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New Type of Shape Instability of Hot Nuclei and Nuclear Fragmentation
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A novel mechanism of nuclear fragmentation is proposed. Assuming microcanonical equilibrium, it
is shown that a strong enhancement of the accessible volume of the phase space due to the diffuseness
of nuclear surface leads to dynamical instabilities of hot nuclei and to a fragmentation. Equations are
derived for the transition temperatufg for which the thermodynamical surface tension vanishes, as
well as for the thermodynamical fissility paramejgy. [S0031-9007(99)09391-6]

PACS numbers: 25.70.Pq, 24.10.Pa

The understanding of properties and the behavior of hotitation energies
nuclear matter, apart from its general scientific merit, is of B — g — 1 B _E 1
key importance in studies of nuclear multifragmentation 1= P75 (Eior pot) » (1)

[1-3]. The latter studies have produced experimental evigshereE?, is the total excitation energy of the system and
dence that, under stress generated by heavy-ion collisiong, | s the potential energy of the dinuclear configuration
nuclei fragment into multiple pieces—intermediate-masse|ative to the ground state of the mononuclear configu-
fragments. At the same time, theoretical effort has beepgtion (Epot = 0). The quantityE,, can be calculated
undertaken to establish the nature of the stress necess@y¥sed on the ground-state binding energies of the spheri-
or sufficient for the loss of (shape) stability of finite nu- ¢l nuclei involved in both types of configurations and on
clei. While theoretical modeling of thermostatic proper-the Coulomb repulsion energy of the dinuclear complex.
ties of finite nuclear matter [4] has led to the realization The role of the nuclear surface is described in the
that above a certain critical temperatuf,, nuclear mat-  present model by the nuclear mass tables, by the liquid-
ter cannot exist in its basic liquid phase, most models o rop mass formula, and by the surface term in the
nuclear multifragmentation [5—10] rely on the presence Oi:ermi—gas model expression [11—13] for the level density

some dynamical stimulus in addition to a purely thermalyarametew:. It is the latter term that leads to the effects
one. This is so because the predicted magnitud®.0f giscussed:

appears to be significantly higher than the experimentally

determined temperatures of multifragmenting systems. E = Ey + Es + Ec(shapg

For example, calculations assuming Skyrme interactions = eyvA + esAY*F, + Ec(shape and 2
predictT,, in the range of 13—-20 MeV for infinite mat-
ter. While for finite systems theoretical valuesmf are a=ay + as = ayA + asAY?F,, 3)

significantly lower than those for infinite matter, they are here A is th . b h i the sh

still substantially higher than the experimentally observedV€reA is the atomic numberfc(shapg is the shape-

“multifragmentation temperatures” of 4—5 MeV. dependt_ant Coulomb energy, gﬁgi is the surface area in
The present paper points out the existence of an effettits Of its value for the spherical shape.

that could lead to the loss of macroscopic stability of hln microcanonical leqlghbnuma_macroscpp;]lcfstates ﬁf
finite nuclei at excitation energies of a few MeV pert e system are populated according to weight factors that

Sk H
nucleon even in the absence of dynamical (compressiondfa" P€ expressed & = e, wheres; is the entropy of

inertial) stimuli. Its findings derive from a realization of 1€ System in théth macroscopic configuration. Within

the importance of surface effects in thermodynamics 0¥he _Ferml_-gas model, the entropy for the two allowed
hot nuclei. configurations can be approximated as

