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ABSTRACT
FAST FRAGMENT EMISSION IN NUCLEAR COLLISIONS
By

Silvana P. Angius

Inclusive spectra for various light fragments obtained
from a-particle induced reactions, and for heavy fragments

from 40

Ar induced reactions have been analyzed according to
the single moving source model. The source is characterized
by a temperature and a velocity, and is assumed to emit
fragments isotropically in its rest frame.

This parametrization, already known to be successful
for heavier projectiles, is proven valid also in the case of
a-particles. A rather good agreement is obtained for
heavy fragments, too, indicating that it is possible that
fragments heavier than 4He areAemitted in a similar'process.

The present analysis helps to reinforce the vali-
dity of a localized, thermal source, whose existence 1is
important to the development of thermal and hydrodynamical
description of heavy-ion collisions. The emission of heavy
clusters from a thermal source may be of interest in the

study of phase transitions in nuclear matter.
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Chapter 1

INTRODUCTION

At low incident energies, the emission of light parti-

cles in heavy ion induced reactions has been shown to occur

mainly from the compound nucleusl'z), but for increasing

beam velocities, the experimental cross sections extend up
to rather high energies with significant yields, the
decrease being some orders of magnitude less than would be
expected for emission from the compound nucleus. These
light fragment energy spectra have been variously inter-

preted in terms of pre-equilibrium emission3'4). intra-

5'6), PEPS (prompt emission of light

9-13)

nuclear cascade models

particles)7'8), hot spot formation

or firestreak modelsl4~17), They are therefore of great

or nuclear fireball

interest as potential sources of information on localized

depositions of energy in a nucleus.
The justification for the thermal model approach comes

from the fact that the high energy tails of the spectra

observed for light particles (p,d,t,a)8"21)

22)

and, more
recently, for heavier fragments , display an exponential
slope characteristic of thermal emission, if a temperature
higher than the classical compound nucleus temperature

(T-\IBE*/A ) is assumed. Clearly, a much higher temperature
can be attained if only a limited number of the nucleons in
the target and in the projectile are involved, i.e., if an

entity like a hot- spot or a fireball is formed. Also, in
1



central collisions, a rather large number of nucleons
interact, and it seems that some degree of thermalization
occurs after only a few interactions.

All thermal models assume the existence of one or more
sources, isotropically emitting particles in their rest
frames. The simplest thermodynamic model assumes the
presence of only one source at temperature T and moving
with velocity parallel to the beam direction, irrespec-
tive of how it is produced. The temperature is readily
deduced from the slope of the energy spectra (e.g. from the
spectrum at 900, where the effects due to the velocity are
negligible) and the velocity can be obtained from the fit of
the spectra at different angles.

More detailed models attempt to explain the formation,
the qature and the decay of the source. In the hot-spot
model, the source is identified with a "hot" region
created in the zone of impact between projectile and. target.
In this approach, the heat localized in the hot spot spreads
into the adjacent nuclear matter according to a diffusion-
type process and the 1local temperature is measurable by
observing the spectra of the particles emitted during
this pre-equilibrium phase. In this description23'24),
link is established between pre-equilibrium phenomena and
the transport properties of nuclear matter, by introducing
the idea of heat conductivity (K) in nuclear matter. The
classical diffusion equation for the temperature T has the

form



T .
pcp 3E = div (K grad T) (1.1)

where p is the density of nuclear matter, and cp the
specific heat at constant pressure; this equation can be
used to describe the evolution towards equilibrium.

According to Tomonagazs)

» the nucleus is assumed to be a
four-component Fermi gas and the transport coefficients
are obtained from the linearized Boltzmann equation; the
thermal conductivity is then proportional to the mean free
path for nucleon-nucleon scattering, A : chpNF /\ . This
implies that /\ must be small in order to create a hot spot.
At 1low temperatures, /\ will be large, so K will be large
too and the diffusion of heat too fast for the effect of the
hot spot to be appreciable. Incidentally, the requirement
of a short mean free path makes a microscopic descrip-
tion 1like the TDHF theory impossible to apply to this case,
since the validity of such an approach 1is based on the
assumption of a 1long mean free path. It has been sug-

gestedzs)

that the TDHF approach may still be valid up to
energies per particle of the order of EF + the Fermi
kinetic energy per particle ( 37 MevV ). Even so, for
decreasing /\ the TDHF approximation is no longer applica-
ble.

The fireball model can be seen as a natural extension
of the idea of hot spot at higher energies, if the excited

zone emerges as a separate entity. The geometry, Xkinematics

and thermodynamics of the fireball allow the calculation of



the number of participant nucleons and of the velocity and
decay of the source.

Such macroscopic thermal models can successfully fit
the experimental cross sections over a 1large range of
incident energies, but they fail to explain some of the
features observed in the data, especially in the low energy
portions of the spectra and the data at the most forward
angles. In these cases, it is possible that other mechanisms
of emission are taking place. It has also been suggested
that the high energy light particles can be produced from
one or two collisions before thermalization takes place.

