the direct and thermal hard photon yields measured in 6 different cen-
tralities in '2° Xe + "% Sn reactions at 50A MeV, normalized to the inclusive values,
with the reduced impact parameter.

One could think that the similar behavior of direct and thermal bremsstrahlung com-

ponents with the centrality could be connected to a contemporary pn<y emission.

That can be solved in Figure 7.11, where the values of the thermal (direct) slopes
are displayed as a function of the thermal (direct) multiplicities. The evolution of the
direct hard photon slope is independent of the direct hard photon multiplicity. This
behavior shows that the increase of the direct hard v multiplicity with the centrality is
just a consequence of the augmentation of the number of first-chance pn7y collisions. At
variance with the direct multiplicity, the thermal M, exhibits a linear dependence on
the slope . On the other hand, the size of the thermalized source (= A; + A2) remains
almost constant with centrality. Therefore, the linear relation Mf; and E} indicates that
the evolution of the thermal hard photon yield with the centrality is only due to the

increase of the excitation energy and, thus, of the energy available in secondary collisions.
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Therefore, the conditions responsible of the evolution of both multiplicities with the

centrality must be different. One way to compare the exclusive thermal and direct yields
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Figure 7.11: Variation of the direct and thermal hard photon slopes measured in 6 different central-
ities in 12° Xe + "' Sn reactions at 50A MeV as a function of the direct and thermal

multiplicity, respectively.

for the Xe+Sn system with the thermal and direct inclusive M, measured for different
reactions is to display the multiplicities as a function of the average number of first chance
pn collisions. For each reaction class (N, (RC)) is represented in the left panel of Fig.

7.12. Both M, follow a clear linear dependence on Np,.

The slope of the direct multiplicity? is equal to the direct hard photon probability
Pff(Klab), as expected for incoherent first chance pn-y emission. The linear dependence
of the energy available in secondary pn<y collisions on the centrality shows up in the
correlation between the thermal M., and the number of (first chance) Np,. There is a
threshold in the number of (first chance) pn collisions necessary to measure a thermal
emission. This result is consistent with the existence of a minimum volume above which

the chance of stopping and thermalization is high enough to observe a thermal emission

2The total M, is represented instead of the direct M, in the left panel of Fig. 7.12 in order to compare
our results with the ones reported in [26](right panel of the same figure).
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Figure 7.12: Total (direct + thermal) and thermal hard photon multiplicities as a function of the
number of first-chance pn collisions. Left panel: the measurements correspond to the
siz 12°Xe + ™ Sn at 50A MeV reaction classes reported in this work. Right panel:
inclusive systematics collected from 4 different systems at 60AMeV [40, 26].

[26]. The most interesting point of these exclusive M, ({Np,(RC))) measurements is that
they exhibit the same behavior as the one of the inclusive measurements collected from
4 different HI reactions at 60AMeV [26] (right panel of Fig. 7.12). Such a result proves

the consistency of our measurements.

7.6 Multifragmentation reactions

Besides investigating the hard photon production dependence on the impact parameter,
the hard photon spectrum measured in multifragmentation 1?9Xe + "*Sn reactions at 504
MeV has been analyzed. We have defined as multifragmentation reactions those where
at least three intermediate-mass-fragments are detected in the Dwarf Ball, MA%. >
3. By excluding the IMF measured in the Forward Wall we avoid the contamination
of peripheral reactions, where fragments coming from the (quasi-projectile) are forward
emitted. Unfortunately, the identification of IMF by the DB in the present setup was
only possible up to Z=10. The restricted identification was even worsened by the low
detection efficiency of the inner DB phoswiches. These experimental conditions, together
with the small cross section of multifragmentation reactions, lead to an amount of detected

multifragmentation reactions which only corresponds to 2% of the total reaction cross
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section.

Still, the hard photon spectrum can be properly reproduced by a double source distri-
bution (see Figure 7.13), the parameters obtained in such a fit are reported in Table 7.6.
The measured direct and thermal inverse slopes and relative intensities are compatible
with the ones measured for the inclusive spectra. The thermal slope and relative intensity
for multifragmentation are lower than those measured for the most central reaction class
(Table 7.5). Concerning this result, the direct hard v multiplicity for multifragmentation
reactions is closer to the one measured for reaction class C (1.46 + 0.08)-10~2 than to the

Mif for central reactions. This is an evidence that due to the low probability of detecting

. é\g‘

Multifragmentation reactions
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Figure 7.13: Hard photon energy spectrum measured for reactions where MPP. > 3. The spectrum
has been fitted according to Eq. (6.2). The thermal (dashed line) and direct (solid
line) exponential contributions are shown.

reactions where M IDA/?F > 3, the measured multifragmentation events form a subgroup
of (semicentral) reaction class C, which exhibits the largest hard photon statistics of all

selected reaction classes. Still, the measurement of a thermal hard photon emission in
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E¢ (MeV) ES (MeV) I/ Ti(%) M M x° [ndf

157+11 76+£1.0 20+3 (1.70 £ 0.14)-1073  (4.24 £ 0.71)-107% 1.1

Table 7.6: Direct and thermal slopes, ratio of thermal to total intensities and direct and thermal
multiplicities deduced from the hard photon spectrum measured for multifragmentation
reactions.

the identified multifragmentation reactions indicates that the source has reached thermal
equilibrium before fragmenting. This result agrees with those obtained from the distribu-
tion of excitation energies of the primary fragments measured by the INDRA collaboration

in dedicated investigations on the '?Xe + "*Sn at 504 MeV multifragmentation [45].

