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Isotope thermometry in nuclear multifragmentation
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A systematic study of the effect of fragment-fragment interaction, quantum statigtfegding, 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-stépromp) 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 cUr86556-281®9)06002-]

PACS numbes): 25.70.Pq, 24.10.Pa

[. INTRODUCTION temperaturel, might have some sensitivity to the choice of
statistics. The assumption of the formation of the fragments
The response of nuclei to high excitations or temperaturem their ground states is an oversimplification. In general, the
has been a subject of intense study both theoretically anftagments are expected to be formed in various excited states
experimentally for the last several years. From theoreticalvhich are not too short-lived. These excited fragments sub-
investigations of hot nuclear mattgt—3] and also of finite  sequently decay either by particle gfray emission. These
nuclei[4], it has been suggested that the nuclear system maside-feeding effects are shoyh0,13—-15 to have an impor-
undergo a liquid-gas phase transition at high temperaturesant bearing on the observed multiplicities and hence on the
Recent experimental measurements of the nuclear calorideduced nuclear temperature. The hot fragmenting nuclear
curve by the ALADIN Groud5] in the Aut+Au collisions at  complex that is formed in nuclear collisions may be com-
600A MeV tentatively support such a conjecture. The keypressed depending on the collision geometry which subse-
element that enters in such a surmise is the extraction of thguently decompresses to the freeze-out configuration gener-
nuclear temperature that they observed to be nearly constaating significant amount of collective nuclear flow energy.
in the excitation energy range ef3—10 MeV per nucleon The important role played by collective flow on the fragmen-
beyond which the caloric curve rises almost linearly with atation pattern has been shown earfie8,17. Its effect on the
slope close to that of a classical gas. Experimental data fromuclear temperature has only been qualitatively studied by
the EOS Collaboratiofi6,7] are also suggestive of critical Shlomoet al. [18] and found to be nonnegligible. In a sys-
behavior in nuclei; here too exact determination of thetematic step by step approach, we explore in this paper the
nuclear temperature has the most essential role to play. effects of the four approximations listed earlier on the isoto-
The temperatures of hot fragmenting systems are genepic temperatures by considering different isotope double ra-
ally measured from the double ratios of isotope multiplicitiestios and examine whether they can be considered as good
employing the prescription proposed by Albergbal. [8] pointers to the thermodynamic temperature of the fragment-
based on the statistical model of prompt multifragmentatioring system.
(PM) [9]. In arriving at the prescription, several simplifying  The physics of the nuclear multifragmentation is not yet
assumptions are made, namef), the fragments are non- fully established beyond question. The one-step prompt
interacting, (ii) the fragments follow Maxwell-Boltzmann break-up(PM) looks a very plausible scenario at high exci-
distribution, (iii) they are formed in their ground states andtations and the sequential binary de¢®BD) model[19,20
(iv) all their kinetic energies are in the thermal mode, i.e.,may provide a better description of the reaction mechanism
collective flow energy is absent. The effects of the interac-at lower excitation. Both these processes are thermal in na-
tion have later been simulated through an effective excludetlure. From the inclusive mass or charge distributions or even
volume interaction[10]; to our knowledge, the effect of the scaling of the multiplicities of the intermediate mass
fragment-fragment interaction on the isotope ratio temperafragments(IMF), it is however difficult[21] to discuss the
ture (T,) within the freeze-out configuration has however notrelative merits of these two competing models. If the SBD
been taken into account. Though it is expected that at higmodel is the more viable model, say, for the yield of nuclear
temperatures and low densities the quantum system woulilagments in nuclear collisions, then the Albergo prescription
behave like a classical Maxwell-Boltzmann system, the im-of extracting nuclear temperature from the double isotope
portance of invoking quantum statistics in multifragmenta-ratios is called into question. One notes that in the SBD
tion has been emphasized by several autfbés-12. The  model, there is no unique temperature but a succession of
qualitative effect of quantum statistics is to increase the numtemperatures till the nuclear fragments are produced in their
ber of bosons with respect to fermions at low temperatureparticle stable configurations. It would still be interesting to
and high densities, the isotope ratio and hence the extractdshow what values of temperatures one extracts from double
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ratios in the SBD model and whether they can offer some pi2
added insight in the nature of nuclear disassembly. e=5——Bi+V—-—. 3)
The paper is organized as follows. In Sec. Il, we briefly P