Additional information can be obtained from the study
of the emission of composite fragments, which cannot be pro-
duced in single collisions. The slopes observed for enerqgy
spectra of different fragments, for a given reaction, are
similar. In the context of a thermal model, this implies
that the fragments are all emitted from a source of well
defined temperature. Moreover, it is easy to relate the com-
posite particle spectra to the corresponding spectra for

protons. If E is the total energy of a cluster of mass A,

the cross sections will be proportional to exp (_Eéé,)l\ '
which is the single nucleon (proton) cross section raised to
the A-th power. It is interesting to note that the same
power law for composite fragment cross sections is derived

in the coalescence modell3s27-39)

, where the probability of
formation of such a particle is related to the probability

of finding two or more nucleons within a sphere of



radius P, (the coalescence radius), centered at p, in momen-
tum space. This power law has been verified for light parti-
cles (4, t, 3He) over a large range of incident energieszs),
but the a-particle cross sections have been found to follow
a different trend compared to deuteron and triton spec-

tralg)

. In particular, it appears that the a/p ratio
decreases steadily with increasing incident energy, and has
values. larger than 1 at low energies, while the 4d/p and t/p
ratios remain approximately constant over the whole range.
Such a result seems hard to explain within the coalescence

model, but it is predictable in a thermal (gas) model, con-

sidering the large binding energy of 4He.

31) that this behaviour

It has also been sugggsted
could be attributed to the onset of a liquid-gas phase
transition which may_develop at a temperature around 20
MeV. To further test this assumption, it would be useful
to study the emission of heavier clusters (A>4), whose for-
mation should be strongly disfavoured in the simple (non-
interacting) gas model. A hydrodynamic description, includ-
ing compression and expansion, could predict such phase

transitions, possibly also at higher densities, where more

exotic states of nuclear matter could be obtained.

The purpose of this thesis was to test the applicabil-
ity of a simple thermal model (single, fireball-like source,
emitting isotropically in its rest frame) to data
obtained for 1light fragments emitted in a-particle induced

reactions and to heavy cluster spectra. The interest in



applying the framework developed for heavy ions to a=-parti-
cles rests in the fact that a thermal source generated by a
light projectile would be composed of a limited number of
nucleons and the possibility that some degree of thermali-
zation be reached in such a small system would be encourag-
ing evidence for the validity of the basic assumptions
made in the thermodynamic approach. Also, the results
obtained for a-particles should be comparable to those
obtained for heavier projectiles, if the properties of the
source, its formation and decay depend only on the incident
energy per nucleon, and the process is such that all memory
of the initial system is lost, as it should be in the crea-
tion of a thermal source. Also, studies with a-particles
can be conducted over a wider range of energies than is gen-
erally available with heavier beams. In the application to
heavy fragments (A>4) , it is particularly interesting to
compare the total cross sections obtained with the predic-
tions, e.g., of the coalescence model and with the possi-
bility of condensation which may occur in a liquid-gas phase
transition. In the case of heavy clusters, the previous
remarks about thermal emission are Also valid. The question
in this case is whether the temperatures and velocities
obtained for fragments of different mass follow the same
trend. If this is the case, the hypothesis that different
fragments are emitted from a source of well defined tem-
perature, and therefore the assumption that such a' source

may indeed exist, gains additional support.



The next chapter will deal with the justification and
the deriyation of the formulae used, an exposition of the
theoretical ideas behind the moving source model (fireball
model), and the description of some assumptions made in the
calculations. The results obtained for the systems analyzed
in this work (i.e. tem perature and velocity of the sources
and total cross sections) will be described in Chapter 3,
together with a comparison with the analogous results
obtained for different systems and energies. An interpreta-
tion of the results, their meaning and possible conse-

quences will be given in Chapter 4.



Chapter 2

EMISSION FROM A THERMAL SOURCE AND FIREBALL MODEL

2.1. Invariant Cross Section Plots

In general, the fragments produced in a collision
between high energy heavy ions originate from several dif-
ferent sub systems in which the total system of projectile
plus target separates. For example, emission can originate
from the nuclear fireball formed by the overlapping sections
of target and projectile, from the remaining part of the
target (spectator) and/or fragmentation of the projectile,

or from the explosion of the whole system.

Particles emitted from different mechanisms present
different distributions in energy and momentum. In particu-
lar, if we analyze the distribution of the relativistically
invariant cross sections in the %L,p“ plane (where ?L and a'
are the components of the momentum perpendicular and paral-
lel to the beam direction, respectively), the contributions
from different sources should appear. In the case of rela-
tivistic particles, the perpendicular momenta should be
plotted vs. the rapidity along the beam direction, defined

as

= -1 = 1 - Y
Y = tanh s" 5 1n [(E+p" )/(E p")] (2.1)

The contour lines of constant invariant cross section in the
p .Y plane are invariant with respect to Lorentz

1 Il
8
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transfofmations, except for a shift along the rapidity axis.
In this way, an isotropic emission in the source frame will
appear isotropic when the experimental cross section
(obtained in the laboratory frame) are plotted, and the
transformation will simply result in a translation of the
curves along the Y axis, by an amount equal to the rapidity
of the source. In Figures 2.1 and 2.2 the rapidity plots
are shown for the systems a+Ta-+ p at 180 MeV/nucleon and a
+Ni- p at 25 MeV/nucleon. Here, the invariant cross sec-

tions

3

3 =14
a3 P laEaD

are plotted in the Y, 'PL plane. From the shapes of the
curves, the relative spacing between curves corresponding to
a constant factor in cross section, and the position on the
Yh-axis'around which the curves are centered, it is possi-
ble to estimate qualitatively whether the single source
modei with a distribution proportional to exp(-E/T) is

reasonable, and in which range of angles and energies.

