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Isotope thermometry in nuclear multifragmentation
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A systematic study of the effect of fragment-fragment interaction, quantum statistics,g-feeding, and col-
lective flow is made in the extraction of the nuclear temperature from the double ratio of the isotopic yields in
the statistical model of one-step~prompt! multifragmentation. Temperature is also extracted from the isotope
yield ratios generated in the sequential binary-decay model. Comparison of the thermodynamic temperature
with the extracted temperatures for different isotope ratios show some anomaly in both models which is
discussed in the context of experimentally measured caloric curves.@S0556-2813~99!06002-1#

PACS number~s!: 25.70.Pq, 24.10.Pa
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I. INTRODUCTION

The response of nuclei to high excitations or temperatu
has been a subject of intense study both theoretically
experimentally for the last several years. From theoret
investigations of hot nuclear matter@1–3# and also of finite
nuclei @4#, it has been suggested that the nuclear system
undergo a liquid-gas phase transition at high temperatu
Recent experimental measurements of the nuclear ca
curve by the ALADIN Group@5# in the Au1Au collisions at
600A MeV tentatively support such a conjecture. The k
element that enters in such a surmise is the extraction of
nuclear temperature that they observed to be nearly con
in the excitation energy range of;3 –10 MeV per nucleon
beyond which the caloric curve rises almost linearly with
slope close to that of a classical gas. Experimental data f
the EOS Collaboration@6,7# are also suggestive of critica
behavior in nuclei; here too exact determination of t
nuclear temperature has the most essential role to play.

The temperatures of hot fragmenting systems are ge
ally measured from the double ratios of isotope multiplicit
employing the prescription proposed by Albergoet al. @8#
based on the statistical model of prompt multifragmentat
~PM! @9#. In arriving at the prescription, several simplifyin
assumptions are made, namely,~i! the fragments are non
interacting, ~ii ! the fragments follow Maxwell-Boltzmann
distribution, ~iii ! they are formed in their ground states a
~iv! all their kinetic energies are in the thermal mode, i.
collective flow energy is absent. The effects of the inter
tion have later been simulated through an effective exclu
volume interaction@10#; to our knowledge, the effect o
fragment-fragment interaction on the isotope ratio tempe
ture (Tr) within the freeze-out configuration has however n
been taken into account. Though it is expected that at h
temperatures and low densities the quantum system w
behave like a classical Maxwell-Boltzmann system, the
portance of invoking quantum statistics in multifragmen
tion has been emphasized by several authors@10–12#. The
qualitative effect of quantum statistics is to increase the nu
ber of bosons with respect to fermions at low temperatu
and high densities, the isotope ratio and hence the extra
PRC 590556-2813/99/59~2!/832~9!/$15.00
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temperatureTr might have some sensitivity to the choice
statistics. The assumption of the formation of the fragme
in their ground states is an oversimplification. In general,
fragments are expected to be formed in various excited st
which are not too short-lived. These excited fragments s
sequently decay either by particle org-ray emission. These
side-feeding effects are shown@10,13–15# to have an impor-
tant bearing on the observed multiplicities and hence on
deduced nuclear temperature. The hot fragmenting nuc
complex that is formed in nuclear collisions may be co
pressed depending on the collision geometry which sub
quently decompresses to the freeze-out configuration ge
ating significant amount of collective nuclear flow energ
The important role played by collective flow on the fragme
tation pattern has been shown earlier@16,17#. Its effect on the
nuclear temperature has only been qualitatively studied
Shlomoet al. @18# and found to be nonnegligible. In a sys
tematic step by step approach, we explore in this paper
effects of the four approximations listed earlier on the iso
pic temperatures by considering different isotope double
tios and examine whether they can be considered as g
pointers to the thermodynamic temperature of the fragme
ing system.

The physics of the nuclear multifragmentation is not y
fully established beyond question. The one-step prom
break-up~PM! looks a very plausible scenario at high exc
tations and the sequential binary decay~SBD! model@19,20#
may provide a better description of the reaction mechan
at lower excitation. Both these processes are thermal in
ture. From the inclusive mass or charge distributions or e
the scaling of the multiplicities of the intermediate ma
fragments~IMF!, it is however difficult@21# to discuss the
relative merits of these two competing models. If the SB
model is the more viable model, say, for the yield of nucle
fragments in nuclear collisions, then the Albergo prescript
of extracting nuclear temperature from the double isoto
ratios is called into question. One notes that in the S
model, there is no unique temperature but a successio
temperatures till the nuclear fragments are produced in t
particle stable configurations. It would still be interesting
know what values of temperatures one extracts from dou
832 ©1999 The American Physical Society
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ratios in the SBD model and whether they can offer so
added insight in the nature of nuclear disassembly.