outline the PM and SBD models. In Sec. llI, tem_peraturesHereBi refers to the binding energy, is the density of the
calculated from both models are presented and discussed I fraament soecies obtained from the momentum inteara-
the context of experimental data. The conclusions are drawHOn ofgthe disFt)ribution function given by Eq2) and ), :

|

in Sec. IV. corresponds to the single particle potential, evaluated in the

complementary fragment approximatig?4,25. It is given
Il. THEORETICAL FRAMEWORK by
The multiplicities of fragments produced in nuclear colli-

sions are experimentally measured quantities; the nuclear fex;{—ui(R)/T]Ui(R)d3R

temperature is a derived entity. In the following, we outline V= (4)

the models for fragment production and relate the nuclear ! 3 '

temperature to the fragment yield. exf —Ui(R)/T]d°R

A. Prompt multifragmentation whereU;(R) is the interaction energy of the fragment with

its complementary at a separatiBhand the integration is
over the whole freeze-out volume with the exclusion of the
volume of the complementary fragment. Under chemical
equilibrium, the chemical potential of thi¢h fragment spe-

A hot nuclear system wittN, neutrons andZ, protons
may be formed in nuclear collisions at a temperaflyavith
excitation energye* per particle. It may be initially com-
pressed in a volume smaller than its normal volume. Th
compressed matter decompresses and develops a collective
radial flow in addition to thermal excitation. We still assume
that the system evolves in thermodynamic equilibrium and

undergoes multifragmentation after reaching the “freeze ; ;
out” volume at a temperaturd different from T,. If the Iggirr:(;gtrf?gmart\gepégtnosner(i/r;?igrl]cilf %c;[re ntipls and ., are _
: yon and charge num
Ber, N; andZ; being the number of neutrons and protons in
the fragment . The fragment yield is obtained from the
hase-space integration of the occupancy function and for
rmions it is given by

i = N+ ppZ;. )

equilibration time in the expanding compléxe., the expan-
sion is quasistatj¢ this assumption is not unjustified . We
further assume that at the freeze-out volume, the syste
reaches chemical equilibrium.

The expansion of the compressed system may be simu- 5
lated through a negative external pressuré. If there was w;=——ON 335 (7) i(T). (6)
no flow, at the freeze-out, the kinetic contribution of the \/;
thermal pressure is generally assumed to be cancelled by
interaction contributions, i.e., the system is at equilibriumFor bosons, the corresponding multiplicity is given by
under zero external pressure. A positive pressure corresponds
to compression of the system; similarly a negative pressure 2
would cause decompression Rf is the internal partial pres- wi=go[e”"—1]"1+ \/——97\73\](1/72)( 7)¢i(T). (1)
sure exerted by the radially outflowing fragments of itte m
species at the surface, the total external presBui® then
given by P=—3,P;. The total thermodynamic potential o
the system at the freeze-out volume is given[b§,22]

t In Egs.(6) and(7), #; is the fugacity defined as

_ MitBi=Vi+Pilp

Ns ni= T '
G=E-TS- 2, uiw+PQ, (1)
=1

()

Ni=h/{27m;T is the thermal wavelength witin; as the
mass of théth fragment species anl{;;) are the Fermi and

whereE and S are the internal energy and entropy of the
gy Py Bose integral$26] given by

system, Q) =V -V, with V as the freeze-out volume ang
the normal nuclear volume of the fragmenting systiinithe . 2%
total number of fragment specieg; the chemical potential J<l/t2>(77):f - - (9)
and w; the multiplicity. The occupancy of the fragments is o exp{(x—n)}=1

