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The fragmentation of nuclear systems, formed in proton- and heavy-ion-induced reactions in a
wide energy range, is examined. The dependence of the fragment production cross section on the in-
cident energy and on the temperature of the emitting source is compared to predictions of a theory
of condensation. We find many instances where the fragmentation instability can be explained by
and may be attributed to a liquid-gas phase transition. Our analysis suggests the occurrence of in-
stabilities at a critical temperature of approximately 11 to 12 MeV, in accord with several theoretical
predictions. Conventional nuclear effects, such as Coulomb barrier penetration, cannot fully
describe the observed phenomena.

I. INTRODUCTION

The emission of intermediate-mass fragments from nu-
clear systems, created in proton- and heavy-ion-induced
reactions at intermediate and high energies, has attracted
much attention recently. At these energies novel phenom-
ena of the transient highly excited nuclear system may
occur, manifesting themselves through multifragmenta-
tion and pion production processes. Through the use of
high energy nuclear collisions it may become possible to
create new forms of nuclear matter and to determine the
nuclear equation of state. ' Although most attention has
been directed towards such phenomena as phase transi-
tions to a pion condensate or a quark-gluon plasma, con-
jectured to develop at high density and temperature, it is
also possible that a liquid-gas phase instability may set in
at a much lower critical temperature and density. * This
instability may be encountered during the expansion of
the initially heated zone, formed in an energetic nuclear
collision, and manifest itself through the emission of com-
plex nuclear fragments.

Studies of the formation of complex fragments in
proton- and heavy-ion-induced reactions in a wide energy
range are of intrinsic interest in yielding information on
the equation of state at moderate temperatures and at den-
sities below normal. They also provide insight into the
hydrodynamical behavior, necessary for the occurrence of
more exotic phase transitions and for the astrophysical
ramifications with regard to neutron stars and superno-
vae. '

The fundamental question of how a highly excited, low
density nuclear system disassembles is the aim of much
theoretical and experimental work (Refs. 2—9 and refer-
ences therein). There are several difficulties, however, in
realizing this goal: Since nuclear reactions are time
dependent phenomena, it is not readily apparent whether
there is sufficient time —at the energies under con-
sideration —for a state of thermal and chemical equilibri-

um to evolve. Furthermore, are we justified to talk about
thermal and chemical equilibrium in a system of a small
number of particles, of the order of —100'? Would a
phase transition —if it exists —be washed out due to finite
particle number effects? There is also the question of the
expansion and cooling of the heated system and the frag-
mentation process throughout this stage. What are the
differences, if any, in the fragmentation process of the ini-
tially heated zone between proton- and heavy-ion-induced
reactions? Which type of reaction may be a better probe
of nuclear instabilities and may give an unambiguous sig-
nature of possible phase transitions?

In this paper we analyze and present possible experi-
mental evidence for fragmentation instabilities which sup-
port the notion of a liquid-gas (LG) phase transition in
the expanding hot nuclear system. In Sec. II, we present
the relevant theory for LG phase change. In Sec. III, we
analyze fragment distributions from several proton- and
heavy-ion-induced reactioris on medium and heavy targets
in the energy range between 0.18 and 350 GeV. Finally,
we show that "conventional" phenomena, such as
Coulomb barrier effects, cannot fully account for the ob-
served behavior of the fragment distributions. Appropri-
ate experiments for a systematic study of the LG phase
transitions are proposed.

II. LIQUID-GAS PHASE TRANSITION

A. Equation of state

The properties of nuclear matter at finite temperatures
and densities below normal (po ——0. 17 fm 3) have been
studied extensively. ' ' ' lt has been shown that in the
Hartree-Fock approximation the nuclear matter exhibits
the same properties as a van der Waals system. " Calcula-
tions of the equation of state, assuming a uniform density
and phenomenological or realistic interactions, ,

' have
produced isothermal, pressure versus density curves simi-
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The possibility of a phase transition in a thermally
equilibrated nuclear system was previously considered
theoretically in a number of papers. ' It has been
suggested' that the power law dependence of the frag-
ment distributions, emitted by an equilibrated nuclear sys-
tem, may constitute a signature for the occurrence of
phase transition phenomena near a critical point. The
widely differing systems, ' which exhibit this charac-
teristic approximate power law dependence, suggest that
phase transitions are global in nature, dependent only on
the energy imparted to the fragmenting system.