The paper is organized as follows. In Sec. II, we brie
outline the PM and SBD models. In Sec. III, temperatu
calculated from both models are presented and discusse
the context of experimental data. The conclusions are dr
in Sec. IV.

II. THEORETICAL FRAMEWORK

The multiplicities of fragments produced in nuclear col
sions are experimentally measured quantities; the nuc
temperature is a derived entity. In the following, we outli
the models for fragment production and relate the nuc
temperature to the fragment yield.

A. Prompt multifragmentation

A hot nuclear system withN0 neutrons andZ0 protons
may be formed in nuclear collisions at a temperatureT0 with
excitation energye* per particle. It may be initially com-
pressed in a volume smaller than its normal volume. T
compressed matter decompresses and develops a colle
radial flow in addition to thermal excitation. We still assum
that the system evolves in thermodynamic equilibrium a
undergoes multifragmentation after reaching the ‘‘free
out’’ volume at a temperatureT different from T0 . If the
time scale involved in expansion is larger compared to
equilibration time in the expanding complex~i.e., the expan-
sion is quasistatic!, this assumption is not unjustified . W
further assume that at the freeze-out volume, the sys
reaches chemical equilibrium.

The expansion of the compressed system may be s
lated through a negative external pressure@16#. If there was
no flow, at the freeze-out, the kinetic contribution of t
thermal pressure is generally assumed to be cancelled
interaction contributions, i.e., the system is at equilibriu
under zero external pressure. A positive pressure corresp
to compression of the system; similarly a negative press
would cause decompression. IfPi is the internal partial pres
sure exerted by the radially outflowing fragments of thei th
species at the surface, the total external pressureP is then
given by P52( i Pi . The total thermodynamic potential o
the system at the freeze-out volume is given by@16,22#

G5E2TS2(
i 51

Ns

m iv i1PV, ~1!

where E and S are the internal energy and entropy of t
system,V5V2V0 with V as the freeze-out volume andV0
the normal nuclear volume of the fragmenting system,Ns the
total number of fragment species,m i the chemical potentia
and v i the multiplicity. The occupancy of the fragments
obtained by minimizing the total thermodynamic potentialG
and is given by

ni~pi !5
1

exp$~ei2m i !/T%61
, ~2!

where (6) sign refers to the fermionic and bosonic nature
the fragments. The single particle energyei is @16,23#
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2

2mi
2Bi1Vi2

Pi

r i
. ~3!

HereBi refers to the binding energy,r i is the density of the
i th fragment species obtained from the momentum integ
tion of the distribution function given by Eq.~2! and Vi
corresponds to the single particle potential, evaluated in
complementary fragment approximation@24,25#. It is given
by

Vi5

E exp@2Ui~R!/T#Ui~R!d3R

E exp@2Ui~R!/T#d3R

, ~4!

whereUi(R) is the interaction energy of the fragment wi
its complementary at a separationR and the integration is
over the whole freeze-out volume with the exclusion of t
volume of the complementary fragment. Under chemi
equilibrium, the chemical potential of thei th fragment spe-
cies is

m i5mnNi1mpZi . ~5!

The neutron and proton chemical potentialsmn and mp are
obtained from the conservation of baryon and charge nu
ber, Ni andZi being the number of neutrons and protons
the fragment . The fragment yield is obtained from t
phase-space integration of the occupancy function and
fermions it is given by

v i5
2

Ap
Vl i

23J1/2
~1 !~h i !f i~T!. ~6!

For bosons, the corresponding multiplicity is given by

v i5g0@e2h i21#211
2

Ap
Vl i

23J1/2
~2 !~h i !f i~T!. ~7!