obtained by minimizing the total thermodynamic poten@al

and is given by The first term on the right-hand side of E) gives the
number of condensed bosortg being their ground state
1 spin degeneracy. The quanig(T) is the internal partition
ni(pi)= expl(e— )T} =1’ (2)  function of the fragments and is defined as
where (*) sign refers_ to the fer_mlomc and_ bosonic nature of b(T)= z g e:(i)/T’ (10)
the fragments. The single particle enemgyis [16,23 s
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wheregs is the spin degeneracy of the excited statd the If prompt multifragmentation is the real physical mecha-
cluster with excitation energyg? (i). The flow pressur®; is  nism for fragment production, E415) then provides an ap-
shown to be related16] to the flow energyE; of theith ~ proximate but simple way to find out the thermodynamic
species in the form temperature of the disassembling system. Influences from
other effects as already mentioned are however embedded in
the experimental data for isotope yield ratios. One cannot
obtain informations on the perturbations caused by these ef-
fects on the double-ratio thermometer simply from the ex-
whereC is dependent on the fragment species, the tempergerimental isotopic yields without the help of further model
ture and also on the flow velocity of the fragments. Itis  calculations. If there were no other effects except from side-
found to be close to 4 except for very light fragments. feeding throughy-decay, the experimental data could be ex-
In the limit %;<<0 (which is true when the density is very ploited to delineate side-feeding effects by using Ei)
low), 3$)(7)— (Vm/2)e”, and then from Eq(6) the yield ~ with AV=0 andAF =0 with the choice of the internal par-

Pi
p_:C(Ufi DE;, (11

of the fermion fragments reduces to tition function from Eq.(10). Effects from particle decay
[13] or those coming from the inclusion of Coulomb force
wi=QON7 3AY%e74,(T), (12 for yield ratios involving isotopes differing by proton num-

ber[27] could also be approximately reconstructed from the
where Nr=h/y27mT is the nucleon thermal wavelength experimental fragment multiplicities. Influence of nuclear in-
with m as the nucleon mass arq the mass number of the teraction, quantum statistics or collective expansion cannot
ith fragment species. In the same limit, Eg) for boson  however be singled out without recourse to models. We have
yield reduces also to E¢12). This is also the result obtained therefore done calculations in the prompt multifragmentation
from the classical Maxwell-Boltzmann distribution. model with the barest scenarfolassical statistics, no inter-

If one chooses two sets of fragment pairsaction, no side-feeding, and no nuclear floand then in-
(A1,Z1),(A1,Z7) and (A,,Zy),(A5,Z;) such thatZ;=Z, cluded the said effects step by step to generate fragment
+p, Z,=Z,+p, N;=N;+n, N,=N,+n wheren and p  multiplicities. The multiplicities so generated under different
are integers, then from E¢12) it follows that the measured approximations are used to extract double-ratio temperatures
double ratioR, of the fragment yields can be used to deter-Using Eq.(15) to delineate the role of various effects on the

mine the temperature of the fragmenting system: temperatures.
' ’ ’ 3/2
~ (A2 o(A1,Zy) [ AlA; B. Sequential binary decay
27— ’ ’ - ’ . . .

w(A3,Z5)] w(Ay,Z,) ALA; Fragmentation may also proceed via a sequence of binary

o, fissionlike events, particulary at relatively lower excitation
o (A1, 21 T A(A2,25,T) (orry —(avmaaFim) energies. We employ the transition-state model of Swiatecki

(A1, Z1,T) (A}, Z),T) € € € ' [19] to find the decay probability of a hot nucleus with mass

A, chargeZ and excitation energf* into two fragments of
(13)  mass and charge(,Z,) and (A—A,,Z—Z,), respectively.
At the saddle point, the binary fragmentation probability is

where given by

AB= B(AJ,_ijII_)_ B(Alyzl)_'— B(AZrZZ)_ B(Aé,Zé), P(A,Z,E* ;Al,Zl)ocexp[Z\/a(E* —VB—K)—Z\/aE*],

AV=W(A],Z]) ~ VA1, Z1) + WAz, Zo) ~ (A, Z3), (16
R . where a is the level density parameter taken as
AF=C[E(A1,Z1) —E(A1,Z1) TE(A2,Z5) —E(A2,Z5) . A/10 MeV !, K is the relative kinetic energy at the saddle
(14 point, andVy the barrier height dependent on the saddle
In the limit of low density, the nuclear part of the single- point temperaturd’s which iS, different froT the tempera_ture
particle potential becomes relatively unimportant; further o Of the parent nucleus given Bp=VE*/a. The barrier
choosingp=0 andn=1, the Coulomb contribution t&) height is determined in the two sphere approximation as
practically vanishes.
Albergo et al. [8] further assumed the fragments to be Ve(Ts) =Vt VNt EsefTo,Ts), (17)
formed in their ground states and they did not consider any
collective flow. Then withAF=0 andAV=0 the tempera- WhereE,is the separation energy. It is evaluated as
ture is easily determined from
” Esef To, T =B(To)—~By(T)—By(Ty). (18
90(A1,Z21,T)0o(Az,Z5,T)

gO(Al rzl 1T)90(Aé ,Zé 1T)