7.7 Exclusive analysis of the GDR emission

Exploiting the wide dynamic range of TAPS, we have estimated the 7 yield from the
GDR decay emitted in peripheral 12°Xe + "4/Sn reactions. The main motivation of this
investigation was to identify a possible thermal and GDR mixture in the low energy range
of the hard photon spectra. Such a contamination could distort the measurement of the
thermal hard photon slope and yield, mostly in the peripheral reaction classes for which
the observed thermal emission is softer. Moreover, the reached excitation energies at
these large impact parameter reactions can still be not high enough for suppression of the

collective mechanisms responsible for the GDRy emission.

In order to perform the GDR-y analysis the direct and thermal hard photon compo-
nents have been subtracted from the total photon spectra. This subtraction is done by
extrapolating the double hard v exponential fit down to the lowest photon energy, the
TAPS LED threshold of 10 MeV. This extrapolation technique is routinely applied in
GDR measurements from HI reactions (see e.g. [103, 104, 92]). Even if a single hard
photon exponential is considered in those works that continues being consistent for low

hard photon statistics.

7.7.1 GDR yield in peripheral reactions

We have compared the GDR spectra measured for peripheral reaction classes A and B with

the GDR distributions measured with the BaFs multidetector MEDEA and reported by T.
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Suomijarvi et al. [92]. In this work the GDRy emission from hot nuclei of A ~ 115 formed
in the 36Ar + 90Zr at 274 MeV reaction is investigated in detail. The comparison of the
GDRy yield measured in this analysis with the one measured for peripheral reactions in
our work comes easily to mind when considering the similarities in mass and in excitation

energy of the emitting sources:

- In peripheral 2*Xe 4 ™%Sn reactions the quasi-projectile and quasi-target are close
to the 2Xe and "%Sn masses, then scaling the photon spectrum measured in these
reaction classes by a factor ~ 1/2, the GDR yield can be compared with the one
emitted by single nuclei of A =~ 115;

- Despite the different geometry and bombarding energy of both reactions, the exci-
tation energies reached at large impact parameters in '?Xe + "#Sn reactions (~
34 MeV, see section 8.3) are comparable with the ¢* populated in the 36Ar + 90Zr
MeV reaction at 27A. Besides, the GDR yield measured for the 36Ar + %Zr system

has been found to remain constant with the excitation energy (see Fig.7.14).

The GDR yields (the v spectra after subtraction of the bremsstrahlung contribution)
for the 3¢ Ar + 9°Zr reaction for ¢* = 350 MeV and for ¢* = 500 MeV[92], and the GDR yield
estimated for the 12°Xe + "%!Sn reaction class A are plotted together in Figure 7.14. The
GDR yield measured for reaction class B is almost identical to the one measured for class
A, so the first one has not been added to the figure. The GDR distributions measured with
MEDEA are in a very good agreement with the GDR yield estimated for peripheral 12°Xe
+ ™43 reactions. The small difference between both reaction spectra at the low dM/dE
bins might be connected to the slightly lower excitation energy estimated for peripheral
129Xe + ™atSn reactions. Besides, it has to be taken into account that the bremsstrahlung
component, subtracted from the spectra, is represented by a single exponential function
for the MEDEA reaction, whereas the double exponential distribution is considered for

reaction class A (and B).

The global compatibility of the three distributions assures the validity of the estima-
tion of the GDR yield for the peripheral Xe+Sn hard photon spectra. Taking into account
that for peripheral reactions the total photon multiplicity around 30 MeV is M,~ 9 1073
and that the GDR yield at this energy for all systems considered here is found to be
lower than 107° (see Fig.7.14), we can conclude that the GDR contamination at the low
energy range of the peripheral hard photon spectra can be neglected and then, that the

measured thermal hard photon parameters are basically undistorted.
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Figure 7.14: Experimental v spectra after subtraction of the bremsstrahlung contribution for the
36 Ar + 99 Zr reaction: €* =350 MeV, (dots) € =500 MeV (squares)[92], and for the
129 Xe + ™2t Sn reaction class A (triangles).

7.7.2 GDR slope behavior with centrality

After investigating the direct and thermal hard photon slope dependence on the centrality
(7.5.1), we have performed the same investigation for the GDR~y component. Unlike the
thermal hard photon slopes, the measured values of GDR slopes remain constant as a
function of centrality (see Fig.7.15). This result is in good agreement with the slope

saturation observed by the MEDEA collaboration [92].
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Figure 7.15: Fzclusive slope parameters of the direct (squares) and thermal (circles)
bremsstrahlung components, and of the spectra after subtraction of both
bremsstrahlung components between 14 and 22 MeV (triangles).

7.8 Summary of results

The conjunction of high statistics data and a complete experimental setup with photon
and charged particle detection capabilities has allowed to systematically investigate for
the first time the dependence of the thermal hard photon production on centrality. For
the 29Xe 4 ™*Sn reaction at 504 MeV we have carried out a double source analysis
for 6 different impact-parameter classes (0.1 < b/bpqar < 0.6) and for multifragmentation

reactions.

- We have employed a new technique to estimate the impact parameter for reactions
in which a hard photon is detected. This method takes into account the impact
parameter biases through semicentral collisions occurred in reactions where a hard

photon is produced.

- We have measured a thermal hard photon emission along all the covered impact

parameter range. The thermal contribution to the total hard photon production
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amounts from 19% for peripheral collisions, up to 27% for central ones.

