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Flow effects on multifragmentation in the canonical model
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A prescription to incorporate the effects of nuclear flow on the process of multifragmentation of hot nuclei
is proposed in an analytically solvable canonical model. Flow is simulated by the action of an effective
negative external pressure. It favors sharpening the signatures of liquid-gas phase transition in finite nuclei with
increased multiplicity and a lowered phase transition temperature.
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In intermediate energy heavy ion reactions, particularly The flow effects are simulated through an external nega-
for the central and near-central collisions, the colliding nu-tive pressurg7]. In the stationary freeze-out volume calcu-
clei get compressed in the initial phase with subsequent ddation as no nucleonic matter exists beyond the freeze-out
compression thereby generating collective flow energy. Aboundary, the external pressure is assumed to be zero. A
energies around 100 MeV per nucleon or above, large radigjositive uniform external pressure, i.e., an inwardly directed
collective flow has been observed in many experimentgressure, gives rise to compression of the system. Similarly,
[1-4]. Theoretically it has been surmised that collective ex-3 negative external pressure gives rise to an inflationary sce-

pansion has a strong influence on the fragment multiplicityﬂario(as in the case of early univerg22], for examplg. The

In a hydrodynamical model with site-bond percolation, it hasg,anding nuclear system can then be simulated as under the
been shown that compression is very effec{isgin multi-

¢ ati Such lusion is furth hed i .action of an effective negative external pressure. We define
ragmentation. sSuch a conclusion 1S Turther reached In Miy, . g4, pressure to be equal and opposite to this negative
croscopic BUU-type formulationg] as well as in a grand

canonical thermodynamic calculati¢#]. Its crucial impor- exéemg(ljglrej:u;en. dlé S:ﬁﬂfebzsiﬂmegozuz;g?t ttr?e? \tﬁ!g;%gf_
tance on the extracted value of the freeze-out density fronm P P y

yield ratios of fragment isotopes differing by one neutronnamic equilibration time is small compared to the time scale

[8,9] in a statistical fragmentation model was also pointedfor the expansion of the system. This is expected to be ful-

out [10]. filled [7] when vy, /{v) is much small compared to unity;
Speculations have been made connecting multifragmentdere (v) is the average nucleonic velocity. This limits the
tion to a liquid-gas type phase transition in finite nuclearapplicability of the model to flow energy up te5 MeV per
systemgqdetailed references may be found in R¢id-13). nucleon.
Experimental determination of the caloric curves in nuclear We consider an excited nuclear system at a temperature
multifragmentation studies suggest strongly the occurrencand under an external pressiPenegative in our case, the
of such a transition. The determination of temperature, howflow pressureP;=-P). The system consists di neutrons
ever, is still shrouded in uncertainty and the order of theand Z protons, the total number of nucleons beiA¢=N
transition is a subject of controversy. Theoretical models of+ 7). The partition functiomQ, 7 of the systen{23] is given
different genres have been proposed; these include percolg
tion [14], lattice-gas[15,16, statistical canonicall1] and
micrc_)canonical modelg12] and semimicroscppic models Qaz=exp-GIT) = 2 exfd - (E, + PV,)/T]. (1)
like finite temperature Thomas-Fermi theory in both nonrel- r
ativistic [17] and relativistic[18] framework. Many of these
models are based on the phase space considerations tho
they differ in details. A canonical model based on this con-P€ndent energy anl; the state dependent volume. dj
sideration which is analytic in nature has been proposed if€Presents the partition function for the fragmét consist-
Ref. [19] and some application0,21 of this model have N9 of i nucleons ang protons, the partition functlpn of .the
been made in the context of nuclear mutifragmentation. Thi§YStem(A,Z) fragmenting into all possible configurations
model is comparatively easily tractable, but still powerful (N}, @ssuming the fragment pieces are noninteracting, is
enough to reproduce many of the features of nuclear multigiven by
fragmentation including liquid-gas phase transition that can A 7 .
be correlated to some of the experimental data. This model, 0= STITI (wip)" 2
however, does not include the effects of nuclear flow ob- Az '
served in intermediate energy heavy ion collisions. In this
communication we incorporate nuclear flow in the modelHeren;; is the number ofij) species present. The sum runs
and study its effect on some inclusive multifragmentationover all possible configurations conserving nucleon number
observables. and charge. The average multiplicity 0f) species is