In Eqs.~6! and ~7!, h i is the fugacity defined as

h i5
m i1Bi2Vi1Pi /r i

T
, ~8!

l i5h/A2pmiT is the thermal wavelength withmi as the
mass of thei th fragment species andJ1/2

(6) are the Fermi and
Bose integrals@26# given by

J1/2
~6 !~h!5E

0

` x1/2dx

exp$~x2h!%61
. ~9!

The first term on the right-hand side of Eq.~7! gives the
number of condensed bosons,g0 being their ground state
spin degeneracy. The quanityf i(T) is the internal partition
function of the fragments and is defined as

f i~T!5(
s

gse
2es* ~ i !/T, ~10!



er

y

h
e

d

irs

er

e-
e

be
an

a-
-
ic

rom
d in

not
ef-
x-
el
de-
x-

-

e
-
he
n-
not
ave
ion
-

ent
nt
ures
e

ary
n
cki
ss

is

as
le
dle
e

dent
m-

834 PRC 59B. K. AGRAWAL, S. K. SAMADDAR, TAPAS SIL, AND J. N. DE
wheregs is the spin degeneracy of the excited states of the
cluster with excitation energyes* ( i ). The flow pressurePi is
shown to be related@16# to the flow energyEi of the i th
species in the form

Pi

r i
5C~v f i ,T!Ei , ~11!

whereC is dependent on the fragment species, the temp
ture and also on the flow velocity of the fragmentsv f i . It is
found to be close to 4 except for very light fragments.

In the limit h i!0 ~which is true when the density is ver
low!, J1/2

(1)(h)→(Ap/2)eh, and then from Eq.~6! the yield
of the fermion fragments reduces to

v i5VlT
23Ai

3/2ehf i~T!, ~12!

where lT5h/A2pmT is the nucleon thermal wavelengt
with m as the nucleon mass andAi the mass number of th
i th fragment species. In the same limit, Eq.~7! for boson
yield reduces also to Eq.~12!. This is also the result obtaine
from the classical Maxwell-Boltzmann distribution.

If one chooses two sets of fragment pa
(A1 ,Z1),(A18 ,Z18) and (A2 ,Z2),(A28 ,Z28) such thatZ185Z1

1p, Z285Z21p, N185N11n, N285N21n where n and p
are integers, then from Eq.~12! it follows that the measured
double ratioR2 of the fragment yields can be used to det
mine the temperature of the fragmenting system:

R25
v~A18 ,Z18!/v~A1 ,Z1!

v~A28 ,Z28!/v~A2 ,Z2!
5S A18A2

A1A28
D 3/2

3
f~A18 ,Z18 ,T!f~A2 ,Z2 ,T!

f~A1 ,Z1 ,T!f~A28 ,Z28 ,T!
e~DB/T!e2~DV/T!e~DF/T!,

~13!

where

DB5B~A18 ,Z18!2B~A1 ,Z1!1B~A2 ,Z2!2B~A28 ,Z28!,

DV5V~A18 ,Z18!2V~A1 ,Z1!1V~A2 ,Z2!2V~A28 ,Z28!,

DF5C@E~A18 ,Z18!2E~A1 ,Z1!1E~A2 ,Z2!2E~A28 ,Z28!#.

~14!

In the limit of low density, the nuclear part of the singl
particle potential becomes relatively unimportant; furth
choosingp50 andn51, the Coulomb contribution toDV
practically vanishes.

Albergo et al. @8# further assumed the fragments to
formed in their ground states and they did not consider
collective flow. Then withDF50 andDV50 the tempera-
ture is easily determined from

R25S A18A2

A1A28
D 3/2

g0~A18 ,Z18 ,T!g0~A2 ,Z2 ,T!

g0~A1 ,Z1 ,T!g0~A28 ,Z28 ,T!
e~DB/T!