The rapidity plot for the a+Ta reaction is shown in
Figure 2.1; it displays contours of equal cross section
centered at a rapidity of about 6.2, corresponding to the
rapidity of the main source. The asymmetry at the lower
angle (30°) suggests the presence of a second source of
higher rapidity, emitting in the forward direction. The dis-

2

placement of the contour at 18~ sr/MeV with respect to the



10

*sjuyod Tejuswiiadxa ay3

ybnoayy a24a ay3z apynb 03 Juwew aae S89UTT pa33jop

dYlL “p8T°@=9 A3ITOOT9A Y3ITM ButAow ASW 6°9Z=l

8anjexaduel JO 20INOS © 103 PRIVINOTED @I° SaUTT
PTTOS 3yl *uor3jdear deel+» ay3 103 301d A3Tprdey -1-z 2anbrg

(Knpidos K104040q0)) "

g 9 v [ 0 2- b=
— T T v T T T (o]

Ki1pido. Eeoi

0

o
o
N

o

o

<
9519ASUDI})Y

o
o
©

Yaew o8l
d—n) +o

/AP (wnjuswow

o
o
®




1

-2ka ay3 opynb 03 sjuyod [ejuswyIadxse
ay3 ybnoa3l umeap aae sIUTT PI3IIOP YL
-98g°@=9 AITOOTPA pue A®W pL° (=l @injeraduwal

JO 201IN0O8 ® 103 pa3jeTNOTeD aIe S3aUFT pPr(OS

syl -uoj3aoeaz d «IN+o 9yl o3 3oid A3rpydey -z 2anb1a

(A11p1doa Aiojoioqoy)™y

\d € 4 " . . 5 S

4 r 5 o ) (4 [3 L
Aupidos woeq

+0

T

o

2

s

00z,

o

3

S

U/ABW G2 s

d—IN+P oov3

. 3

S




12

others must also be noticed; it indicates that the low
energy portions of the spectra may be due to a different
process, since the curve is centered around a much lower
rapidity. The beam rapidity has also been indicated in
the figure at approximately 0.6.

This qualitative analysis suggests that the single mov-
ing source approximation is justified in this case, for
angles 3§0°and for energies above 39 MeV.

An analogous plot for the reaction a+Ni- p at 25 MeV
per nucleon (see Figure 2.2) shows the correct spacing of
the contours of constant cross section. The curves, in this
case, are centered at a rapidity of approximatély 0.08,
whereas the beam rapidity, indicated by an arrow in the fig-

ure, is @.23.

2.2 Derivation of the Distribution

The idea of approximating the experimental distribu-
tions with the distribution from a single moving source is
justified within the range of angles and energies indicated
by the rapidity plots. The data at very forward angles (
150') and at low energies (<30 MeV) must be excluded from
the fit, since they contain important contributions from

mechanisms different from the one investigated in this work.

The next step is the assumption of a particular distri-
bution of energies (or momenta) in the rest frame of the
source, and the transformation of this distribution to the

laboratory frame where the source is moving with velocity v.
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The energy distribution in the source is assumed to be
of the thermal form, characterized by the Boltzmann function
exp(-E/T), where E is the total energy of a particle and T
the temperature of the soﬁrce (in energy wunits). The
factor in front of the exponential can be proéortional
either to VE? or to E. The first case is usually adopted
for 'volume'’ emission, i.e. when the fragments are assumed
to be emitted from the entire volume of the source, as in
the case of a fireball, which is supposed to break up ‘into
many fragments, or in the case of projectile fragmentation.
The distribution” with a 1linear E factor (or ‘'surface
Maxwellian') corresponds to a nonrelativistic Maxwell-
Boltzmann distribution for particles emitted from the sur-
face of a hot object. The extra factor depends on the fact
that faster particles are more likely to be emitted in .any
given time interval. It has been observed that the pre-
exponential factor contains important information about the
details of the process leading to a thermal spectrum.

For the analysis of the data presented in this work,
the ‘'volume' form ( \fE_) has been chosen, since the ener-
gies involved are high enough to 1lead to volume emission
(larger than 20 MeV per nucleon, as suggested by Gol-
dhaber in reference 32). Also, this distribution is con-
sistent with previous analyses, results of which are com-
pared with those of the present work. For some set of data
both distributions have been used, and the resulting curves

and values indicate that a better agreement is obtained with
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the surface factor. Since there is no striking improvement
in most cases, expecially fog fragments heavier than pro-
tons, and since it is doubtful which kind of emission is
actually taking place, the factor V?? has been used
thoughout the analysis. 1In Figures 2.2 and 2.3 thé proton
and deuteron spectra from a+Ta, fitted with the surface
Maxwellian distribution, are shown for comparison with Fig-
ures 3.1 and 3.2. It is also worth mentioning that the
parameters obtained with the ‘'surface' form, even though
systematically different (e.g. the temperatures are always
lower), do not differ by more than about 15% from the
parameters obtained with the

Therefore, the energy dig;ribution in the source has

the following form:

2
d’e'  _ o/ -E'/T S
qEam " amiZ T e (2.2)

3/2

where the factor ¢&/2(wT) has been evaluated so that the

term O, represents the total cross section:

o 2
- da"o
% f‘“‘-’ dE ag @
0 Q
Also, a correction for the Coulomb energy due to the repul-
sion from the charged source must be introduced. The Coulomb
force has been assumed to act radially, so that its effect

is essentially to cut off that part of the spectrum where

the kinetic energy of the particle is less than or equal to
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the Coulomb energy (Kzﬁc) . This reflects the physical fact
that the energy of a particle after the emission ( at the
infinite distance of the detector from the source) cannot be
less than the Coulomb energy and cannot be equal to Ec ’
since this would correspond to a particle with zero kinetic
energy in the source, and such a particle would not be émit-

ted at all. Therefore, the distribution becomes:

E'-E
2 - c

%,%ﬁ-r = N\jE'-Ec @(K'-E_) e T (2.3)

where E'=K'+m is the total energy of the fragment of mass m
in the source frame, at infinite distance from the

source, and the ® -function gives the required cut-off.