To demonstrate the essence of the new mechanism, a S, = 23/a,E* and (4)
schematic model is adopted in which an excited nuclear
system is allowed to assume one of only two macroscopic B -
configurations (phases), that of a spherical mononucleus Sa = 4\/ad(E = Epa)/2, ©)
and that of a dinuclear configuration of two identical where subscriptsn and d identify the mono- and di-
touching spheres. It is further assumed that the system rsuclear configurations, respectively, and the level density
in microcanonical equilibrium, i.e., all microstates belong-parameters are calculated from Eq. (3) for the mass num-
ing to the allowed macroscopic configurations are popuber A (mononuclear) and for the mass numbgf2 (di-
lated with equal probabilities. Additionally, to simplify nuclear). In Eq. (5), the small contribution to the entropy
the calculations, it is assumed that the two constituents dfom the degrees of freedom of relative motion of the con-
the dinuclear configuration have approximately equal exstituents of the dinuclear complex has been neglected.
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The results of schematic calculations for a hypo-clear configuration. Eventually, at an excitation energy
thetical nucleus witha = 200 and Z = 80 are shown of E*/A = 3.3 MeV, the two allowed configurations fill
in Fig. 1. In these calculations, a potential energy ofequal phase space volumes, i.e., correspond to equal en-
Epo = 62 MeV was assumed, based on the nuclear massopies. Above this “crossover energy” the system has a
tables and the Coulomb interaction of two point nu-higher entropy in the dinuclear state. Obviously, driven
clei of chargesZ/2, separated by a distance @f= by Coulomb repulsion, the latter configuration will decay
2.6(A/2)'3 fm. Note that the assumed potential energydynamically.
is significantly higher than the actual saddle energy for The middle panel of Fig. 1 illustrates the dependencies
this system. The use of such a high value By, in of the normalized microcanonical weight factd#s,. for
the schematic calculations allows one to better illustratéghe mononuclear and the dinuclear configuration on the
the large magnitude of the discovered effect. For theotal excitation energy. A second-order phase transition
level density parameter, the parametrization of Toke and from the mononuclear to the dinuclear phase is seen to
Swiatecki [11] was employed witlry = 0.068 MeV~!  occur in the smooth, gradual manner characteristic of
andas = 0.274 MeV ™. small systems. This figure demonstrates that the present
As seen in the top panel of Fig. 1, at low total exci- schematic system cannot survive in a microcanonically
tation energies, the system achieves the highest entromguilibrated mononuclear configuration when excited to
when it assumes the mononuclear configuration. In othegnergies in excess dfMeV/nucleon.
words, the accessible volume of the phase space is largerThe bottom panel in Fig. 1 illustrates the predicted
for the mononuclear than for the dinuclear configurationrelation (solid line) between average temperature and
However, the accessible phase space volume is enhancedal excitation energy of the system, i.e., the “caloric
due to the surface diffuseness of the nuclear matter disurve” for the system. The average temperature is
tribution [reflected in the surface term in Eq. (2)]. This defined ag” = W, T, + W,T,, whereW,,, Wy, T,,, and
accessible volume grows faster with increasing total ex?,; are the microcanonical weight factors and average
citation energy for the dinuclear than for the mononu-system temperatures for the mononuclear and dinuclear
configurations, respectively. The latter temperatures are
calculated from the Fermi-gas model relationship —
Epot = aT?. For comparison, the temperaturgs and

1.5F T | I i
A=200 PRt -] T, are also shown. As expected for a microcanonical
< 10 - ___.)-»*" 3 system, the temperature is not a sharply defined quantity.
~ [ s - ] For any excitation energy, the two-phase system assumes
N o5 - Q. two different temperatures, with probabilities given by the
L 100 [r weight functions depicted in the middle panel in Fig. 1.
0.0 -+ R R In the caloric curve, the mononuclear-to-dinuclear phase
1.0 Frrmrmrermrernennns, o oo —— transition shows up as a quasiplateau arolfigA =
3 =7 3.3 MeV. This quasiplateau should not be confused with
= 3 a plateau expected for a first-order phase transition such
0.5 ¢ s as, e.g., liquid-to-gas transition.
3 2 A very similar behavior is obtained when a canonical
0 B+t - -7 e rather than a microcanonical equilibrium is considered for
~ 6;— Q... the present system. In that case, the transition from the
O [ mononuclear to the dinuclear phase is expected to occur
= 4r —_—T> atT = 5 MeV [14]. While a microcanonical description
[ oL o7 <Tp> appears better suited [6] for isolated nuclear systems than
E -~ <Tg> 1 a canonical one, the present schematic model does not
A ' ' A reveal any qualitative or major quantitative differences in
0 1 2 3 4 the behavior of the system in these two approximations.
E*/A (MeV) It is remarkable that already an excitation energy

FIG. 1. Entropy per nucleon (top), normalized microcanonical
population probability (middle), and temperature (bottom) are

of the order of4 MeV/nucleon, corresponding to an
average temperature of less than 6 MeV, is sufficient

plotted vs total excitation energy per nucleon. Two competingfOr the system to overcome a potential barrier of over

geometries of a nuclear system 4f= 200, Z = 80 are illus-

60 MeV. This should not be surprising when one

trated, a mononuclear (single circle) and a dinuclear (touchingealizes that the mechanism that allows the system in
circles) configuration. The solid line in the bottom panel repre-yo present case to overcome a large potential barrier is

sents the weighted average temperature of the system, while
dotted and dashed lines illustrate the temperatures for the pu

tI;r’ﬁndamentally the same as that causing thermal expansion

mononuclear and dinuclear configurations, respectively. Seef nuclear matter. For example, in a schematic model

text.

such as the expanding emitting source model (EESM),
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[7] the thermal pressure that causes the system to expand, _ ! <6 _ ag E*) _
arises as a result of a strong dependence of the level M g2 58 0 47rr?
density parameter on the nuclear matter density, (8)