~15!

since the ground state degeneracyg0(A,Z) and binding en-
ergies area priori known.
a-

-

r

y

If prompt multifragmentation is the real physical mech
nism for fragment production, Eq.~15! then provides an ap
proximate but simple way to find out the thermodynam
temperature of the disassembling system. Influences f
other effects as already mentioned are however embedde
the experimental data for isotope yield ratios. One can
obtain informations on the perturbations caused by these
fects on the double-ratio thermometer simply from the e
perimental isotopic yields without the help of further mod
calculations. If there were no other effects except from si
feeding throughg-decay, the experimental data could be e
ploited to delineate side-feeding effects by using Eq.~13!
with DV50 andDF50 with the choice of the internal par
tition function from Eq. ~10!. Effects from particle decay
@13# or those coming from the inclusion of Coulomb forc
for yield ratios involving isotopes differing by proton num
ber @27# could also be approximately reconstructed from t
experimental fragment multiplicities. Influence of nuclear i
teraction, quantum statistics or collective expansion can
however be singled out without recourse to models. We h
therefore done calculations in the prompt multifragmentat
model with the barest scenario~classical statistics, no inter
action, no side-feeding, and no nuclear flow! and then in-
cluded the said effects step by step to generate fragm
multiplicities. The multiplicities so generated under differe
approximations are used to extract double-ratio temperat
using Eq.~15! to delineate the role of various effects on th
temperatures.

B. Sequential binary decay

Fragmentation may also proceed via a sequence of bin
fissionlike events, particulary at relatively lower excitatio
energies. We employ the transition-state model of Swiate
@19# to find the decay probability of a hot nucleus with ma
A, chargeZ and excitation energyE* into two fragments of
mass and charge (A1 ,Z1) and (A2A1 ,Z2Z1), respectively.
At the saddle point, the binary fragmentation probability
given by

P~A,Z,E* ;A1 ,Z1!}exp@2Aa~E* 2VB2K !22AaE* #,

~16!

where a is the level density parameter taken
A/10 MeV21, K is the relative kinetic energy at the sadd
point, andVB the barrier height dependent on the sad
point temperatureTs which is different from the temperatur
T0 of the parent nucleus given byT05AE* /a. The barrier
height is determined in the two sphere approximation as

VB~Ts!5Vc1VN1Esep~T0 ,Ts!, ~17!

whereEsep is the separation energy. It is evaluated as

Esep~T0 ,Ts!5B~T0!2B1~Ts!2B2~Ts!. ~18!

The binding energies are taken to be temperature depen
@25#. The saddle-point temperature which is also the te
perature of the fragmented daughter nuclei is given as

Ts5A~E* 2VB2K !/a. ~19!



f
-
-

-
n

l
-

-

a
e
f

he
ob

th
o
en
ie
th

io

on
en
n

m
is

he
em

ta

o-

ion
e

c-
e

em-

g

ent
ita-
on
rf
set
out
e-
en-

-out
rmi

ra-

me

e
rom
ion

ine
ma-
ze-

PRC 59 835ISOTOPE THERMOMETRY IN NUCLEAR MULTIFRAGMENTATION
The evaluation ofTs from Eq. ~19! requires a knowledge o
the relative kinetic energyK. We assume it to follow a ther
mal distributionP(K)}AKe2K/Ts. The complicated interre
lationship betweenVB , K and Ts renders evaluation ofTs
difficult; to simplify the problem,K in Eq. ~19! is replaced
by its average value3

2 Ts and thenTs is evaluated in an
iterative procedure withT0 as the starting value. This is ex
pected to be a good approximation since the dispersio
kinetic energy is of the;Ts and (E* 2VB) is generally
much greater thanTs . The so extracted value ofTs is used
only to evaluate the barrierVB from Eq. ~17!, the decay
probability and the thermal distribuion. In Eq.~17!, Vc is the
Coulomb interaction taken to be that between two uniform
charged spheres andVN is the interfragment nuclear interac
tion @25#.

The relative kinetic energyK of the two fragmented nu
clei lying in the range 0<K<(E* 2VB) is generated in a
Monte Carlo method obeying the thermal distribution
mentioned. To ensure energy conservation, this kinetic
ergy is plugged into Eq.~19! to evaluate the temperature o
the daughter nuclei for further dynamical evolution. T
fragment kinetic energy and hence their velocities are
tained from momentum conservation.

The trajectories of the fragments are calculated under
influence of Coulomb interaction in the overall center
mass frame. If the fragments have sufficient excitation
ergy, they decay in flight. The integration of the trajector
is continued till the asymptotic region is reached when
interaction energy is very small (;1 MeV) and the excita-
tion energy of the fragments are below particle emiss
threshold.