fre G=E-TS+PV is the Gibbs potentialf, the state de-

oy i=1j=0 M}
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0.4 ment approximatior24]. Equation(5) reduces to
.8 0. — 3/2
03 0808 I ] wj = —(27:31-) i¥%; f dVv exp(- PyVInyT),  (7)
—— 0.8 0.5(Ag o 4
<
EC 0.2 L where
on % = 2 exil= (e + ViIT. (8)
We do not have ang priori notion about the dependence of
0 P;j andn;; on volume as well as on temperature. We, there-
0.04 [ fore, make a simplifying assumption that the dependence of
P;VIn; =P/ pj [p;; being the density of théj) specie$on
0.03 L temperature is linear. It will be seen later that this is tanta-
< mount to assuming the flow energy of a fragment propor-
& 002 | tional to temperature. Such a prescription may not be unjus-
7 tified as both stronger compressigmence collective flow
f and larger temperature of the fragmenting system result from
0.01 r I enhanced bombarding energy. We then wig/ p;=C;T,
i C;; being a constant for the fragment species.
0 5 s . For fragment masses up ite 16, the input forei'j‘ is taken

from the experimental data; for fragment masses above 16,
the liquid-drop expression

FIG. 1. In the top panel the average multiplicities per nucleon
(M)/A as a function of temperature at constant volu@meand at G = ex (Woi = o(T)iZ3+a, T = Vi) T], (9)
constant flow pressur®;=0.025 MeV fm® (b) are shown. All
lines correspond td°’Au except the dashed line that refers to is taken using Fermi-gas approximation. Here the volume
1090g. The different lines refer to different sets of flow parametersenergy termW,=16 MeV, the temperature dependent sur-
as given in the legend. In the bottom panel the average IMF multiface tension is o'(T)20'0[(T62—T2)/(T62+T2)]5/4 with oy
plicity per nucleor{Nyye)/A is displayed both at constant volume —1g MeV, and the critical temperaturg.=18 MeV. The
(c) and at constant flow pressugd). The notations for the panels |ayg| density parameter is taken asi/16 MeVv-1.

(©) and (d) are the same as those in the pan@s and (b), The total energy of the system is evaluated as

T(MeV)

respectively.
1
) E=—> E, exd- (E, + PV,)/T]
<nij>:§LQA—i,Z—j- () Quzr r r
e _ 3 - 2 213
The functionQ, ; can be easily calculated using the recur- = Z (nij) §T+ i(= W+ T16) + o(T)i
sion relation[19] !
do
A Z 213 C
1 . — T2 4\ H - P(V). (10)
Qaz= ;E > 10, Qa-i 7-j- (4) dT !
i=1 j=0

In deriving Eq.(10), use has been made of the same approxi-
mation as in Eq(7). The first term in the square brackets is
the kinetic energy of the fragments for the center of mass
d°p ofr P.V motion and the term within the curly bracket is the internal
W= f 3 exp{— (E}j + —'J—> T}, (50  energy of the fragments lifted by the Coulomb energy. The
k njj last term is identified as the flow energyote here thaP is
negativg. In absence of a better prescription, we have re-
placed the average volund¥) by a freeze-out volum¥/;. It
is then seen that the flow energgl of a fragment belonging
to the (ij) species isP;/p;. We then havee]=C;T. We
consider the flow to be radial. As the heavier fragments are
formed relatively closer to the center, the flow energy per
Here the first term on the right-hand side denotes the centgrarticle decreases with the mass number of the fragment. So
of mass kinetic energy ané,a‘j refers to the energy of thdh ~ we parametrizeg] as 8“T with a<1. The parametes de-
internal state of the fragmem‘,ﬁ is the single-particle Cou- termines the flow energy of a nucleon at a temperafure
lomb energy which we evaluate in the complementary frag-The total flow energy is

The partition function is built up definin@y,=1. The parti-
tion function w; is

where P;;(Z;; P;;=P) is the partial pressure due to tliig)
species and

Ek= p_z + K+ VE (6)
om0 T
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FIG. 3. The caloric curves at constant freeze-out volhe
FIG. 2. The average multiplicity per nucledil)/A (top panel =6V, (top panel and at constant flow pressurePy
and the average IMF multiplicity per nucledN,yr)/A (bottom  =0.025 MeV fm2 (bottom panel The notations are the same as in

pane) are shown as a function of excitation energy. The notationsFig. 1. The experimental data refer to Refi} (filled circles and

are the same as in Fig. 1. Some representative experimental data @5] (open trianglep

IMF multiplicity are also displayed.