This distribution must be transformed to the laboratory
frame to be compared with the experimental spectra. A
derivation of the transformation is given in Appendix A. The

result is:

a’s a’s
JdE 45 - pT aET 4T (2.4)

where the primed coordinates refer to the source frame and
the unprimed ones refer to the laboratory frame.

Now we must express p, p', K', and E in terms of known
quantities ‘'in order to obtain the distribution which will be

used to fit the data. The first useful relation is
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E' = y(z-g p cose) (2.5)

which gives the relation between the total energy of a frag-
- ment in the source frame and quantities measured in the
laboratory frame, viz. K and @ . Here v/c is the velocity of

the moving source. Also, we have:

le‘z-m2 = J}'z(z-—‘é P cose)z-m2 (2.6)

and E= K+m. The final expression for the distribution in

the laboratory frame in terms of K and © becomes:

a2s J ((K+m) -mz][)'(K-i-m— p cos®) -E ]
dE dg "~ 2(“,l.)3/2' Y2 2

(K+m— s P coee)

S ——

T

Y(K+m-! p cose) -E
exp [ c c] (2.7)

where )'(K+m-% P cose)-mz_l':'.c .

2.3. The Nuclear Fireball Model

In the analysis of the data and in the interpretation
of the results, some assumption have to be made about the
number of nucleons in the source in order to estimate the
Coulomb energy which appears in the distribution, and also
to have a criterion of normalization which allows the

results obtained for differerent systems to be compared.
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A simple way to estimate the number of nucleons in the
source is the geometrical description given by the fireball
modell4'15). Figure 2.5 illustrates the geometry of the
fireball model. The target - and projectile are assumed to
be spherical, with radii 1.2 «x A1/3 fm, and they are
assumed to make clean cylindrical cuts through each other.
The fireball is composed of those nucleons in the target
and in the projectile which are in the overlapping regions
of the colliding nuclei. The remaining part of the target
(and of the projectile, if the impact parameter is big

enough) is the target spectator (and projectile spectator).

With these assumptions, it is possible to calculate
the number of participant nucleons (i.e. the nucleons in the

fireball) coming from the target, N

tile, Np , as a function of 'impact parameter, b. The

number of protons in the fireball is then given as the sum

» and from the projec-

of the participating protons from the target plus the number

of the participating protons from the projectile:

2 Z
t
Z,oe (D) = = N, (b) + X& N, (b) (2.8)

‘where Zt(p) and At(p) are the atomic and mass number of the
target (projectile).

The model assumes that the projectile participants
transfer all of their momentum to the fireball system, which
moves along the beam direction at a velocity intermediate

between those of the projectile and the target. Since the
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"internal kinetic energy per nucleon is much higher than the
binding energy per nucleon, the fireball is treated as an
equilibrated non rotating ideal gas of temperature T. It is
assumed that the system expands isotropically in the center
of mass of the fireball with a Maxwellian distribution in
energy.

With these assumptions, the velocity of the fireball in

the laboratory frame becomes:

p
lab

where plab and E are the momentum and total energy of the

lab
system in the laboratory frame. The total energy of the

fireball in the center of mass is

E - ( 2 2 41/2

c.m. 1ab P 1ab (2.10)

and the available kinetic energy per nucleon in the center

of mass is:
€= oM. -m (2.11)

Assuming a relativistic ideal gas, the total energy in the
center of mass is related to the temperature by the expres-

sion:
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Ec.m. =3 4+ m Kl(m/T) (2.12)
Np + Nt T T K21m7T$ *

where K1 and K2 are MacDonald functions and m is the mass of
a free nucleon. Non relativistically, the relation between

and T is given for a classical gas simply by
=3
E=3T (2.13)

The geometrical quantities (such as the number of protons

in the fireball, ztot

fireball, N . and the ratio NP/Nt of projectile to target

the total number of nucleons in the
tot

participant nucleons) and the kinematic quantities and

can be calculated from the previous assumptions as a func-

tion of impact parameter. The momentum distribution of

the fireball nucleons in the center of mass is given by

a’n N e E/T
v3 = K] 5 (2.14)
p'dp da 4m” 2(T/m)” K, (m/T)+(T/m) K_(m/T)
or, non relativistically:
2 2

pzdp dQ (2me)3/2

The spectra in the laboratory frame are obtained by
transforming the above distribution to the laboratory, and
finally summing over all impact parameters, weighting each

impact parameter by 2wbztot .
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In plotting the quantity 21|bztot as a function of

impact parameter ( b/(Rt+Rp ) )., where R_ and Rp are the
radii of the projectile and target nuclei), it is found that
there is an impact parameter which has the maximum weight,
— (see Figures 2.6¢c, 2.7c, 2.8¢c). To find the number
of nucleons in the fireball as a function as a function of
impact parameter, one must calculate the volume of the
intersection of a sphere and a cylinder. Numerical
integration is necessary for an exact solution to this prob-
lem, but an approximate analytical method has been
developed. The results are summarized in Appendix B. The
largest inaccuracy obtained with the analytical formulae is

about 6% when compared with the exact results from numerical

integration.