III. RESULTS AND DISCUSSIONS

In this section we present the results of the calculati
for temperatures extracted from double ratios of differ
isotope yields obtained from nuclear multifragmentatio
These calculations are performed under different approxi
tions mentioned in the introduction in the PM model. For th
purpose we have taken150Sm as a representative case for t
fragmenting system. We also obtained the double ratio t
peratures assuming that the fragmentation proceeds via
quential binary decay.

A. Prompt multifragmentation

The initial temperatureT0 of the hot system formed is
different from the kinetic temperatureT ~also referred to as
the thermodynamic temperature! of the fragments at the
freeze-out. What remains constant is the total energyE of the
system or equivalently its excitation energyE* 5E1B0
where B0 is the binding energy of the system. The to
energy of the fragmented system may be written as

E5
3

2
T~M21!2(

i 51

Ns

v iBi1
1

2( v iVi1( v i^e* ~ i !&,

~20!

where M5( iv i is the total number of the fragments pr
duced in the grand canonical model for PM andVi the
in

y

s
n-

-

e
f
-

s
e
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s
t
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a-

-
se-

l

single-particle potential. The quantity^e* ( i )& is the average
excitation energy of thei th fragment species given by

^e* ~ i !&5

E er i~e!e2e/Tde

E r i~e!e2e/Tde

, ~21!

where the integrations extend up to the particle emiss
threshold andr i is the level density obtained from Beth
ansatz@20#. To compare the temperatureT andT0 taken as
T05AE* /a, we plot in Fig. 1 these temperatures as a fun
tion of e* 5E* /A, the excitation energy per particle. Th
dashed line corresponds to the temperatureT0 and the solid
and dot-dash lines correspond to the thermodynamic t
peratures evaluated at the freeze-out volumes 6V0 and 10V0
respectively,V0 being the normal volume of the fragmentin
system. The curve forT0 is parabolic but it is interesting to
note that the caloric curves corresponding to the differ
freeze-out volumes mentioned show plateaux in the exc
tion energy. In the canonical model of multifragmentati
with multiplicity-dependent freeze-out volume, Bondo
et al. @4# reported first such a plateau reminiscent of the on
of a phase transition in nuclei. With increase in freeze-
volume, we find in our calculation that the temperature d
creases and the plateau gets extended in the excitation
ergy. Such a dependence of caloric curve on the freeze
volume was also observed in a self-consistent Thomas-Fe
calculation@28#.

In Figs. 2–7, we display the isotope double ratio tempe
tures Tr from the prompt breakup of150Sm with different
choices of isotope combinations fixing the freeze-out volu
at 6V0 . The combinations are (4He/3He)/(d/p),
(4He/3He)/(t/d), (7Li/ 6Li)/( d/p), (7Li/ 6Li)/( 4He/3He),
(10Be/9Be)/(4He/3He), and (13C/12C)/(7Li/ 6Li). They
would be referred to as (He-d), (He-t), (Li-d), ~Li-He!,
~Be-He!, and ~C-Li!, respectively. In all these figures, th
dotted lines correspond to the temperatures obtained f
the multiplicities generated in the barest Albergo prescript

FIG. 1. The temperature of the fragmenting system150Sm as a
function of e* , the excitation energy per nucleon. The dashed l
(T0) corresponds to the temperature in the Fermi-gas approxi
tion; the full and dot-dash lines refer to temperatures at the free
out volumes taken to be 6V0 and 10V0 , respectively.
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as mentioned earlier. It is obvious that the thermodyna
temperature and the double-ratio temperatures are iden
in this case. The dashed lines (Vint) refer to the temperature
calculated from Eq.~15! but with the inclusion of final state
interaction~nuclear1Coulomb! over the barest scenario fo
the fragment generation. In all the cases investigated,
found that the inclusion of fragment-fragment interaction (V)
shifts the temperature by nearly a constant amount at
excitations; the amount of shift or its sign depends on
particular isotope combination chosen. The shift is found
be negligible for double ratios (He-d), ~Li-He! and~Be-He!.
The dot-dash lines~QS! in the figures refer to calculation
done with further inclusion of quantum statistics. As co
parison of the dashed and dot-dash curves shows, no ap
ciable quantum effects are evident except in the case of
temperature obtained from the double ratios (Li-d). In this
particular case, it is further seen that the difference betw
the quantum and classical~Maxwell-Boltzmann! calculations
widens with excitation energy or with temperature. It is no

FIG. 2. The temperature Tr from the double-ratio
(4He/3He)/(d/p) for the system150Sm as a function ofe* in the
prompt multifragmentation model. The dotted line refers toTr ob-
tained from Albergo prescription; the dashed, dot-dash, and full
with crosses correspond to the temperatures with subsequent
gressive inclusion of final state interaction, quantum statistics,
flow energy, taken to be one-fourth of the total excitation.