- The direct hard photon slope remains practically constant, Eg ~ 15.5 MeV, as a
function of impact parameter. The measured thermal hard photon slope increases
with the number of first-chance pn collisions, i.e. with centrality. This behavior
is consistent with the linear dependence of the E} on the available energy in the

nucleus-nucleus center of mass observed for the inclusive systematics [42].

- Both thermal and direct yields show a linearly increasing dependence on the cen-
trality. However, at variance with the direct multiplicity, the M,ty follows a linear
dependence on the thermal slope, reflecting hence the correlation between the ther-
mal emission and the temperature. The lower M;(an) slope reflects the less energy
available in secondary nucleon-nucleon collisions. This result is in very good agree-
ment with the one obtained in inclusive hard photon results for different reactions.
Moreover, higher (thermal) multiplicities are reached in the exclusive hard photon

analysis, independently of the system, by selecting the most central collisions.

- The hard photon spectrum for the detected multifragmentation reactions also fea-
tures a thermal component, whose characteristics are compatible with the ones
measured in the inclusive spectra. Nevertheless, due to limitations of our setup,
the identified multifragmetation reactions correspond only to a small fraction of

semicentral reactions.

- The estimation of the GDR gamma yield M,< 10~° in peripheral '?Xe + "%Sn
reactions has allowed to discard any possible contribution of the GDR decay com-

ponent in the low energy part of the peripheral hard photon spectra.

These results indicate that the excited nuclear systems produced in 2°Xe + "*Sn
reactions at 504 MeV attain a thermally equilibrated state, from which the second hard
photon component is emitted, in all the range of considered impact parameters. The
undistorted image that (thermal) photons provide is a valuable tool to derive the thermo-
dynamical properties of the equilibrated system as a function of excitation energy. This

investigation will be presented in the next chapter.
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Chapter 8

Complements to the caloric curve

In this chapter we exploit the features of the emission of thermal hard photons to de-
rive the thermodynamical properties of excited nuclear systems at equilibrium. We have
extracted the temperature of the thermalized composite systems formed in the Xe+ Sn
reactions for the different centralities investigated in the preceding chapter. In the second
section, we take benefit of thermal hard photon emission to estimate the lifetime of the
thermalized source formed in the different pertinent reactions. Finally in the last sec-
tion, after estimating the excitation energy €* for each Xe+ Sn reaction class, we have

constructed the caloric curve, which relates €* and T.

8.1 Measurement of the nuclear temperature

The slope of the thermal hard photon spectrum E} is strongly correlated with the tem-
perature T of the emitting source (however, since the photon-hadron coupling is very
weak, thermal hard photons are not in thermal equilibrium with the source, i.e. they
do not exhibit a black body spectrum). A thermal model is needed to quantitatively
deduce the relation between E} and T. We have used here the kinetic thermal model of
Neuhauser and Koonin [105]. The electromagnetic radiation rate (number of photons per
fm? and per fm/c) emitted by a hot and equilibrated nuclear fragment is calculated by
this model as a function of the local density and temperature of the source. They assume
that incoherent proton-neutron bremsstrahlung collisions are the main source of photon
emission for £, > 30 MeV (see Appendix A for a detailed description of the Koonin and

Neuhauser thermal model).

The hard photon spectra thus calculated can be well approximated by an exponential
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with slope E§. The evolution of Ef values extracted from a fit above 30 MeV with the

temperature is quantitatively well described by the following linear expression:
T(MeV) = (0.78 £ 0.02) - E{(MeV) (8.1)

in the region T =~ 3-10 MeV and density p =~ (0.3-1.2)py, and for nuclear densities close

to the saturation value py=0.17 fm=3.

The thermal hard photon slope can be therefore considered as a nuclear thermometer
of the excited radiating nuclear matter. This novel nuclear thermometer presents impor-
tant advantages with respect to the conventional (charged particle) methods [8] based on
the relation of the temperature to various particle observables: the double isotopic yield
ratio (isotopic temperature), the kinetic energy spectra of light charged particles (ki-
netic temperature), and the excited state populations. The characteristics of the photon

thermometer are the following:

- Absence of final state distortions. Due to the weak photon electromagnetic coupling
of photons with nucleons, the slope parameter of the hard photon spectrum is not

modified after emission.

- Measurement of the initial temperature of the nuclear system. Thermal hard pho-
tons are emitted just after equilibration of the source, when the maximum temper-

ature is reached [42].

We have applied this photon thermometer to extract the temperature of the source issued
from the different centrality 2°Xe 4 ™*!Sn reactions studied in this work. The obtained
temperatures are reported in Table 8.1 and are represented as a function of the centrality
in Fig. 8.1. The temperature of the nuclear system exhibits a slight increasing behavior
(4.4 — 6.8 MeV) from the peripheral reaction class A (b/bya: =~ 0.6) to the central
reaction class F (b/bya; < 0.1). This result is in very good agreement with the one
observed from the inclusive thermal hard photon slope systematics. For the 7 reactions
where a thermal hard photon component has been measured with TAPS, including the
present Xe+Sn system, the highest T values are observed in the systems with higher
available energy in the nucleus-nucleus center-of-mass [106] (see Table A.1 in Appendix
A). Interestingly, in '?Xe + ™*Sn the range of temperatures obtained from the different
centralities is practically the same as the one sampled by the former different systems
studied by the TAPS Collaboration (T ~ 4.3-6.9 MeV).
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Reaction class E}{ (MeV) | T (MeV)
Inclusive 70+£06 |55+08
A or Peripheral 57+05 |44 +£04
B 57+ 0.5 |44 +04
C 6.3 +06 |49+0.5
D 7.8 £0.7 | 6.1 £0.5
E 79 +0.7 | 6.2+0.5
F or Central 87+0.8 | 6.8=£0.6

Table 8.1: Nuclear temperatures T estimated through Eq. (8.1) from the experimental thermal
hard photon slopes E§ of the inclusive and exclusive hard photon spectra measured for
129 Xe + matSn at 50A MeV.
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Figure 8.1: Nuclear temperature as a function of the impact parameter estimated for 2° Xe +
nat Gn at 50A MeV.