FIG. 1. Pressure versus density for nuclear matter. The
three regions, Iiquid, LG coexistence, and gas, are indicated
(also see the discussion in the text).

lar to those in Fig. 1. The magnitude of the critical quan-
tities, p, and T„ for a liquid-gas phase transition vary in
the range 0.2—0.4 po and 8—20 MeV, respectively, de-
pending on assumptions and initial conditions.

During the expansion and disassembly phase of the hot
region along an isotherm (isentropic expansion with
changing temperature and constant entropy has also been
discussed by other authors ' ), the nuclear density de-
creases until the freeze-out density, pf, is reached. This
density is defined as the density at which the mean free
path of the emitted fragments is commensurate with the
size of the hot region. At pf, collisions cease and the
fragments move undisturbed, aside from final state in-
teractions and internal deexcitation. ' To observe both
liquid and gas phases at a certain temperature, the
Maxwellian construction must encompass pf. This con-
struction is equivalent to equating the pressures and the
chemical potentials of the two phases.

If pf is large, the system will be mostly in the liquid
phase at freeze out, whereas if pf is very small, the system
will have traversed the coexistence region and only the gas
phase will exist. In the case that pf &p„ the system will
enter the gas phase prior to freeze out, causing an errone-
ous interpretation of T' as the critical temperature T, . If,
however, pf &p„ the temperature T, will be correctly
identified. The quoted value of pf is 0.4po,

' which is ap-
proximately equal to or somewhat larger than the range of
calculated p, values. As shown in Fig. 1, we can expect
the following evolution of the system: As the density de-
creases during expansion along an isotherm and the sys-
tem enters the metastable region of LCx coexistence, the
nuclear matter breaks into two pieces, one in the liquid
phase with density pf and the other in the gas phase with
density pg. It is the nuclear matter in the gas phase which
condenses upon cooling to the complex fragments. As the
temperature increases, the two densities approach each
other, finally coinciding at the critical density. , p„defined
by the condition

dp/dp=d I /dp =0,
at constant temperature. For higher temperature only one
phase exists, that of a gas.

B. Theory of condensation

Following the treatment of Refs. 4, 23, and 2 in the
framework of a theory of condensation in excited nuclear
matter, the probability for fragment formation of size A

is given by

P(A)-A exp[[ —a, (T)A ~ a, (T)A+—p(T)A]/TI,
1

where k. is the T- and A-independent critical exponent,
a, (T)=a, ( T) TS, is the s—urface free energy per particle,
a„(T)=a„(T) TS„ is the v—olume free energy per parti-
cle, and p(T) is the chemical potential per particle. The
preceding relation can be written in the following form:

P(A) A "X1" 'Y",
where

(2)

X=exp[ a, (T)/T], —

Y=expI —[a„(T)—p(T)]/TI . (4)

With this substitution, Eq. (1) assumes the following
three forms, corresponding to the three regions of Fig. 1

(see Ref. 2):

P(A)-A X", for T & T, ,

P(A) —A ", for T=T, ,

P(A) —A Y", for T) T, .

(6)

We note that X and Y are less than 1.0 for all T&T,
and that the pure power law dependence of the fragment
distributions at T=T, [Eq. (6)] is modulated by the ex-
ponential factors X and Y at temperatures T & T, and
T & T„respectively.

Figure 2 shows indicatively the expected dependence of
the fragment distributions on the temperature of the emit-
ting system for three temperatures: T & T„T=T„and
T ~ T, . The curves were calculated using the parametri-
zation of Ref. 2 for Eqs. (5) and (7) in the preceding and
assuming k=2.0 and T, =12.0 MeV. The slope of the
distributions for both T&T, and T~ T, is steeper than
the slope for T=T, and should approach it as the tem-
perature approaches T, from below or above, respectively.
As a consequence, the ratio of th~ cross section,
R =o(A~)/a(A2), of any two masses of the distribution,
where A ~ & A2, should increase as the temperature moves
away from T„since cr(A2) decreases faster than cr(A&)
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FIG. 2. Fragment distributions plotted on a relative scale for
three temperatures of the emitting system. A critical exponent
k=2.0 and a critical temperature T, =12.0 MeV were as-
sumed.

with temperature. This effect is more pronounced the
larger the difference between the two masses.