system. All the subsequent calculations at constant volume
are done at the aforemention¥¢d The meanings of the dif-
ferent lines corresponding to variation afand 6 are dis-
played in the legend. Unless specifically mentioned in the
legend, the lines correspond ¥JAu as the fragmenting sys-
The decrease of flow energy per particle with increasingem. The comparison of the dotted line with the full line
mass of the fragment is taken care of through the paramet@hows the influence of flow on the fragment multiplicity. It is
a. It can be checked that far=1, the fragmentation pattern evident that flow enhances the multiplicity. We note that the
remains unaltered. With these prescriptions, the integral pefnultiplicity (M)/A has a sudden enhancement at a particular
taining to Eq.(7) is Vi exp(di®). The effect of flow is thus  temperature. It will be seen later that such enhancement also
tantamount to an increase in the effective freeze-out volumgccyrs in the heat capacity and entropy at around this tem-
which is dependent on the fragment species. The larger thgerature which we identify as a liquid-gas type phase transi-
species, the larger the effective freeze-out volume. Such afion in a finite nucleus. This transition temperature decreases
effect was already observed in a previous analysis of experiith increasing flow. At a constant volume, we note that
mental data with radial floW10]. _ generally multiplicity increases with decreasiagThe mul-

In order to study the flow effects on nuclear multifrag- ipjicity and the transition temperature are weakly dependent
mentation, results are shown f8t%Au taken as a represen- on the parametew. Their dependence on the mass of the
tative system along with those f6?°Ag to explore the mass  fragmenting system is also not very significant as is evident
dependence of the observables calculatedamitio deter-  from the results displayed fdf°Ag (dashed lingin the fig-
mination of the parameters and 6 is beyond the scope of a yre. The fragment multiplicity at constant flow press@e
statistical model. We vary the parametersand 6 to study  =0,025 MeV fn3 is displayed in the paneb). The values
their sensitivity on the observables. In Fig. 1, the average pef the parameter sets corresponding to different lines are
nucleon multiplicity (M)/A (top panely and the average given in the legend. For all the results presented in Figs. 1-3,
number of intermediate mass fragments per nucleomhe legends of panel&) and(b) apply for calculations per-
(Nime)/ A (bottom panelgare displayed as a function of tem- formed at constant volume and at constant flow pressure,
perature. The IMF’s are defined as fragments wits 3  respectively. From the comparison of the solid line and the
=<20. In panel(a) the fragment multiplicities that are dis- dotted line it is found that the multiplicity increases signifi-
played are calculated at a constant freeze-out voliMpe cantly with the increase in the flow energy. As in the case of
=6V, where V; is the normal volume of the fragmenting constant volume, the multiplicity is seen to be not sensitive

E= 5TZ (i, (1)
1]
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FIG. 4. The heat capacity per nucleon at constant voluMg 6
(top pane) and at COHSt%;“ flow pressure 0.025 l\/!e\ffr(bottom FIG. 5. The entropy per nuclec®A at constant volume \,
pane) are displayed fof’/Au with «=0.8 ands as indicated. The  (top pane) and at constant flow pressure 0.025 MeV-fbottom
meaning of the vertical dashed lines is explained in the text. pane) with « and & as indicated for the systefi’Au.

to the parametew and the mass of the fragmenting system.. ... . .
The jump at the transition temperature is somewhat morlustifies the comparison dNye)/A calculated for a single

marked here as compared to that for constant volume caIc&yStem for all the excitation energies with the experimental

lations. The total flow energy is quite insensitive to the pa-data'

rametera and is mostly governed by the parameszror The caloric curves, i.e., the dependence of the excitation

6=0.5, at the transition temperature the flow energy jsenergy on temperature both at constant volutoe pane)

~1.6 MeV per nucleon which increases 4e2.3 MeV per and at constant_pressqumottom panelare presented in Fig.
nucleon forp5:0.8. In the lower panels of the figurep, the 3. The dashed line corresponds't@Ag, the other ones refer

average number of intermediate mass fragments per nucledff AY Vf['.'th d'ftfﬁrg_”t ih(%'ﬁes Olf parameterts as etxpltam?d In
(Njie)/A are displayed as a function of temperature both afNnection with Fig. L. The calonc curve at constant volume

constant volume and at constant flow pressure as indicateéhows a monotonic increase of temperature with excitation
" P ; hergy; however, a clear plateau is observed at ardund
Below the transition temperature the numberNy's are

. - ! =6.7 MeV for calculation without flow and at5.8 MeV for
very small; at the transition temperature there is a sudden

enhancement in the IME multiplicity. The dependence c)fall values ofa chosen with6=0.5. A few representative ex-
(Nne)/ A on the parameters and 8 as Well as on the mass perimental datggiven by filled circleg4] and open triangles

. . [25]) are shown in the figure. There is a wide variation in
of the fragmenting system are similar as found for the frag'mass of the excited fragmenting system in these data. Mass
ment multiplicity (M)/A.