A1A,
AA}

o=

(AB/T) L .
e The binding energies are taken to be temperature dependent

(15) [25]. The saddle-point temperature which is also the tem-
perature of the fragmented daughter nuclei is given as

since the ground state degeneragyA,Z) and binding en-
ergies area priori known. Ts=V(E*=Vg—K)/a. (19
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The evaluation off; from Eqg. (19) requires a knowledge of
the relative kinetic energ{. We assume it to follow a ther-
mal distributionP(K)=+Ke K/Ts. The complicated interre-
lationship betweervVg, K andTg renders evaluation of g
difficult; to simplify the problemK in Eq. (19) is replaced
by its average valug T, and thenT, is evaluated in an
iterative procedure witfT, as the starting value. This is ex-
pected to be a good approximation since the dispersion in
kinetic energy is of the~T, and E* —Vg) is generally
much greater thail;. The so extracted value df; is used
only to evaluate the barrievg from Eg. (17), the decay
probability and the thermal distribuion. In EQ7), V. is the _
Coulomb interaction taken to be that between two uniformly 8 S D P D B P
charged spheres an, is the interfragment nuclear interac- 0.0 25 50 75 100 125 15.0
tion [25]. e*(MeV)

The relative kinetic energK of the two fragmented nu-
clei lying in the range &K<(E* —Vp) is generated in a FIG. 1. The temperature of the fragmenting syst&fsm as a
Monte Carlo method obeying the thermal distribution asfunction of €*, the excitation energy per nucleon. The dashed line
mentioned. To ensure energy conservation, this kinetic erTo) corresponds to the temperature in the Fermi-gas approxima-
ergy is plugged into Eq(19) to evaluate the temperature of tion; the full and dot-dash lines refer to tempe_ratures at the freeze-
the daughter nuclei for further dynamical evolution. The°ut volumes taken to be\g and 10/, respectively.
fragment kinetic energy and hence their velocities are ob- ) ) . .
tained from momentum conservation. single-particle potential. The quantifg* (i)) is the average

The trajectories of the fragments are calculated under thgXcitation energy of théth fragment species given by
influence of Coulomb interaction in the overall center of

T(MeV)

mass frame. If the fragments have sufficient excitation en- f epi(e)e “Tde
. . . . . . [
ergy, they decay in flight. The integration of the trajectories (e*(i))= (21)
is continued till the asymptotic region is reached when the ey ’
interaction energy is very smal{1 MeV) and the excita- pi(e)e €
tion energy of the fragments are below particle emission
threshold. where the integrations extend up to the particle emission

threshold andp; is the level density obtained from Bethe

ansatZ20]. To compare the temperatufeand T, taken as

To=+VE*/a, we plot in Fig. 1 these temperatures as a func-

) , ._tion of €*=E*/A, the excitation energy per particle. The
In this section we present the results of the calculationg,shaqd jine corresponds to the temperafiy@nd the solid

for temperatures extracted from double ratios of different,,§ yot-dash lines correspond to the thermodynamic tem-

isotope yields obtained from nuclear multlfragmentatlon.pera,[ures evaluated at the freeze-out volumés &nd 10/,

These calculations are performed under different approximar— . : .
. : . . N " “respectivelyV, being the normal volume of the fragmentin
tions mentioned in the introduction in the PM model. For this b YVo g 9 9

. system. The curve fof is parabolic but it is interesting to
purpose we have takeft’Sm as a representative case f_or thenote that the caloric curves corresponding to the different
fragmenting systr—_:m. We also obtained the double ratio .temfreeze—out volumes mentioned show plateaux in the excita-
peratures assuming that the fragmentation proceeds via S5, energy. In the canonical model of multifragmentation
quential binary decay. with multiplicity-dependent freeze-out volume, Bondorf
et al.[4] reported first such a plateau reminiscent of the onset
A. Prompt multifragmentation of a phase transition in nuclei. With increase in freeze-out
volume, we find in our calculation that the temperature de-
creases and the plateau gets extended in the excitation en-
ergy. Such a dependence of caloric curve on the freeze-out
volume was also observed in a self-consistent Thomas-Fermi
calculation[28].