III. ANALYSIS OF FRAGMENT DISTRIBUTIONS

A. Cross section ratios

The change of the slope of the fragment distributions
with temperatures (Fig. 2) should manifest itself also as a
function of incident energy, since the temperature of the
emitting system is directly related to the imparted energy.
Therefore, the ratio of the cross section for two different
masses should also vary with incident energy in a predict-
able manner. Figure 3 shows the dependence of the ratio
of the fragment cross section for Z=6 to that for Z =12

on the incident energy, for the systems C+ Au and
Ne+ Au in the energy range of 15—84 and 250—2100
MeV/nucleon, respectively. ' ' The ratio for C+ Au is
normalized to 1.0 at the 15 MeV/nucleon point and for
Ne + Au at the 250 MeV/nucleon point. 37

We observe that this ratio, which directly reflects the
slope of the fragment distributions, decreases as the in-
cident energy increases up to about 50 to 60
MeV/nucleon, and then the trend appears to be reversed
at higher energies. A likely interpretation of this behavior
is that for C+ Au, the fragment emitting hot system
reaches the critical temperature at some incident energy
between 30 and 84 MeV/nucleon, corresponding to the
minimum value of the ratio. The indication from the
Ne+ Au system is that, as the temperature further in-
creases with increasing incident energy, the ratio increases
as well.

Proton-induced fragmentation exhibits a somewhat dif-
ferent behavior in that limiting energy deposition in the
target by the proton beam sets in at high energies. This is
reflected in the limiting cross section for fragment pro-
duction, shown in Fig. 4. Correspondingly, we should
also expect a limiting temperature in the fragment-
emitting system. This is shown in Fig. 5, where the tern-
perature, calculated by moving source fits to the fragment
distributions, is plotted as a function of the incident ener-
gy. Since the temperature of the system reaches a limiting
value for energies higher than a few tens of GeV, the
slope of the fragment distributions should also reach a
limit at these energies.

This behavior is exhibited in Fig. 6, where we plot the
ratio of the total cross section for the nuclides ' F and

Na (shown in Fig. 4) produced in proton-induced reac-
tions on Ag, Kr, and Xe in the incident energy range be-
tween 0.48 and 350 GeV. ' ' "' We observe that this
ratio —normalized to 1.0 at the 0.48 GeV point —reaches a
minimum value at an incident energy of the order of 5
GeV and then increases to a limiting value at very high
energies (see also Fig. 9). The apparent minimum in the
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FIG. 3. The ratio of the cross section for Z=6 to 12 as a
function of the incident energy per nucleon. The 15 and 250
MeV/nucleon points are normalized to 1.

FIG. 4. Excitation functions of the yield of ' F and Na in
proton-induced reactions on Ag and Kr,Xe (the points at 80 and
350 GeV). The errors are of the order of 10%.
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FIG. 5. The temperature of fragment-emitting systems
versus the proton incident energy. The temperatures are ob'-

tained from moving source fits to the fragment energy distribu-
tions.

ratio at about 5 GeV may indicate that the system has
reached the critical temperature near this incident energy.
The difference between Figs. 3 and 6 is that in the former
the ratio keeps increasing as the incident energy increases
above a certain value, reflecting the continuous increase of
the temperature of the system with energy.

B. Power law fits

To further elucidate the temperature dependence of the
fragment production cross section, we fitted the available
fragment distributions with a power law dependence of
the form

P(A)-3
where ~ is the "apparent" exponent. In this approxima-
tion, valid close to the critical point, the effects on the
fragment emission of the temperature-dependent factors
X and Y at T& T, and T& T„respectively [Eqs. (5) and
(7)], are absorbed into the power exponent. Therefore, the
apparent exponent will vary with temperature and will
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FICx. 6. The ratio of the total cross section of ' F to Na as a
function of the incident proton energy. The 0.48 GeV point is
normalized to 1.

reach a minimum value, that of the critical exponent k, at
the critical temperature. This means that ~&k for all
temperatures except T=T„where ~=k.