FIG. 3. Same as Fig. 2 for the (4He/3He)/(t/d) thermometer.
ic
cal

is

ll
e
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-
re-
he

n

-

mally expected that at low density and high temperat
@12#, quantum effects would not be discernible, to be mo
exact, as explained earlier it depends on whether the fuga
h!0. It is seen that the densities of the fragment specie
alternatively their fugacityh vary in a complex way with the
temperature. When the temperatue is low, the density is
tremely low and hence the value ofh is relatively large and
negative; with increase in temperature along with density
value ofh increases initially and then again decreases for
complex fragments. However for nucleonsh increases
monotonically in the energy regime that we consider. T
complex variation ofh is reflected in the temperatures e
tracted from the double ratio of yields obtained with qua
tum statistics.

In order to take into account effects due to side-feedi
we next assume that the fragments are produced in part
stable excited states so that the ground state population
the g-decaying states have to be considered. Side-feed
from particle decay is thus ignored. Kolomietset al. @13#

e
ro-
d

FIG. 4. The temperatureTr from the yield ratio (7Li/ 6Li)/( d/p)
in the PM model. The dotted line refers to the Albergo prescripti
the dashed, dot-dash, full line, and line with crosses refer toTr with
subsequent step by step inclusion of final state interaction, quan
statistics,g-feeding, and flow energy, taken to be one-fourth of t
total excitation.

FIG. 5. Same as Fig. 4 for the (7Li/ 6Li)/( 4He/3He) ther-
mometer.



bl
r

ly
n
e

n
is

al

es

or
r
is

nc
-
t

e

-

-
to

m-
ies,
mat-
ch
ve
ifi-
er
the

ull
with
nt-
pli-

he
e
the
the

le-
yed
are
ith

des
er

es
lv-
-
on-

he

de

er to

PRC 59 837ISOTOPE THERMOMETRY IN NUCLEAR MULTIFRAGMENTATION
have shown that particle-decay effects are rather negligi
further there is uncertainty about the cut-off limit to the pa
ticle decay widthG that one should take which is intimate
coupled with the time scale for prompt multifragmentatio
Side-feeding effects are studied after generating the fragm
yield by using Eqs.~6!, ~7!, and ~8! with flow pressureP
50. In these equations,f is the internal partition function
that includes a sum extending over the ground a
g-decaying excited states. For the fragments considered,
topes up to4He were taken as billiard balls with no intern
excitation as it has no low-lyingg-decaying state. Similarly
for 9Be, only the ground state was considered. For the r
the excited states considered are 3.563 MeV for6Li, 0.478
MeV for 7Li, 3.37, 5.958, 5.960, 6.018, and 6.26 MeV f
10Be, 4.439 for 12C and 3.089, 3.685, and 3.854 MeV fo
13C. For other heavier nuclei, continuum approximation
used for the single-particle levels and internal partition fu
tion is taken asf5*r(e)e2e/Tde where the integration ex
tends up to particle emission threshold. Over and above
quantum statistical effects, when we consider effects du
g-feeding, it is found from Figs. 4–7~by comparing the
dot-dash and the full lines! that these effects are very siz

FIG. 6. Same as Fig. 4 for the (10Be/9Be)/(4He/3He) ther-
mometer.

FIG. 7. Same as Fig. 4 for the (13C/12C)/(7Li/ 6Li) thermometer.
The dashed and dot-dash curves cannot be distinguished from
other.
e,
-

.
nt

d
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-
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able. The (He-d) and (He-t) thermometers show no side
feeding effects~Figs. 2 and 3! as these fragments are taken
have no excited states. A dramatic effect is seen for the~Be-
He! thermometer~displayed in Fig. 6! where the sharply up-
ward going full line refers to the temperatureTr obtained this
way. Bondorf et al. @4# found a similar behavior for the
Be-He thermometer.