) o variation is an important factor that has been often empha-
~ Experimentally, the multiplicities are measured as a funcjzed[26] in any interpretation of the caloric curve; however,
tion of excitation energy. The ca_IcuIated results along withi, the mass range 100-200, there is not much quantitative
the measuredNyg)/A as a function ofE™/A both at con-  change in the experimental d4&7]. This is also reflected in
stant volume and at constant pressure are displayed in Fig. 8ur calculations. It is seen that with a modest flow energy of
The average multiplicity per nucleofM)/A is seen to in-  —2 MeV per nucleon around the transition temperature, the
crease smoothly witk"/A; the(N,ye)/Ais found to rise and  qualitative features of the data can be fairly reproduced. The
fall smoothly as a function of excitation energy. It is found caloric curve at constant flow pressure, on the other hand,
that the calculated results at constant pressure conforms betxhibits instead of a plateau a mild undulation in a very
ter with the experimental data. In the experimental situationparrow region of temperature near the phase transition. The
the mass of the fragmenting system decreases appreciakdycitation energy is triple valued at a fixed temperature in
with the excitation energy. However, from the calculated re-this region. This corresponds to three different freeze-out
sults for Ag and Au, we find that the IMF multiplicities volumes.(For Figs. 1 and 5, the relevant quantities are taken
nicely scale with the mass of the fragmenting system. Thist the highest volume whef@ is found to be the minimun.
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In a canonical model without flow, such a behavior has also In summary, we have performed calculations for multi-
been observed at constant thermal pressure by ddaad.  fragmentation of a heated nucleus in a canonical model with
[28]. Inspection of the caloric curves both at constant volumeéncorporation of flow both at constant volume as well as at
and at constant pressure shows that they are nearly insensibnstant flow pressure. It may be pointed out that under the
tive to the values ofae and the mass of the fragmenting experimental conditions none of these constraints may exist.
systems chosen. However, increase in flow engigyrease  In the absence of any definite knowledge of the actual sce-
in &) reduces the transition temperature. nario, the calculations are done with these constraints im-
The heat capacity at constant volui@g as a function of  posed. It is found that the average multiplicity increases with
excitation energy is shown in the top panel of Fig. 4 for theflow; the average IMF multiplicity shows a rise and fall with
system®’Au with «=0.8 and values o6 as marked in the excitations commensurate with the experimental data. The
figure. The peaked structure @), signals a liquid-gas phase calculated caloric curves also follow the experimental trend
transition, the peak becoming stronger with increasing flowvery closely. The plateau in the caloric curve and the peaked
Results corresponding to the choice of other parameters astructure of the corresponding heat capacity at around
not shown as they yield very similar results. The heat capacs—6 MeV signal a liquid-gas phase transition in the finite
ity at constant flow pressuigottom panelwith 6=0.5 and nuclear systems. At constant flow pressure, the caloric curve
a=0.8 shows a negative branch in the excitation energy zonshows a negative slope in a small domain of temperature and
corresponding to the narrow temperature range where thgives rise to negative heat capacity. Negative heat capacity at
caloric curve displays a negative slope in the undulating reconstant thermal pressure has been observed in the same
gion. The dashed vertical lines correspond to the maximuniodel without flow[28]; it is interpreted as arising in re-
and minimum in the caloric curve whe, is discontinuous. ~ gions of mechanical instability where the isobaric volume
Similar behavior has also been observed in the lattice-ga@*Pansion coefficient is negative. The same effect is seen to
model by Chomazt al. [16]. The qualitative nature o€, persist with incorporation of flow. A sudden jump in entropy

with choice of other flow parameters remains unchanged anf§ 2/S0 seen, both at constant volume and at constant pres-
are not shown. sure. It is interesting to note that the maximum in ¢Ngg),

The entropy per particlé/A as a function of temperature the peak inC,, the discontinuity irC,, and the sudden jump

at constant volume and at constant flow pres&yrare dis- in entropy are all around the same temperature signalling a

played in the top and in the bottom panel of Fig. 5, respecliqmd'g"’IS phase transition.

tively, for the values of the flow parameters as given in the  This work was supported in part by the U.S. Department
figure. At the transition temperature, there is a jump in thegf Energy under Grant No. FG03-93ER40773 and by the
entropy which becomes more pronounced for calculations afjational Science Foundation under Grant No. NSF-0355200.
constantPy. The larger entropy at any particular temperatureJ N.D. gratefully acknowledges the warm hospitality at the
with flow can be understood either from the enhanced frag€yclotron Institute, Texas A&M University. S.K.S. is very

ment multiplicity with flow or from the increased effective thankful to the Council of Scientific and Industrial Research

freeze-out volume. of the Government of India, for the financial support.
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