Since the production cross section of light fragments
(Z & 3) is affected by the sequential decay of heavier frag-
ments, and for Z =4 the most prolific isotope SBe is parti-
cle unstable, we fitted the fragment distributions only for
Z ) 5 or 3 ) 11. An additional reason for this choice of
the minimum Z, A values is that the liquid-drop expan-
sion, used to obtain Eq. (1), is valid only for large enough
droplets. Care was taken to avoid contributions from the
tail of possible fission fragments. For some of the
analyzed data the temperature of the system has been ex-
tracted from moving source fits to the fragment energy
distributions, as reported in Refs. 19—21 and 27. Where
the temperature was not given, we determined it either
from the slope of the 90 energy distributions of the frag-
ments, ' or from ideal Fermi-gas calculations, assuming
the size of the emitting system to be in the range of 2—4
times the largest fragment mass. ' ' We assumed a +1.0
MeV uncertainty in establishing the source temperature.
This assumption is quite realistic. In the case of the
Fermi-gas calculations for the systems C + Ag and
C + Au, it corresponds approximately to a source size of
3 =82+28 and 3 =120+50 nucleons, respectively.

Table I summarizes the data used and the values of the
apparent exponent obtained by the fit. Figure 7 shows the
quality of typical least-squares fits to the fragment mass
distributions for several systems and energies. The ap-
proximate power law dependence is evident. In Fig. 8 we
plot the apparent exponent, r, as a function of the tem-
perature of the emitting system. We observe a dramatic
temperature dependence of the apparent exponent: ~ de-
creases as the temperature increases up to about 11 to 12
MeV and then the trend is reversed. The exponent ap-
pears to reach a minimum value of approximately 2.0, a
theoretically minimum value, in the temperature range of
about '11—12 MeV. If we assign the critical temperature,
T„ to the temperature corresponding to the minimum
value of the apparent exponent, ~, viz. , corresponding to
the maximum probability for fragment emission, then
from Fig. 8 we may infer that T, —11—12 MeV.

Recently, an estimate of the critical temperature from
fitting isotopic yields' gave a very low value of 3.3 MeV,
although the temperature extracted from their fragment
energy distributions was in the region of 15 MeV. A
possible explanation of this discrepancy is that, in fitting
the isotope yields, the particle decay of the abundant ex-
cited neutron-rich (proton-rich) isotopes was not taken
into account. Furthermore, not only the nuclei produced
in excited states above the very low neutron (proton) emis-
sion threshold [8„~~~)0.3 MeV] will decay, but a large
portion of those originally formed in the ground state will
also decay, due to the continuous nucleon-fragment final
state interaction (inelastic excitation) in the exit channel.
This interaction may result in a substantial "cooling" of
the system. Therefore, the measured isotope yield may
by far not reflect the actual yield produced in the hot sys-
tem, and consequently the system's temperature, as deter-
mined by the fit to this isotope distribution.
Calculations for finite nuclear systems, using a
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TABLE I. Summary of the data used and the values of the apparent exponent, obtained from the
power law fit to the fragment distributions.

System

p+Ag
p+Ag
p+Ag
p+Ag
p+Kr
p+Xe
p+U
p+U
C+Ag
C+Ag
C+Au
C+Au
C+Au

Energy
(GeV)

0.21
0.30
0.48
4.90

80—350
80—350

4.90
5.50
0.18

'

0.36
0.18
0.36
1.01

Fragment range

5&Z&8
5&Z&8

11&2 &25
5&Z &18
11&3&30
11&3&30
6 &Z & 11
5&Z &11
5 &Z &22
5&Z &13
5&Z &11
5&Z &11
6&Z &20

Apparent exponent

4.7+0.3
4.4+0.3
3.5+0.2
2.3+0.2'
3.0%0.2
3.0y0. 2b

2.0+0.2
2.0+0.2
3.6+0.2
2.7+0.2
4.9+0.2
3.2+0.2
2.5+0.3'

Temperature
{MeV)

6.0
6.7
8.2

14.0
14.5
15.0
13.5
12.6
5.6
7.7
4.9
7.2

13.4

Reference

18
18
19
20
25
25
20
21
17
17
17
17
22

'The differential cross section at 90' is multiplied by 4~.
Only differential cross sections at 34' (see Ref. 27).