In central or near-central collisions between mediu
heavy or heavy nuclei at intermediate or higher energ
compression and eventual decompression of the nuclear
ter manifests itself in nuclear collective flow energy whi
might be a significant part of the total excitation. Collecti
flow influences the multifragmentation pattern to a sign
cant extent@16,17#. The double-ratio isotope thermomet
may then need to be recalibrated a great deal due to
nuclear flow. This is manifest from Figs. 2–7 where the f
line with crosses correspond to calculated temperatures
inclusion of flow above the effects induced by fragme
fragment interaction, quantum statistics and wherever ap
cable,g-feeding. The flow energy is taken to be 25% of t
total excitation energy. Comparison of the full line with th
line with crosses shows that at a given excitation energy,
temperature is always lower or for the same temperature,
excitation energy is always higher. In Fig. 8, all the doub
ratio isotope thermometers except for Be-He are displa
for comparison. Except for the flow effects, other effects
included here. The behavior of the temperature profiles w
excitation energy look nearly the same but their magnitu
differ depending on the choice of the thermometers. At low
excitations, an uncertainty in theTr;2.0 MeV involving
(Li-d) and ~Li-He! thermometers is found which increas
progressively with excitation energy. The uncertainty invo
ing (He-t), (He-d), and ~C-Li! thermometers however de
creases with excitation energy, all three temperatures c
verging at the highest excitation we study. In Fig. 9, t
isotope temperature corresponding to~Li-He! is shown with
inclusion of different magnitudes of flow. The full an
dashed curves refer to cases when half~50%! and one fourth

ach

FIG. 8. The double-ratio temperaturesTr obtained after inclu-
sion of final state interaction, quantum statistics andg-feeding in
the PM model. The fragmenting system is150Sm. The solid,
dashed, dotted, dot-dash, and the full line with open squares ref
(He-d), (He-t), (Li-d), (Li-He), and ~C-Li! thermometers, re-
spectively.
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~25%! of the total excitation have gone to the flow energ
the dotted curve corresponds to no flow. As an illustrati
data from the ALADIN @5# and EOS@6# experiments are
displayed in the figure, which use the~Li-He! and (He-t)
thermometers respectively. To have a contact with the E
data, we also display the calculated temperature from
(He-t) thermometer with 50% flow energy~dot-dash curve!.
In an analysis of the same data in Ref.@29#, it was pointed
out that the data could be better explained invoking prog
sive increase of the percentage of flow energy with incre
ing total excitation; comparison of the present calculatio
with the experimental data validates this observation.

B. Sequential binary decay

Hot nuclear systems may release energy through bin
fissionlike decay, the decay chain continues till there is
further energy for binary division. At the end of such dec
process, fragments of different species are produced
ground states and ing-decaying excited states, the multiplic
ity depending on the initial system and excitation energy
has been noted earlier@30# that the frequency distribution o
the fragments follows almost a power-law distribution a
that it is not too different from the one obtained from prom
multifragmentation at the same excitation energy. Our ca
lations done at different excitation energies also show
the inclusive mass or charge distrbutions obtained from b
PM and SBD models are roughly the same. The isoto
distributions are however seen to have significant diff
ences. In the SBD model, the hot nucleus prepared initi
at an excitation energy or temperature goes through a
cession of decays, the temperature of the produced fragm
~assuming equilibration before each decay! therefore also de-
creases as time proceeds. In Fig. 10, we display the ave
temperatureTav of the produced fragments as a function
time when the initial system150Sm has been prepared
three different excitation energies, namely,e* 513.5, 10.0,

FIG. 9. The temperatures calculated with all effects as discus
in the text from the~Li-He! and (He-t) thermometers in the PM
model. The fragmenting system is150Sm. The dotted, dashed an
full lines refer to calculations for~Li-He! temperatures with 0%
25%, and 50% of the total excitation as flow energy. The dot-d
line refers to the (He-t) temperatures with flow energy as 50%
the total excitation. The crosses refer to ALADIN data and the o
squares refer to the data from EOS Collaboration.
;
,