The total number of nucleons in the fireball (Ntot) has
been calculated as a function of b using the formulae in
Appendix B, and from this the total number of protons ztot.
(equation 2.8) for the systém analyzed here is deduced. The
results are shown, as a function of b/(Rp+Rt) , in Pigures
2.6a,b, 2.7a, b, and 2.8a,b. In Figures 2.6c, 2.7c, 2.8c the
weight given to each impact parameter is plotted. Integrat-
ing the curves in a and b, weighting each point by Zwbztot
, the "average" number of nucleons and protons in the fire-
ball can be estimated. The results obtained from this

integration have been used to estimate the "average" Coulomb

energy experienced by a particle leaving the source:
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Figure 2.6. Geometrical quantities calculated for the
system a+Ni, as a function of impact parameter.
(a) number of protons in the fireball,
(b) total number of nucleons, (c) weight given
to each impact parameter.



Figure 2.7.

25

0 04 08

¥rs )

Geometrical quantities calculated for the
system Ar+U, as a function of impact parameter.
(a) number of protons in the fireball,

(b) total number of nucleons, (c) weight given
to each impact parameter.
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Figure 2.8. Geometrical quantities calculated for the
system a+Ta, as a function of impact parameter.
(a) number of protons in the fireball,

(b) total number of nucleons, (c) weight given
to each impact parameter.
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_ Zsourcexzfrgg
e T T, 173
’ tot
where 2 is the average number of protons in the fire-

source
ball minus the charge of the particle leaving the source
(zfrag) and Ntot is the average number of nucleons in the
source. The results obtained are summarized in Table 2.1.
In the distribution used to fit the experimental data, the
Coulomb energies derived in Table 2.1 have been devided by
2, to take into account the fact that during the emission of
the fragments the charge of the source decreases, and the
- source is assumed to disintegrate completely for high tem-

peratures (-20MeV) .
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Table 2.1. Average number of nucleons in the fireball (N,
average number of protons (Z;,), and Coulomb
energies for the systems analyzed.

System N Ty E. (MeV)

a+ Ta 18 8 2.8 (Zy,, =1)

4.7 (Z,ng -2)
a+ Ni 12 6 2.2 (Zyy =1)

Ar + U 88 36 35.8 (Z,,, =5)
41.6 (2., =6)




Chapter 3

DATA ANALYSIS AND RESULTS

Inclusive spectra fo; various fragments, obtained . at
different energies and for different target-projectile sys-
tems have been fitted to the single moving source distribu-
tion derived in Chapter 2. For the reaction a+Ta at 180
MeV per nucleon , proton, deuteron, triton and 3He spectra
have been analyzed, together with proton spectra from the
reaction a+Ni at beam energies of 108 and 173.5 MeV, and
carbon and boron spectra from the Ar+U reaction at 100 MeV
per nucleon.

Expression 2.7 has been used in a x'-fit code (CHIFIT),
to fit the experimental spectra and thus obtain the ‘'best'’
values of the three free parameters: temperature, velocity
and total cross section, minimizing the x> with respect to
these parameters. The final values of T, v/c and 0, obtained
from the fitting procedure did not show a very strong
dependence on the range of angles and energies included,
even though the x> values were very different. Typically,
including in the fit the points obtained at angles smaller
than 68 degrees gave a variation in the values of the
parameters of about 1 to 5 & .

The influence of the value of the Coulomb repulsion

energy Ec ) is even less significant, at least for light
fragments, in which case the Coulomb interaction is not

expected to be very strong ( Ec < 10MeV ). The final

29
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results for temperature and velocity do not appear to have a
clear correlation with the value of Ec ’ whereaé the total
cross sections decrease as Ec increases; this behaviour is
expected, since one of the effects of such a change is to
move the cut-off in the spectrum towards higher energies. In
the case of light fragments, the variation of is not very
large; for example, the decrease of the total cross section
when Ec is wvaried from 1 to 19 MeV in the fitting of the
proton spectra obtained in the a+Ta reaction is about
158 ( from 2.445 to 2.036 b) , while T and v/c remain essen-
tially the same in the two cases.

The choice of Ec appears to be more crucial for the
analysis of heavy fragment spectra,. because of igs influence
on the value of the total cross section. In the case of 12C.
emission, for instance, when Ec is varied from 55 to 25 MeV,
the total cross section varies from .121 to .303 Db, while
temperature, velocity and the value of x2 remain essentially
constant.

For consistency, and lacking a better criterion, the
Coulomb energy has been calculated for all systems from the
number of protons in the source, as obtained from the
geometrical calculations of the fireball model, explained
in Section 2.3. The errors on the best values of T, v/c,
and o7, were estimated from the observations previously made
on the changes of parameters and xz-value, and from the

experimental errors. The variations on the parameters are,

therefore, chosen in such a way that the corresponding
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increase in x2 is of about 28 to 25%. This was accomplished
by using a computer program ( ERFIT ) which, for given
values of one of the parameters, optimizes the others for

minimum ¥x° .