'Only differential cross sections at 20'
~

Skyrme effective interaction and finite temperature
Hartree-Fock theory and assuming a ground state binding
energy of 8 MeV/nucleon, predict the critical temperature
to be in the range of 9.5—13.5 MeV, depending on the
value of the effective mass and the power of the density
dependence. Recent Hartree-Fock calculations at finite
temperature, ' which include the contribution of unbound
states and use Skyrme SIII and SKM interactions, predict
a critical temperature of 11 and 8 MeV, respectively.
Furthermore, evaluation of thermal properties of finite
nuclei, using the thermal Hartree-Fock approximation
and the Skyrme III interaction, yield a critical tempera-
ture T, =11.8 MeV for the liquid drop surface tension.

Similarly, extended Fermi-gas model calculations, in
which the potential energy is treated within Bruekner's
energy-density formalism and appropriate corrections due
to surface and asymmetry effects were included, predict a
diminishing surface tension at a critical temperature of
approximately 11 to 13 MeV, for a nuclear compressibili-
ty constant K in the range of 180—250 MeV. Finally, a
semiclassical treatment of hot semi-infinite nuclear
matter, using a realistic Skyrme force, predicts a vanish-
ing surface-free energy at the critical temperature of 14.6
MeV and critical density of 0.33po. All of the preceding
theoretical predictions are in good agreement with the es-
timation of the critical temperature from our analysis.
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FIG. 7. Typical power law least-squares fits to the fragment mass distributions.



A. D. PANAGIOTOU, M. W. CURTIN, AND Q. K. SCOTT 31

5.0-
3F

4.6-

f

A ~11

s s s s ~ a ~ ~
I

Q7—

a a I I ~ ~ aa) a I a I ~ 1 ~ a( $ a a I

~ p+ Ag
~ p+ Kr, Xe

4.2-
Ld

0 3.8-
X
hl

3.4-
Z',
hJx 30
CL

—4.3-
~ 3.e-
O
OL

~ 35—

~ 3, I—
LaJ
lK

CL
~ 2.7—

2.3—

aa

2.2-

18-
6 8 10 12 14

TE MPERATURE (MeV)
FIG. 8. The apparent exponent, ~, of the power law fit to the

fragment distributions as a function of the temperature, T. The
systems are as follows: circles —p + Ag; crosses —p + U;
squares —p + Xe and p + Kr; triangles —C + Ag; and inverted
triangles —C + Au.

C. Excitation functions

The analysis in Sec. III B made use of fragment distri-
butions from widely differing systems and with an uncer-
tainty in the temperature of the source. To circumvent
this inherent difficulty one should choose one system,
measure an excitation function of the fragment distribu-
tions, and study the dependence of the apparent exponent
on the incident energy.

In this framework we examined the excitation function
of the complex fragment distributions emitted in p+ Ag
reactions in the energy range of 0.21—4.9 GeV, ' and
in p+ Kr,Xe in the energy range of 80—350 GeV. The
latter reactions produced similar fragment distributions
for both targets, an indication that in this energy range
there is very little or no target-mass dependence for
84 & A(target) & 132. This analysis is temperature in-
dependent and, therefore, it is free of the uncertainty due
to the inherent difficulties in accurately establishing the
temperature of the source emitting the fragments.

In Fig. 9 we plot the apparent exponent, ~, as a function
of the incident proton energy (see Table I). We observe
that the exponent decreases with increasing energy up to
about 5—6 GeV and then the trend is reversed, leveling
off at very high energies. In spite of the scarcity of data
points in the energy range of between 0.3 and 80 GeV,
there is an indication for a departure from a smooth and
asymptotic behavior. It has been suggested that Coulomb
barrier effects between the source and the emitted frag-
ments may account for a smooth dependence of the frag-
ment yield on the temperature. ' The smooth depen-
dence comes from the barrier penetrability factor, which
is temperature dependent. That'is, the higher the tem-

perature contained in the source, the smaller the Coulomb
barrier hindrance to the fragment emission and, therefore,
the larger the fragment cross section.