8.2 Lifetime of the thermalized system

The multiplicity of hard photons emitted by an equilibrated nuclear fragment of density
p and temperature T' can be calculated by means of the model of Neuhauser and Koonin

from the following expression:
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o0 dRNK T,
MK = /d3 /dt/ iRy (Tp) — T dE, (8.2)
30 ’Y

where Rfyv K(T,p) is the rate of photons emitted from a thermal nuclear fragment with
temperature 7' and density p (see Appendix A). From this model we have obtained that
R{YV K(T,p) scales with ~T%7 and ~ p. The dependence of the photon rate on p? that one
would expect classically turns to a p dependence due to the Pauli blocking. So, we can

express the photon rate as RKYVK ~ R(])VK- 757 . p.

We can simplify Eq. (8.2), assuming that the temperature is uniform in the volume

V and constant during the emission time,
MM ~ V- Ar-RYE -1 p (8.3)

where V' and At are respectively the volume and the lifetime of the radiating nuclear
source. The volume can be approximated as the ratio between the sum of the projectile
and target nucleons over the nuclear density, V~ (A;+A,)/p. We do hence not consider
the particle preequilibrium emission, which e.g. for the Xe+Sn reaction accounts for 15-
25% of the system [49, 107]. Although the size of the excited fragment is not expected to
follow an important evolution with the centrality [49], the preequilibrium emission might
be less important for peripheral reactions. So, we have to keep in mind that taking the

relative volume of the hard 7 source as (A;+ A,) is a rough estimation.

Within these assumptions, the thermal hard photon yield, scaled to the relative size

of the system, reads as:
MNK
v

A Ar - RYE . T%7 (8.4)
t P

The former relation, which is independent of the density, can be therefore exploited to
estimate the lifetime A7 of the thermal equilibrated source, by comparing the behavior
of the experimental multiplicities and the evolution of Mév K with the temperature of the
system. The calculated multiplicities successfully reproduce the experimental thermal
hard photon yields measured for all the reactions (see Figs. 8.2 and 8.3), with A7 values
~ 100 fm/c which agree with the expected lifetime of an equilibrated source. This result
confirms the validity of the thermal model, since it reproduces both experimental observ-
ables, the slope of the thermal hard photon spectrum and the thermal multiplicity, with

the use of only one parameter, the temperature.

The inclusive thermal hard photon multiplicities measured as a function of T" for the

different reactions studied with TAPS suggest lifetimes A7 ~ 100 fm/c (see Figure 8.3),
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except for 8Kr+°8Ni and 36 Ar+°®Ni at 604 MeV. For these two reactions, where the
larger energies available in the nucleus-nucleus CM are reached, the M$ are better repro-
duced by theoretical multiplicities emitted from shorter lived, A7 ~ 35 fm/c, equilibrated
sources. This lifetime decrease might be connected with the fast fragmentation observed

for high €*, and expected for spinodal decomposition [108]. The experimental thermal

At =100 fm/c At =35fm/c

th
M7 /A,
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Figure 8.2: Experimental thermal bremsstrahlung multiplicity, scaled to the size of the system
Aot =Ar+A,, as a function of the extracted nuclear temperature, for the different
reactions studied by the TAPS collaboration. The lines correspond to 2 different val-

ues of source lifetimes estimated within Eq. 8.4.

hard photon multiplicities measured for the 12°Xe + "%!Sn reaction classes exhibit a trend
compatible with lifetimes on the order of 100-300 fm/c (Fig. 8.3). In our measurements
we do not observe any change in the lifetime of the equilibrated fragment with the violence
of the Xe+Sn collision. At variance with the short emission time estimated for the 86 Kr,
36 Ar4+-58Nj reactions, A7 of the most central Xe+Sn collisions identified in this work is
totally compatible with A7 observed for the rest of reaction classes. The estimated life-
time values, jointly with the measurement of an important production of thermal hard
photons, point to the conclusion that at least for the investigated Xe+Sn reactions, the

fireball does not undergo a simultaneous breakup from a diluted state.
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Figure 8.3: Thermal hard photon multiplicity, scaled to the size of the system Aior = Ar+Ap, as a
function of the nuclear temperature extracted from Eq. (8.1), for the different 12° Xe +
nat Sn reaction classes. Both lines correspond to 2 values of source lifetimes estimated
within Eq. 8.4.

8.3 Evolution of excitation energy with centrality

The caloric curve relates the temperature to the internal energy of excited systems in
thermal equilibrium, €* (4 MeV). In order to construct the caloric curve of our stud-
ied system, the average excitation energy associated with each centrality reaction class
must be evaluated. At variance with experiments performing energy measurements with
charged particle detectors, we cannot determine €* from our data. Fortunately, we can
rely on the measurements of excitation energy carried out by the INDRA Collaboration.
They have studied in detail the charged particle production in 2*Xe 4 ™#Sn collisions
at 504 MeV (see e.g. [43, 44, 45, 109, 100, 46]).