= -2/3 i - . . .
a = a,(p/p,)"*", wherep, is the ground-state nuclear po e the Fermi-gas model relationship between tempera-
matter density. In the EESM [7], this thermal pressur ure T and excitation energyE*, E* = a°T2, is
is equivalent to potential energies in the compressionaUtilized ' '

degree of freedom of hundreds of MeV, already for A f E he th ical surf i
temperatures below 10 MeV. Hence, in both cases s seen from Eq. (8), the thermodynamical surface ten

h instabilit idered in th ¢ sch tsion A.; decreases monotonically with increasing exci-
a Sd alpe-lr:js adl ' y.t(cc.)nstl E.ﬁ n ?d prejgnthsc EeErg?v:t%tion energy, from its liquid-drop ground-state value of
mo ?). and a density-instability (consi ered in the Al = €s/4mr? to zero at a certain transition tempera-
[7]), it is the dependence of the level density parameter

(es — asT?),

) X tureTr:
on the “driven” observable (shape apd respectively) r
that generates large effective thermodynamical driving 7. — [ 9
forces and the associated destabilizing potential energies. T " Vag- ©)

In both cases, the latter energies are significantly larger Note that Eq. (9) is analogous to the Fermi-gas model

than the temperature of the system. expression for the temperaturg = /E*/a0. A nu-

'_I'he abqvep depe_ndence of the level denS|_ty paramet?rmerical estimate, usingss = 18 MeV and [11] @ =
a is not included in the present schematic model, in

order to isolate the destabilizing surface effects fro 0.274 MeV" ", yields for the transition temperatuig

other shape-destabilizing effects. In a more complet .1 MeV, i.e., a value that is significantly lower than (the
P 9 s OMPIe93_20 MeV) predicted by standard nuclear-matter calcu-
model, where both shape and density dependencies of trllgtions for semi-infinite matter [4]

level density parameter are considered, the loss of shape.l.he shape stability of finite nuclei is commonly de-

stability is expected to occur for even lower excitations_ . o
than indicated in Fig. 1. This is so because a sel scribed by the fissility parametgyiq, rather than by the

similar [7] radial expansion leads to both a reduction ofsurface tension. The fissility parameter accounts also for
pansior the disruptive action of Coulomb forces in addition to the
the surface energy coefficieaf and an enhancement of

. ) Icohes;ive action of the surface tension. For small ellip-
the surface term in the expression [Eq. (3)] for the IeVesoidal deformations characterized by a shape parameter
density parameter. d

) . . a,, the surface and Coulomb energidg;, and Ec, are
To gain a better understanding of the discovered surfac&iven b
effect and its role in generating a shape instability of fi- y
nite nuclei, thermodynamical surface tension and thermo-
dynamical fissility are discussed below. The derivation
of the respective equations is based on the observation (10)

that a thermodynamical driving fordés for a coordinate h 0 andE® h . . herical
B is generally given by the gradient of the total energyW ereks andEc are the respective energies at a spherica
shape. In these terms, the fissility parameter is given by

with respect toB, taken at fixed value of the entrogy

0 2 0 1
ES=Esl+ga'2, EC=ECI—§Q’2,

Accordingly, one writes for the thermodynamical surface _ 0Ec 0Es E2
tensionA,4 X = Tw | dan —2E2 . (11)
oE™
Ay = o , (6) A thermodynamical generalization of Eq. (11) is obtained

§=const by replacing the surface energy = 47 r?A4A?3 by its

whereo is the surface area. thermodynamical counterpattr r2A ;A%

The conditional partial derivative on the right-hand side

of Eg. (6) can be calculated by noting that the condition _ E _ | — & g2 ! (12)
S = const implies Xid = 2N A2 XU €5 :
AS? = 44°F* — 4<ao + 1 acA ) Consequently, a spherical nucleus becomes unstable
; asdo . L ! : .
against ellipsoidal distortions when the thermodynamical

1 fissility approachey,; = 1, i.e., at a limiting temperature
4arr?

55A0> =0, (7) of
where ¢° is the ground-state value of the level density Tim = Trv1 = Xia- (13)
parameter,es and ag are defined via Egs. (2) and (3), Here, the quantityl'r is the transition temperature intro-

X (E + AE* —

respectively, and is the radius parameter. duced in Eq. (9).

By taking the limit of AE* — >0 and Ao — >0, For the present system df = 200, Z = 80, Eq. (13)
while omitting the terms that are quadratic in these twaopredicts Ty, = 4.9 MeV, when the liquid drop fissility
small quantities, one obtains from Eq. (7) parameter is approximated byiy = Z?/50A. This
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