In Figs. 2—7, we display the isotope double ratio tempera-
tures T, from the prompt breakup of*°Sm with different
choices of isotope combinations fixing the freeze-out volume

3 Ns 1 at 6V,. The combinations are “MelHe)/(d/p),
E=—T(M—1)—z wBi+ =2 wVi+ >, wi{e*(i)), (“HelPHe)/(t/d), (Li/SLi)/(d/p), ("Li/®Li)/(*Hel*He),
2 =1 2 (1%Be/Be)/(*He*He), and {3C/*2C)/(TLiISLY). They
(200 \would be referred to as (Hé)y, (Het), (Li-d), (Li-He),
(Be-He), and (C-Li), respectively. In all these figures, the
where M ==, w; is the total number of the fragments pro- dotted lines correspond to the temperatures obtained from
duced in the grand canonical model for PM aby the the multiplicities generated in the barest Albergo prescription

Ill. RESULTS AND DISCUSSIONS

The initial temperaturély of the hot system formed is
different from the kinetic temperature (also referred to as
the thermodynamic temperatiref the fragments at the
freeze-out. What remains constant is the total ené&rgfthe
system or equivalently its excitation enerdy* =E+ B,
where By is the binding energy of the system. The total
energy of the fragmented system may be written as
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FIG. 2. The temperatureT, from the double-ratio FIG. 4. The temperatur€, from the yield ratio {Li/ 6Li)/( d/p)

(*HelHe)/(d/p) for the system'*°Sm as a function o&* in the  in the PM model. The dotted line refers to the Albergo prescription:
prompt multifragmentation model. The dotted line referSltaob-  the dashed, dot-dash, full line, and line with crosses ref@; tith
tained from Albergo prescription; the dashed, dot-dash, and full linesybsequent step by step inclusion of final state interaction, quantum
with crosses correspond to the temperatures with subsequent preeatistics,y-feeding, and flow energy, taken to be one-fourth of the
gressive inclusion of final state interaction, quantum statistics, anghta| excitation.
flow energy, taken to be one-fourth of the total excitation.

mally expected that at low density and high temperature
as mentioned earlier. It is obvious that the thermodynami¢12], quantum effects would not be discernible, to be more
temperature and the double-ratio temperatures are identicgkact, as explained earlier it depends on whether the fugacity
in this case. The dashed lineg;(,) refer to the temperatures 7<0. It is seen that the densities of the fragment species or
calculated from Eq(15) but with the inclusion of final state alternatively their fugacityy vary in a complex way with the
interaction(nuclear-Coulomb over the barest scenario for temperature. When the temperatue is low, the density is ex-
the fragment generation. In all the cases investigated, it ifemely low and hence the value gfis relatively large and
found that the inclusion of fragment-fragment interactidh ( negative; with increase in temperature along with density the
shifts the temperature by nearly a constant amount at aljalue of; increases initially and then again decreases for the
excitations; the amount of shift or its sign depends on thQ;omplex fragments. However for nucleong increases
particular isotope combination chosen. The shift is found tanonotonically in the energy regime that we consider. This
be negligible for double ratios (Ha}, (Li-He) and(Be-He.  complex variation ofy is reflected in the temperatures ex-
The dot-dash linesQS) in the figures refer to calculations tracted from the double ratio of yields obtained with quan-
done with further inclusion of quantum statistics. As com-tym statistics.
parison of the dashed and dot-dash curves shows, no appre-|n order to take into account effects due to side-feeding,
ciable quantum effects are evident except in the case of thge next assume that the fragments are produced in particle-
temperature obtained from the double ratios @i-In this  stable excited states so that the ground state population from
particular case, it is further seen that the difference betweethe y-decaying states have to be considered. Side-feeding
the quantum and classiodaxwell-Boltzmann calculations  from particle decay is thus ignored. Kolomiets al. [13]
widens with excitation energy or with temperature. It is nor-