Some of the experimental cross sections are shown and
compared with the calculated curves in figures 3.la, 3.2,
3.3, 3.4, 3.5. In these plots, experimental points at all
angles and energies have been included, but it must be
kept in mind that only the points at angles larger than or
equal to 60 degrees and at energies larger than 38 MeV have
been included in the fits. It is clear that the cross sec-
tions at more forward angles are greatly underestimated if
only a single source is considered. Also, the peak which is
observed at very low energies (see the spectra obtained for
the reaction a+Ta, figures 3.1, 3.2 and 3.3 ) 1is not
accounted for in this simple parametrization. The hypothesis
suggested in the previous chapter, that there could be a
much slower source emitting low energy fragment and a faster
source emitting preferentially in the forward direction,
seems to be supported by the comparison of the experimental
spectra with a three-source fit ( figure 3.1b ). In the case
examined here, the proton spectra obtained from the c¢ +Ta
reaction, the low energy peak is well described including
a slow ( B8=.001 ) source at low temperature ( T=1.6 MeV )
which may be identified with the target spectator in the
fireball model. The inclusion of a third, fast source gives

a higher cross section at forward angles, but does not
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MSUX-83-094
- a+Ta=d: T:=26.86 -
B =0.169
0,=0.932 b
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Fiqure 3.2. Deuteron spectra from the a+Ta reaction at 720
MeV. The final parameters, from which the solid
curves are obtained, are T=26.86 MeV, v/c=0.169,
o=0.932 b.
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MSUX-83-096
[ a+Ta-= 3He: T=26.83MeV |
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Figure 3.3. 3He spectra obtained from the reaction a+Ta at

720 MeV. The best fit gave: T=26.83 MeV, 8=0.166,
Oe=0.119 Db.
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I MSUX-83-097
| 250 Q+Ni—p: T=7.74 MeV |
550 B=.086
Op=1.206b
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Figure 3.4. The experimental proton spectra obtained from
the reaction a+Ni at 35 MeV per nucleon arg
plotted with the curves obtained from the x“-
fit with the following parameters: T=7.74 MeV,
v/c=0.086, 0o=1.206 b. The points at 25° were
not included in the fit.
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Figure 3.5.

400 60Q
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Experimental and calculated curves for the g
fragments obtained from the reaction Ar+U at
199 MeV per nucleon. The 'best fit' parameters
are: T=26.6 MeV, v/c=0.100, 0,=7.369 b. The
points at 35° were not included in the fit.
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change noticeably the curves at larger angles. Also, the
fact that the 'intermediate' source parameters are essen-
tially the same for the single- and the three-source fits,
seems to support the idea that those parts of the spectra
which have been analyzed here do indeed originate from a
source with velocity intermediate between those of the
target and the projectile, whose characteristics are well

described by the simple single-source approximation.

The parameters obtained for the systems studied in . the
present work are 1listed in table 3.1. In figures 3.6 and
3.7, the source temperatures and velocities are plotted for
the systems discussed here (solid points ) and, as a com-

parison, for the systems Ne+Au 19), 0+Au34) ,Ne+Ta35) '

Ne+Pb36)

at various incident energies. Clearly, all the
points follow the same general trend, suggesting that the
hypothesis of a moving thermal. source is equally valid
for a-particle induced reactions as it is for heavier ions.
Also, when different fragments are analyzed for a given
colliding system, the temperatures and velocities obtained
are the same, within the errors, for all fragments, indi-
cating that they could all be emitted from a single
source. This seems to be true also for fragments

11 12

4He, since the points for B and Cc fol-

heavier than
low the general trend of the lighter fragments.

From the total cross sections, one éan calculate the
multiplicities for the emission of fragments. This has been

done only in the case of protons, for which results at
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Figure 3.6. Source temperatures obtained from a x>-fit.
The solid points are for the systems analyzed
in this work, the others are taken from reference
19.
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different energies are available. In order to compare mul-
tiplicities obtained for different systems, the results have
been normalized following the geometrical assumptions of
the fireball model. According to this prescription, the
values obtained have been divided by the average total
number of nucleons in the thermal source, as derived from
the fireball geometry. The normalized multiplicities, as a
function of the energy per nucleon, are plotted in figure
3.8 for protons emitted in a-particle induced reactions.
The fact that only three points are available prevents us
from drawing any final conclusions. All that can be said is
that from 25 to 180 MeV per nucleon, the multiplicities
appear to change very 1little, indicating that the emis-
sion process (number of protons emitted per unit size of the
source) is the same in all cases. In view of a possible
phase transition, it would be interesting to add more points
at a temperature of about 20 MeV, to find if any sharp

changes take place.

To conclude this analysis, a comparison was made with
the case of a-fragments obtained from proton and deuteron
induced reactions at energies of 99 and 40 MeV per

37,38) . A x-fit over the same range

nucleon, respectively
of angles and energies as discussed previously gave the fol-
lowing values for temperatures and velocities. For the pro-
ton induced reaction: T= 9.8 MeV and v/c= @0.84; for the deu-

teron induced reaction: T= 10.0 MeV and v/c= @6.83. These

values of the parameters do not follow the trend found for



42

100
C
oo L
S %
ZS - ] x
w =3
—
-
zleE;
= L
a r
- }
-
: o
z -
l i 1 lllllll 4 1 3 4 2 b4
10 100 1000

(Ef'Ecl/n (N1e\”

Figure 3.8. Normalized multiplicities for emission of protons
in a-particle induced reactions, as a function of
the incident energy per nucleon.
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the a - and the heavy ioﬁ induced reactions, nor ‘- do the
calculated curves give 5 satisfactory agreement with the
experimental points. In addition, unlike the curves dis-
cussed at the beginning of the chapter, the slopes of the
energy spectra change very noticeably from angle to angle,
showing that the hypothesis of an emitting source of well
defined temperature is not justified in this case. For pro-
ton induced reactions, the high energy tails of the spectra
of emitted particles are attributed to preequilibrium emis-
sion from states consisting of a few excitons (particle and
hole excitation). Since the number of excitons changes sig-
nificantly with each successive particle-hole creation, the
concept of a 1local temperature cannot be definedﬂ In the
case of heavy-ion induced reactions the initial exciton
number is large and does not suffer such a large percentage
change in the course of the emission. In this case it is
more reasonable to define a local source temperature. The
relation between this physical 1localization and the many

exciton model remains to be explained.