IV. COULOMB CURVES

To obtain a quantitative picture of the smooth behavior
of the Coulomb effects, we calculated the decrease of the
fragment production cross section due to the Coulomb
barrier penetration. We assume that the fragment-
emitting source has a size of A, Z=70, 30 and tempera-
tures of 6+1, 7+1, 8+1, 14+1, and 15+1 MeV, corre-
sponding approximately to incident energies of 0.21, 0.3,
0.48, 4.9, and 80—350 GeV, respectively (see Table I).
The Coulomb barrier penetrability was calculated for each
temperature by the expression

Rf
P(A)-exp —2 J j2mlfi [V(x) E]]'~ dx, (9)—

where Rf is R(V=E), m is the nucleon mass, V is the
Coulomb barrier seen by each fragment, and E is the di.s-
tribution of the fragment kinetic energy before emission at
each temperature. This treatment of the fragment emis-
sion is very similar to alpha-particle emission after
penetration through the nuclear Coulomb barrier. The
penetrability factor is multiplied by the fragment yield at
the high energy region [Y(A)-A ]. The resulting
mass distributions for 11(A (25 were fitted by a power
law of the form

-P(A)A (10)

The Coulomb curves obtained from this calculation are
shown in Fig. 9, only normalized to the 0.21 GeV point.
The spread of the curves reflects the assumed +1 MeV
uncertainty in the temperature of the source at each ener-

~ s a s assai s s ~ ~ ~ a ~ sl s s s s ~ assi s a a aaal

IOo IO' IO~
INCIDENT ENERGY (GeV)

FIG. 9. The apparent exponent, ~, as a function of the in-
cident energy for the systems p+ Ag and p+ Kr,Xe. The
curves depict the dependence of the calculated apparent ex-
ponent on the Coulomb barrier effects (see the discussion in the
text).
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gy. The smooth and asymptotic dependence of the ap-
parent exponent, incurred when Coulomb effects are in-
corporated, is evident. The departure from this shape —a
smooth curve joining the 0.48 and 80 GeV points, which
is at least 2 standard deviations at the 4.9 GeV point—
indicates that conventional phenomena do not fully ac-
count for the observed fragmentation systematics.

V. SUMMARY AND CONCLUSIONS

In this paper we presented exjperimental evidence that
fragmentation instabilities in hot nuclear systems may be
viewed as signatures for liquid-gas phase transitions. A
theory of condensation was used to analyze and interpret
the fragmentation systematics and it has been possible to
account for most of the features of a wide range of data.
The critical temperature of a phase transition, obtained
from our analysis of the complex fragment distributions
in proton- and heavy-ion-induced reactions, is within the
range of several theoretical calculations. Although no
systematic experimental study of critical phenomena has
as yet been reported, the available data on fragment pro-
duction from diverse systems may indicate the existence
of phase instabilities with a critical temperature in the re-
gion of 11—12 MeV and a critical exponent of perhaps
less than the theoretically minimum value of 2.0, attribut-
ed to an infinite system. If k is indeed less than 2.0, it
may reflect the finite size of the systems considered.

In this work it was essential to assume the formation of
thermalized hot matter of nuclear dimensions; calcula-
tions of the time scale for such thermalization indicate
that it may be possible during the expansion stage of the
system and for temperatures greater than about 7—8
MeV. It is fortunate that this time-constrained lower
limit for the temperature of the system is substantially
lower than that estimated by our analysis critical tempera-
ture of 11—12 MeV. Since a LG phase instability exists
only for temperatures below the critical temperature and

above the minimum temperature for phase equilibration,
it is clear that if the latter temperature were higher than
the former, the LG instability would not develop. We
further rely on the freeze-out concept, which ensures that
the experimentally observed mass distributions reflect
satisfactorily the configuration of the expanding system at
the freeze-out density. The close proximity of
pf -p, -0.4po is encouraging. Both of the preceding con-
cepts are generally accepted at high energies; there is,
however, conflicting evidence whether equilibration is ful-

ly accomplishecI in the intermediate energy regime. Clear-
ly, more experimental investigation with asymmetric sys-
tems is necessary to clarify this point.

This analysis demonstrates the interest and need to ob-
tain systematic fragment distributions from proton-
induced reactions, such as p + Ag, in the energy range be-
tween 1 and 20 GeV, as well as from heavy ion reactions,
such as Ne+ Ag, in the range of 30—70 MeV/nucleon,
encompassing the region of the critical temperature. Such
systematic studies and careful analysis should be able to
distinguish any possible differences in the fragment pro-
duction mechanism between proton- and heavy-ion-
induced reactions, to accurately determine the critical
quantities and eventually the equation of state for the hot
nuclear system formed in such reactions. This informa-
tion will be valuable in the study of other more exotic in-
stabilities and forms of nuclear or hadron matter. '
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