INDRA [110, 111] is a 47 multidetector dedicated to the detection of charged products
emitted during heavy ion collisions. Fragments are identified in atomic number up to and

better than Z=>54 in the forward region. Beyond 45°, the charge resolution is one unit up
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to Z = 20. Over the whole angular range, isotopic identification is obtained for Z < 4. The
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Figure 8.4: Excitation energy per nucleon as a function of the charged particle multiplicity mea-
sured with INDRA in 2% Xe + ™t Sn collisions at 50A MeV [112].

excitation energy of Xe quasiprojectiles produced from peripheral to central collisions has
been deduced by Steckmeyer et al.. The employed methods described in detail in [49] are
based on the determination of the velocity of the quasiprojectile. They assume that all
particles emitted in the forward hemisphere in the frame of the source are evaporated by
the source, and that there is a forward backward symmetry. These assumptions, which
rely on the isotropy of the angular distribution of particles in the forward hemisphere,
are in complete agreement with the equilibration of the thermal hard photon source. The
excitation energy is calculated from the kinetic energies of all products belonging to the

source, i.e. employing the so-called ”calorimetry” method:

Mrcp+MrimF My,
¢ =-Q+ >  Ki+)Y K+ Kz, (8.5)
i=1 j=1

where K;, K; and Kz, are the kinetic energies of the ith charged particle, of the
jth neutron, and of the QP residue, respectively. @ is the @)-value of the reaction.

The neutron multiplicity is determined from mass conservation and the kinetic energy
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of neutrons is estimated. In Figure 8.4 the obtained excitation energy is represented as

INDRA
MCP

Figure 8.5: Distribution of the charged particle multiplicity measured by INDRA in '?° Xe + "t Sn
collisions at 50A MeV [112].

a function of the total charged particle multiplicity measured by INDRA, M, gpN DRA The
excitation energy increases linearly with the violence of the collision up to a value between
9 and 11 MeV/nucleon. In collaboration with J.C. Steckmeyer, we have employed the
geometric method previously described in 7.2.1, to relate the average impact parameter
of each Xe + Sn reaction class with the corresponding value of M, prN DRA (Fig, 8.5), hence
obtaining the €*. The MCIPN DRA and € estimated for each reaction class are reported in
Table 8.2. The €* errors take into account the error derived from the (b) uncertainty, as
well as the systematical uncertainty in the reconstruction of the quasiprojectile, which
has been estimated as 10% of ¢* [49]. The excitation energy exhibits a linear increase

with the centrality (Fig. 8.6).

But concerning reaction class F, since as discussed in 7.3.1 the geometrical method
used to relate (b) and MCIPN DRA cannot be applied for central collisions, the reported
excitation energy is just a rough estimation. So, for the representation of reaction class
F in the caloric curve, we have used the value of €* predicted for central collisions by the
model of Natowitz et al. [113], e*=(8.7 + 1.5)A MeV.
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Reaction class (b) (fm) | MNP RA | e5(A MeV)
Inclusive 3810 25+1 5.6 £ 1.0
A or Peripheral 7603 14+1 2.8 +£0.3
B 72+03| 16+1 3.3 +04
C 424+04 | 2441 5.2 £ 0.6
D 28+04 | 27+£1 6.1 £0.7
E 224+06| 2917 | 67+07
F or Central 1.0+£09 | 32715 7.7 T8

Table 8.2: Vaulues of the charged particle multiplicity measured with INDRA M, CIéV DRA ond of the

excitation energy estimated for each reaction class with averaged impact parameter (b).

Figure 8.6: Estimated excitation energy as a function of the experimental average impact param-
eter.

8.4 Caloric curve

When a nuclear system of mass A is heated up to moderate excitation energies, where it

still behaves as a degenerate Fermi liquid, the evolution of its excitation energy is governed
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by a Fermi gas relation:
€* E* 1 2
= E—

with the inverse level density parameter K=8 - 13 MeV~!.

(8.6)

However if the excited system is further heated up to high enough energies, it might
undergo, as predicted, a liquid-gas phase transition. In the pure gas phase the €* de-
pendence on T is expected to turn into a Boltzmann gas relation, €* o« T. Therefore the
construction of the nuclear caloric curve, which relates T and €*, is a priory the most
direct tool to look for the existence of a thermally driven liquid-gas phase transition.
The first caloric curve obtained in 1995 by the ALADIN collaboration [114] using a He-
Li isotopic thermometer, exhibited 3 different regions: the already known Fermi-gas like
temperature rise below € = 34 MeV, an almost constant temperature over the €* range of
3-10A MeV, and then a sharp T increase up to € = 154 MeV. The intermediate plateau
region has been interpreted as the latent heat associated with a first order phase transi-
tion ("boiling”). That first measurement encouraged many experiments, which however
lead to contradictory results when directly comparing caloric curves based upon different
particle thermometers, and from different reactions (for a recent review see [8]). Now, it is
believed that data discrepancies might be eliminated if temperatures can be properly cor-
rected for effects on the collision dynamics. Nevertheless, those temperature corrections
are phenomenological and/or model dependent. Thus the reliance on more direct ther-
mometers, as the photonic one, is of extremely importance in order to build self-consistent

caloric curves.