Chapter 4

CONCLUSIONS

The first conclusion which can be drawn from the
analysis presented in this work is about the presence of a
thermal source. The systematic behaviour of parameters such
as temperature and velocity, which have been attributed
to an emitting source, demonstrates that the assumption
of the existence of such a source is well founded. Of par-
ticulaf importance is the fact that both heavy-ion and d-
particle results follow the same trend, indicating that the
basic assumptions of a thermal model (i.e. a rapid
thermalization, involving a limited number of nucleons, and
the fact that the characteristics of a localized source
created in such a way do not depend on the size of the sys-
tem, but only on the incident energy) are verified. A
further confirmation, even though not conclusive, that the
same kind of process is taking place over a large range of
energies are the approximately constant values of the proton
normalized multiplicities for incident energies from 25 to

180 MeV per nucleon.

Since proton spectra have also been explained as due to

a knock-out process, it is especially meaningful that dif-

ferent fragments, from the same colliding system, appear to

be originating from a source of given velocity and tempera-

ture. In particular, it must be noticed that heavy clusters
11 11

such B and c, which can hardly be expected to be pro-

duced in a knock-out type process, follow the same
44
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systematics found for light fragments. The demonstration
of the existence of a localized thermal source and the iden-
tification of a definite trend for the parameters which
characterize such a source is important for the development
of the thermal and hydrodynamical description of heavy-ion

collisions.

In this work, no detailed assumptions were made about
the characteristics of the thermal emitting source, and
only for normalization purposes has a particular model (the
fireball model) been adopted. In order to derive more infor-
mation, experiments other than inclusive measurements are
necessary. In recent coincidence experiments, q-projectiles
58

have been used to measure the decay of a hot spot in Ni(a

39

, a' p) reaction at 35 MeV per nucleon™ . When a temperature

is ascribed to each proton spectrum (i,e. to each anglé of
emission), it is possible to derive an angular dist;ibution
for T. This angular distribution appears to be non symmetric
about the direction of the transferred momentum q. In Figure
4.1la the temperatures are shown as a function of the
laboratory angle. Figure 4.1b shows a schematic picture of
the mechanism which could cause such an asymmetry, namely a
localized excited region in the target nucleus. In this
picture, the asymmetry of the temperature angular distri-
butions is due to the fact that protons emitted from the
right hand side of the g-direction have gone a shorter way

through nuclear matter than those emitted from the left

hand side. These results contradict the model of a static
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hot spot, since in the direction opposite to q temperatures
close to those of the fully equilibrated systems are
observed, but they do not permit a distinction between
other different models like the quasi-free scattering model
and the fireball or firestreak models, which give different

explanations of the emission process.

The second type of information which one could derive
from the kind of analysis presented in this work is about
the possibility of phase transitions. It has been sug-

gestedal)

that a 1liquid-gas phase instability could take
place in the nuclear matter at temperatures below 28 MeV,
which could influence the production of composite fragments.
A high a/p ratio has indeed been observed at incident ener-
gies 1lower than 100 MeV/nucleonlg), but this could be a
consequence of the large binding energy of g-particles. The
study of heavier clusters is necessary to confirm the trend
observed for a -fragments. In Figure 4.2 the weighted cross
sections (i.e the cross sections multiplied by the
mass number ) for fragments of different mass are plotted
as a function of the particle mass. The points for A 24 are

19)

taken from Ne+Au reaction and suitably normalized to be

compared with the points for 118 and 12C. As a comparison,
the values predicted by a the coalescence model have been
calculated. In this model the cross section for fragment of

mass A is related to that of a single nucleon (proton) by

the following relation:
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Figure 4.2. Weighted cross sections as a function of

the fragment mass. The points for As 4

are taken from the reaction Ne+U at 100
MeV/nucleon, normalized for comparison

with !B and '’C, obtained from Ar+U at

the same incident energy. The curve
represents the prediction of the coalescence
model, with p =130 MeV/c.
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where Py is the coalescence radius and O, the reaction
cross section. By integrating both sides of this equation,
assuming a non relativistic Boltzmann distribution for
d201p2dp dQ and setting )Y =1, it is possible to derive a

relation between total weighted cross sections:
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where A OA is the weighted cross section for ffagments of
mass A, as plotted in Figure 4.2 If the coalescence radius
is assumed to be constant and equal to some typical values
obtained from fitting experimental data (po =130 MeV/c was
used here, taken from reference 15) the cross section for
the heavy fragments is grossly underestimated, as can be
seen in Figure 4.2, where the sharp fall-off predicted by
the coalescence model is shown. The unexpected high yields
experimentally observed for heavy clusters are indicative of
a behaviour which cannot be explained in a simple gas model.
At the present point there is not enough evidence to indi-
cate that a phase transition is taking place, but these data
clearly point out that further investigation in this direc-