S
e

s-
s-
s

ry
o

in

It

t
-

at
th
ic
-
ly
c-
nts

ge

and 6.0 MeV. The temperature of the fragments is calcula
from Tav5(10̂ e* &)1/2 where^e* & is the ensemble average
excitation energy per particle of the fragments at any parti
lar instant of time. It is found that the higher the initial e
citation energy of the system, the faster is the cooling r
which is expected. An experimentalist does not knowa pri-
ori whether multifragmentation is a one-step process~PM! or
is an outcome of a sequence of binary decays. If one ta
the fragmentation yields from the SBD model as the ‘‘e
perimental data,’’ it would be interesting to see the resu
for the double ratio temperatures calculated with the Albe
prescription as given by Eq.~15!. The double ratio tempera
tures so calculated for the combinations (He-d), (He-t),
(Li-d), and (Li-He) are displayed in Fig. 11. One finds th
except for (Li-d), the temperatures are very weakly depe
dent on the initial excitation energy and are very low
(;3 MeV) even at the highest excitation energy we stu
Such apparent temperatures were obtained by Maet al. @31#
in their Albergo-type analysis of the experimental data
36Ar158Ni collisions at 95A MeV. For the (Li-d) ther-

ed

h

n

FIG. 10. Evolution of the average temperatureTav as a function
of time for the 150Sm nucleus prepared at excitations of 13.5, 10
and 6.0 MeV per nucleon respectively in the SBD model.

FIG. 11. The double-ratio temperatures from the thermome
(He-d), (He-t), (Li-d), and ~Li-He! when the fragments have
been produced in the SBD model from150Sm.
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mometer, the temperature however rises steadily with in
excitation. Thus the functional dependence of the temp
ture Tr with excitation energy obtained from the SBD an
PM models are very different; the thermometers in the S
model also register too low a temperature compared to
PM model.

The kinetic energy distribution of the fragments at the e
of the decay process would reflect the overall kinetic te
perature of the system. In the SBD model, since the sys
proceeds through a sequence of temperatures, the kineti
ergy distribution reflects an apparent temperature. In Fig.
this apparent temperatureTkin is shown as a function of ini-
tial excitation energy from the slope of the final energy d
tributions ofp, d, 3He, and4He produced from150Sm. The
temperatures extracted from the four distributions are
very different. Closer inspection however shows that exc
for the one for4He, the ‘‘caloric curves’’ show broad pla
teaus mimicking a liquid-gas phase transition. This ari
possibly from the changing temperature scenario and a c

FIG. 12. The kinetic temperatures obtained from the energy
tributions of the fragmentsp, d, 3He, and 4He produced in the
disassembly of150Sm in the SBD model.
s.

. D
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plicated energy dependence of the fragment partial wid
for decay in the SBD model.

IV. CONCLUSIONS

We have calculated the apparent temperatures from
eral combinations of the double ratio of isotope yields in tw
different physical scenarios in perspective; the one-s
prompt multifragmentation and the sequential binary dec
In the PM model, the inclusion of final state interaction giv
rise to nearly a constant shift in the temperatureTr calculated
as a function of excitation energy from the one obtain
from the Albergo prescription, the shift being different fo
different isotope combinations. The effect of quantum sta
tics on the apparent temperatures is found to be nominal;
effect of g feeding is very substantial and is found to b
rather dramatic for the~Be-He! thermometer. The presenc
of collective flow reduces the apparent temperatureTr for a
given total excitation energy. Moreover, a soft plateau, g
erally seen in the caloric curves obtained for the double-ra
temperatures becomes extended with inclusion of flow
ergy. The import of our calculations is that better conta
with the experimental data can be achieved if one assu
that the excitation energy has a collective flow componen
it.

One cannot rule out the sequential binary decay as a
sible reaction mechanism for the fragment yields, parti
larly at not too high excitation. This prompted us to study t
caloric curves where the apparent temperaturesTr are calcu-
lated from the fragment yields in the SBD model, both fro
the double ratios and slopes of the energy distributions of
fragments. The double ratio temperatures generally show
tended plateaux but no subsequent rise at higher excitati
on the other hand the caloric curves calculated from
slopes of the energy distributions display broad should
with subsequent rise at higher excitations mimicking a fir
order phase transition. Since caloric curves obtained in b
the PM model and the SBD model show apparent signatu
of a phase transition, conclusion regarding phase transitio
nuclear collision requires utmost caution and search for
ditional signatures is called for.
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