8.4.1 Caloric curve constructed from the inclusive systematics

The caloric curve constructed by the TAPS Collaboration from the inclusive thermal
hard photon slopes measured in 7 reactions, is clearly below the Fermi gas curve (see
Fig. 8.7) [106]. The low T increase with €* is in qualitative good agreement with a
flattening behavior. Recently, Natowitz et al.[22] analyzed a wealth of data coming from
many different experiments, where only temperatures corrected for preequilibrium and
secondary emission have been considered. In this context they notice that the experi-
mental caloric curves describe a consistent plateau behavior if different mass regions are
considered. Concerning this result, the ¢* reached in each collision studied by the TAPS
Collaboration is above the starting point identified as the beginning of the plateau region
in the analysis of Natowitz et al. [115]. They have observed that the limiting temper-

ature decreases with the increase of the size of the system. This result has also been
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predicted (e.g. [116]) and reproduced [117]. The relation of the temperatures measured
by means of the photon thermometer with the system size is in a very good agreement
with this behavior [118]. This independent analysis confirms hence the validity of the

photon thermometer.
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Figure 8.7: Caloric curve constructed with the photon thermometer from inclusive TAPS measure-
ments, compared to ALADIN (squares) EOS (crosses) curves (isotopic temperatures)
and to INDRA (rhombbi) curve (kinetic temperatures). The dashed region corresponds
to Fermi gas model curves from K=8 MeV~! to K=13 MeV~'. Adapted from [106].

8.4.2 Caloric curve constructed from Xe + Sn exclusive measurements

The relationship between the estimated temperature and the excitation energy of the
hot equilibrated fragment formed in the different centrality Xe + Sn reactions studied in
this work is displayed in Fig. 8.8. The temperatures exhibit a smooth increase with
the excitation energy, the estimated (e*,T) are below the Fermi fluid curves (for K=8,13
MeV 1) . Peripheral reactions (classes A and B) lead to excitation energies near those

identified as the onset of the plateau region: €*~ 34 MeV for A=180-241 [115].

By varying the centrality of the collision, instead of using several bombarding energies

or systems, the obtained caloric curve should be more self consistent, since the extracted
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Figure 8.8: Caloric curve constructed from the thermal hard photon slope measurements in the
129 xe + matSn reaction at 50A MeV, compared to the Fermi gas model curves for
K=8 MeV~! (dashed line) and K=13 MeV ! (dotted line).

temperatures have no uncertainties attributable to different experimental conditions or
analysis procedures. However, aside the limited €* range covered in a single reaction
system and the difficulties to determine €*(b), a possible drawback, mostly in the case
of very peripheral collisions, is the uncertainty in the mass of the equilibrated composite

system.
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Chapter 9

Summary and Outlook

9.1 Summary

In this thesis we present the analysis of the £E300 heavy ion experiment, performed by the
TAPS Collaboration in 1998 at the GANIL facility. The nuclear bremsstrahlung in 12°Xe
+ ™4!8n reactions at 504 MeV is investigated. Emphasis is put on the measurement of
a thermal hard photon component, emitted in secondary proton-neutron bremsstrahlung
collisions, as a function of the centrality of the collision. The hard photon emission is
studied both inclusively and exclusively, exploiting the performance of a complete detec-
tion system composed of the TAPS photon spectrometer coupled for the first time with
three different charged-particle multidetectors: the GANIL “Silicon Strip Detector”, the
Washington University “Dwarf Ball” and the KVI “Forward Wall”.

The measured inclusive hard photon spectrum consists of a direct component, emit-
ted during the preequilibrium stage of the reaction, plus a later thermal component,

accounting for 78 % and 22 % of the total hard-photon yield, respectively.

- The inverse slope parameter and probability of the direct component, Eg:(15.6 +
1.0) MeV and P,=(7.83 +0.70) - 10 4, follow the well known dependence on the

bombarding energy.

- The inverse slope of the thermal component, Ef=(7.0 = 0.6) MeV, scales with
the available energy in the nucleus-nucleus center of mass Eéf. Consistently, the
systematics of the thermal bremsstrahlung multiplicity normalized to the system

size also scales with Eéf. These results are fully compatible with results obtained
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from the former TAPS campaign at KVI[42], confirming hence that the thermal

hard photon component emerges from a thermally equilibrated source.

The high statistics of the experiment in concomitance with the complete set-up have

enabled to undertake for the first time a systematic exclusive investigation on thermal

hard photon production.

A thermal hard photon emission has been measured along all the covered impact
parameter range (0.1 < b/bnaz < 0.6). The thermal contribution to the total hard
photon production amounts from 19% for the most peripheral collisions, up to 27%

for the central ones.

The measured thermal hard photon slope increases with the number of first-chance
pn collisions. This behavior is consistent with the linear dependence of the inclusive
thermal hard photon slope on the available energy in the nucleus-nucleus center of

mass, observed for reactions where a thermal hard photon is detected.

Whereas the variation of the direct hard photon yield with the centrality does not
depend on the direct hard photon slope, the exclusive thermal multiplicity and slope
values are linearly correlated (Fig. 7.11). That is a clear evidence of the sensibility

of the thermal bremsstrahlung emission to the temperature of the source.

The hard photon spectrum for the particular reactions identified as multifragmen-
tation events also features a thermal component, whose characteristics are fully
compatible with the ones measured for the inclusive spectra. Nevertheless, due to
limitations of our setup, the identified multifragmentation reactions correspond only

to a small fraction of semicentral reactions.

We have compared the GDR, spectra estimated for the most peripheral Xe+Sn cen-
trality classes with the GDR distribution measured by the MEDEA Collaboration
[92] for 36Ar + %OZr reactions at 274 MeV. The excellent agreement between the
GDR yields observed in both reactions has allowed to discard any contamination
due to the GDR decay component in the low energy part of the peripheral Xe+Sn
hard photon spectra.