tion is worth pursuing.
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It has been suggested that a different kind of phase
instability could be observed in heavy-ion collisions when a
state of high density is created in nuclear matter due to a
collision between heavy ions. The process can be followed in
Figure 4.3. Here, The nuclear matter energy is plotted as a
function of density for two values of entropy. During a
collision which increases the density in addition to
increasing the internal energy, the system will move from a
condition of equilibrium (e.g. point A) to a point of
larger energy and higher density (say point B). If it can
be assumed that little dissipation is associated with the
subsequent expansion process, the system will then oscillate
around the equilibrium state along the same isentrope, 1i.e.
between points B and C. If the initial condit;on is in the
overstressed zone, then the system has enough energy to
reach the unstable region, where the compressibility of
nuclear matter is negative. As mentioned before, the over-
stressed zone is more easily reached if thé nuclear matter
is compressed, since a lower amount of energy is necessary
in this case. Therefore, a-particles do not seem to be as
suited for the observation of this kind of instability as
are heavier projectiles. A comparison of o -particle and
heavy-ion induced reactions, both of which lead to the for-
mation of a localized source, may therefore be a useful
means of elucidating the influence of compression in nuclear

collisions.
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APPENDIX A

RELATIVISTIC TRANSFORMATION OF DIFFERENTIAL CROSS SECTION4D

In the following derivation, the unprimed coordinates
refer to the laboratory system, the primed coordinates to
the system of the moving source. The transformation is given

by:

a’s _ d(Ee'n') 4o

3Eda ™ “3(Ea) dETda" (A.1)

where the term indicates the Jacobian of the

A(E'Q’')
31EQ,
transformation. This term can be rewritten as

d(E0) _ d(Ea) _d(pa) 3d(r'a’') (A.2)
S(E'Q’) = &(ra) S(P'2') S(E'Q") )

indicating a sequence of three transformations: from energy
to momentum variables in the source frame, from momentum in
the source to momentum in the laboratory, and finally from
momentum. to energy in the new frame.
The Lorentz transformations for the 4-momentum will be
used, assuming a common z-axis as the direction of motion:
Px = P'x

p_ = P'
b 4 b 4

(A.3)
= [} ]
P, Y(pz-u- E')

E=Y(E' + P z)
First, the components of the 3-momentum will be written

in terms of polar coordinates:

52
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P =P sin® cosg
P, =P sine sing ' (A.4)
Pz = P cos®

The fact that P = P'x and Py = P'Y implies that ¢ = ¢' , so

the Lorentz transformations become:

| P cos® = Y(P' cose' + E')

P sine = P' sine' (A.5)
E= )Y(E' + P' cose')

To find the second Jacobian in Equation A.2, we can

transform in successive steps as follows:

d(pPQ) d(Pa)  d(Peg)

P'Q 3(reg) PxPsz

b(p PP ) d(p' <P

X E e% P’ b(p o' ¢ ) (A.6)

The first Jacobian is:

d(PQ) dP sine® de dg .
3764) = 3P d6 dg = gin®6 (A.7)

The second is Jjust the Jacobian of the transformation

between Cartesian and polar coordinates:

d(pog) _ _ 1

Px sz p siné

(A.8)

The last two Jacobians are the same as (A.7) and (A.8) for

the primed coordinates.
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For the factor in the middle, we have to refer to the

Lorentz transformations and use the relation E' = P'2 + m2.

d(p. P P ) dp 4P 4P
X Z - X z (A 9)
3‘(—'—'L""Tp P’ P T"‘E‘H"‘p P’ _dp .
X'y z x Y z .

From Equation A.3 we obtain:

b(pxp P,) ) ap, ) )’(dP'Z-: dE') _E (a.10)
1 A ar, arT, E

.2
bgpg) - %2;"5 (A.11)

For the first and third Jacobian in Equation A.2, we observe

that

3%:'?%2'7 = %}%5%&’%%%—%%&’ (A.12)
and

d(pa) _ _d(pa) d(pP'a') _ P'E (A.13)

E'Q S(P'a’) S(E'Q") ;’f

And, finally, we can derive the expression for the Jacobian

in Equation A.2:



Thus we obtain

d(EQ) _ p'
3(E'2") P
2 2,

(A.14)

(A.15)



APPENDIX B

ANALYTICAL EXPRESSIONS FOR THE FIREBALL GEOMETRY

The number of participant nucleons in a spherical

nucleus of mass number Al and radius R1 which collides with

impact parameter b with a spherical nucleus of mass Az’ and

radius R2 is given bylsz

N, = A, F((,9) (B.1) -

where the parameters (/ and & are defined as

V= (B.2)
1 v R

6 = b (B.3)
R1 + R2

s

and the analytical expression of the function F depends on
the sector in the §,(/ plane as represented in Figure B.1l.

The expressions for F in the four sectors are the following:

1/2
F,oo= 1-(1-0)%?) (- (2

Fip =1 (I'V)I/Z(L-Vé)

1 r31-02  (1-(1-22)3/2) (1-(1-1)Y) "2 1-6, 3
] [ n - a3 At
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Fror = 3 (-0 (592 - Laa-01? - H3

IV

R

where n = ﬁz .The four sectors correspond to the
1

situations:

I. A cylindrical hole is gouged in the nucleus 1,
larger than 2.

II. A cylindrical channel is gouged in 1, with

smaller than Rl'

III. A cylindrical channel is gouged in 1, with

larger than Rl’

IV. All of nucleus 1 is obliterated by nucleus 2,

Rl.

following

which is

a radius

a radius

and R2>



1O

vV 5

Figure B.l. Definition, in the (§,v) plane, of the regions where
the four F functions must be applied.
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