The measurement of a thermal pn bremsstrahlung flash has been exploited to probe

the thermodynamical state of excited nuclear matter in thermal equilibrium.
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- The temperature of the composite system has been extracted from the measured
thermal hard photon slope, applying the thermal model of Neuhauser and Koonin.
The temperature measured for Xe+Sn reactions exhibits an increasing behavior (4.4
— 6.8 MeV) from the most peripheral reaction class (b/bpqer ~ 0.6) to the most

central reaction class ( b/bpey < 0.1).

- The bremsstrahlung multiplicities calculated by means of the thermal model suc-
cessfully reproduce the experimental measurements for all the investigated reactions
(Figs. 8.2 and 8.3), for emission times which agree with the expected lifetime for
equilibrated excited nuclei. Along the covered centrality range, no change in the
lifetime of the equilibrated fragment with the violence of the Xe+Sn collision has

been observed.

- The excitation energy measurements performed by the INDRA Collaboration [49]
have been employed to estimate the excitation energy corresponding to each cen-

trality Xe+Sn class, the obtained values are in the region of e*~ 2.8-8.7 MeV.

- Finally, we have constructed the first caloric curve from exclusive thermal hard
photon measurements. The obtained curve falls below the one expected for a Fermi
fluid (Fig.8.8). This result is in good agreement with the behavior observed from
the inclusive thermal hard photon slopes (Fig. 8.7).

9.2 Outlook

Once we have developed the procedure to study the thermal bremsstrahlung emission,
we pretend to analyze the hard photon spectra for more selective centrality classes of the
same reaction, in particular we will try to measure an ”analyzable” hard photon spectrum
for still more peripheral reactions than the one identified in the present analysis. A similar
exclusive analysis might be carried out for the 36 Ar+197Au reaction at 604 MeV of the
TAPS campaign at KVI. From both experiments it has been shown that the thermal hard
photon signal should be a precious observable that can extend and provide complementary

physics results in dedicated multifragmentation studies.

Besides the experimental problems which have to be faced to determine the nuclear
temperatures (and excitation energies), it should be kept in mind that the caloric curve is
just a projection of the bidimensional equation of state, depending on both temperature

and density, €(T,p). Therefore, changes in the shape of one-dimensional caloric curves
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should only be taken into account when the (€*,T) points have been extracted within
similar density conditions. That might be accomplished if we would be able to build
a complete systematics, i.e. fully covering a mass region, of caloric curves with the
~ thermometer. In order to emit measurable bremsstrahlung from second chance NN
collisions, the source density must not be far from the saturation value. Nevertheless, if
at given T,p conditions the system fragments from a diluted system, no thermal radiation
should be emitted. Finally, we want to stress that we do not propose the use of the
thermal bremsstrahlung emission as the only experimental tool but as an observable that
can extend and provide complementary physics results related to the liquid-gas phase

transition.
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Thermal model
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In the last Chapter we determined the temperature of the nuclear fireball formed in
129X e + ™4tSn reactions, from the slope of experimental thermal hard photon spectra, Ej.
The relation between T and Ef (Eq. 8.1) is derived from the thermal model of Neuhauser
and Koonin [105]. Within a thermal picture, each volume of space-time occupied by
hadrons during the collision emits photons at a rate depending on its local conditions
(density, temperature, etc.), and the final experimental spectrum is the superposition of
these many incoherent contributions. However, due to the weak photon-hadron coupling,
the emitted photons are not in thermal equilibrium with the hadrons. Hence, the spec-
trum of photons emitted from a given volume is mostly determined by the nature of the
elementary nucleon-nucleon collision processes that occur within it. The thermal model of
Neuhauser and Koonin assumes that, neglecting the coherent current, the rate of nucleon-
nucleon bremsstrahlung emitted within a hot nuclear fragment in thermal equilibrium,

reads as:

d5N7 8 dpi;  dps; do
T2 1, 71 _'. _'_ . A'l
BrdtdB,  4n / @) any? | i) i) Broi - (A1)

where P 9; and B19; are the initial momenta and relative-velocity of the colliding nucleons,
f(P) the single-particle momentum distribution, and do/dFE., the angle-integrated Pauli-

blocked nucleon-nucleon bremsstrahlung cross-section.

Approximating the emitting region as a piece of nuclear matter in thermal equilibrium
with local temperature T and density p, the momentum distribution can be parameterized
by a hot Fermi-Dirac distribution:

1

1em = 1+ exp ([@ [p? +m?3 — EF(p)] /T)

4 / %f(ﬁ) = n (A.3)

where n is the nucleon number density. For low temperatures the chemical potential u of

(A.2)

normalized to:

a system of nucleons can be written as a function of the Fermi energy er(p) and T:

w2 T 1?
u(p) = er(p) {1 1 [6F(p)] } when T < ep (A.4)

The angle-integrated Pauli-blocked nucleon-nucleon bremsstrahlung cross-section do/dE,

of Eq. (A.1) can be approximated (assuming isotropic pn scattering) by:

do dofree . dQ, dQdy
1- 1- i i § A.
dE /[ [ f(pr)] ey ( 5)
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where do f,¢./dE., is the elementary nucleon-nucleon bremsstrahlung cross-section in free
space, and df),, ; are the solid angle of the outgoing photon and nucleons. Since the ppy
process can be neglected at Fermi energies, the isospin averaged do fye./dE, is one half of
the elementary pn+y differential cross-section, which here has been taken as the covariant
Schéifer parameterization [119]. The thermal pn bremsstrahlung rate of Eq. (A.1) can
be therefore calculated for a thermal equilibrated source of temperature T and density

p (see example of Fig. A.1). The model hard photon spectra can be well approximated

e

o

3
Jd*xdtdE,

d°N

-10

11
10 ¢

11 I L1 1 | ‘ L1 1 | ‘ 1 11 | ‘ L1 1 | ‘ | . ‘ L1 1 | I 1
30 40 50 60 70 80 90
E, (MeV)

Figure A.1: Thermal bremsstrahlung (pny) emission rates, from a nuclear system in thermal equi-
libriwm at the saturation density pg = 0.17 fm=2 for various temperatures (T = }
MeV, T =6 MeV and T = 8 MeV). From [26].

by a single exponential E} in agreement with the experimental data. The integrated
bremsstrahlung (pny) yields are found to scale approximately with 767 and p. The E}
extracted from the fit of the theoretical spectra are found to be linearly related with the

temperature T of the emitting source according to Eq. (8.1).
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System Ky  EAA E} T MNK M5™P €~

(MeV) (MeV) (MeV)  (MeV)  (107%)  (107%) (4 MeV)
208ph 4197 Ay 30 6.0 55+06 43+05 07+£07 0.6+02 3.7+0.7
36 Ar4-197Au 60 71 68+06 53+05 19+13 16+02 51+1.0
BITa+197Au 40 86 69+06 54+05 34+19 324+10 70+1.5
36 AT+107Ag 60 106 70+£1.0 55408 1.5+15 1.24+0.2 6.3+ 1.2

86Kr4-58Ni 60 11.2 854+0.8 6.6+06 444+27 20+04 <10
36 Ar+-98Ni 60 132 88+10 69+08 41+29 1.1+02 80+15
129X e4+1128n 50 134 70+06 55+05 31+22 26+03 70+1.5

Table A.1: Nuclear temperatures T estimated through Eq. (8.1) from the experimental thermal
hard photon slopes E§ of the inclusive hard photon spectra measured by the TAPS
Collaboration. Adapted from [106].
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Table B.1: Dwarf-Ball telescope positions and thicknesses of
their CsI(Tl) and plastic scintillators.

‘ # Detector ‘ 0 [°] ‘ ¢ [°] ‘ E (mg/cm?) ‘ AE (mg/cm?) ‘
1 41.59 230.02 8.08 4.08
2 41.59 302.02 8.38 4.07
3 41.59 14.02 8.20 4.06
4 41.59 86.02 8.33 4.05
) 41.59 158.02 8.20 4.03
6 49.51 191.73 8.13 3.98
7 49.51 263.73 8.20 3.97
8 49.51 335.73 8.28 3.95
9 49.52 47.73 8.41 3.93
10 49.51 119.73 8.33 3.92
11 63.43 216.00 4.34 3.89
12 63.43 288.00 4.39 3.87
13 63.43 0.00 4.37 3.86
14 63.43 72.00 4.31 3.84
15 63.43 144.00 4.34 3.81
16 67.93 242.39 4.04 3.80
17 67.93 314.39 4.32 3.79
18 67.93 26.39 4.24 3.76
19 67.93 98.39 4.34 3.76
20 67.93 170.39 4.27 3.73
21 77.52 194.74 4.06 3.72
22 77.52 266.74 4.42 3.68
23 77.52 338.74 4.27 3.65
24 77.52 50.74 4.32 3.65
25 77.52 122.74 4.22 3.62
26 87.30 221.39 4.37 3.50
27 87.30 293.39 4.12 3.50
28 87.30 5.39 4.34 3.50
29 87.30 77.39 4.77 3.50
30 87.30 149.39 4.77 3.50
31 92.70 246.61 4.37 3.50
32 92.70 318.61 4.34 3.49
33 92.70 30.61 4.27 3.49
- 92.70 102.61 -
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Table B.1: (continuation)

| # Detector | 0[] | 4[] | E (mg/cm®) | AE (mg/em®) |
34 92.70 174.61 4.32 3.42
35 102.48 201.26 4.27 3.39
36 102.48 273.26 4.06 3.38
37 102.48 345.26 4.34 3.37
38 102.48 57.26 4.24 3.34
39 102.48 129.26 4.77 3.32
40 112.07 225.61 4.32 3.30
41 112.07 297.61 4.29 3.30
42 112.07 9.61 4.32 3.26
43 112.07 81.61 4.12 3.23
44 112.07 153.61 4.24 3.21
45 116.57 180.00 3.96 3.18
46 116.57 252.00 4.22 3.17
47 116.57 324.00 4.32 3.13
48 116.57 36.00 4.34 3.12
49 116.57 108.00 4.06 3.11
50 130.49 204.27 4.24 3.04
51 130.49 276.27 4.17 3.04
52 130.49 348.27 4.22 3.04
53 130.49 60.27 4.29 3.02
54 130.49 132.27 4.34 3.00
55 138.41 237.98 3.99 2.98
56 138.41 309.98 4.37 2.97
57 138.41 21.98 4.32 2.95
58 138.41 93.98 4.28 2.94
59 138.41 165.98 4.32 2.92
60 155.58 202.89 4.32 2.83
61 155.58 274.89 4.37 2.83
62 155.58 346.89 4.34 2.83
63 155.58 58.89 4.24 2.80
64 155.58 130.89 4.34 2.11
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