12 P [ e Alb
r r -7 " Vit
o - Qs
[ — y—feeding
L +— flow
sl ]
—_ L
— o :
> = gL -
9 L
2 = :
= L
B +
4 -]
[ ] ) AYAPRPIN I I M IR S
) IVAEUFE I RIS WAV BN B 0.0 25 5.0 75 100 125 15.0
00 25 50 75 100 125 150 e*(MeV)

*
€ (MeV) i 71(i/ 61 iV /( 4He/3
FIG. 5. Same as Fig. 4 for the’l(i/°Li)/( *He/*He) ther-

FIG. 3. Same as Fig. 2 for théHel*He)/(t/d) thermometer. mometer.
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L i 88 C-Li
2'....I....I....I....I....I....' 2IIIII
0.0 25 50 75 100 125 15.0 0.0 25 50 75 100 125 15.0
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FIG. 8. The double-ratio temperatur@s obtained after inclu-
sion of final state interaction, quantum statistics gnteeding in
the PM model. The fragmenting system #8%m. The solid,
éj,ashed, dotted, dot-dash, and the full line with open squares refer to
(Hed), (Het), (Li-d), (Li-He), and(C-Li) thermometers, re-
spectively.

FIG. 6. Same as Fig. 4 for the'Be/®Be)/(*Hel*He) ther-
mometer.

have shown that particle-decay effects are rather negligibl
further there is uncertainty about the cut-off limit to the par-
ticle decay widthl” that one should take which is intimately
coupled with the time scale for prompt multifragmentation.
Side-feeding effects are studied after generating the fragmeable. The (Hed) and (Het) thermometers show no side-
yield by using Eqgs(6), (7), and (8) with flow pressureP feeding effectgFigs. 2 and Bas these fragments are taken to
=0. In these equationsp is the internal partition function have no excited states. A dramatic effect is seen fofBee

that includes a sum extending over the ground andie) thermomete(displayed in Fig. §where the sharply up-
v-decaying excited states. For the fragments considered, isavard going full line refers to the temperaturgobtained this
topes up to*He were taken as billiard balls with no internal way. Bondorfet al. [4] found a similar behavior for the
excitation as it has no low-lying-decaying state. Similarly Be-He thermometer.

for °Be, only the ground state was considered. For the rest, In central or near-central collisions between medium-
the excited states considered are 3.563 MeV®or 0.478  heavy or heavy nuclei at intermediate or higher energies,
MeV for “Li, 3.37, 5.958, 5.960, 6.018, and 6.26 MeV for compression and eventual decompression of the nuclear mat-
108e, 4.439 for'?C and 3.089, 3.685, and 3.854 MeV for ter manifests itself in nuclear collective flow energy which
13C. For other heavier nuclei, continuum approximation ismight be a significant part of the total excitation. Collective
used for the single-particle levels and internal partition funcflow influences the multifragmentation pattern to a signifi-
tion is taken asp= [ p(e)e” “Tde where the integration ex- cant extent[16,17]. The double-ratio isotope thermometer
tends up to particle emission threshold. Over and above th@ay then need to be recalibrated a great deal due to the
quantum statistical effects, when we consider effects due tpuclear flow. This is manifest from Figs. 2—7 where the full
y-feeding, it is found from Figs. 4—Tby comparing the line with crosses correspond to calculated temperatures with
dot-dash and the full lingsthat these effects are very siz- inclusion of flow above the effects induced by fragment-
fragment interaction, quantum statistics and wherever appli-
cable,y-feeding. The flow energy is taken to be 25% of the

T.(MeV)

ol i,
0.0 25 5.0

*
€

FIG. 7. Same as Fig. 4 for thé3C/*?C)/("Li/ ®Li) thermometer.

75 10.0 125 15.0
(MeV)

12= C—Li 7] total excitation energy. Comparison of the full line with the
e Alb line with crosses shows that at a given excitation energy, the
I Vit PM :

10 - o8 temperature is always lower or for the same temperature, the
L 7 feeding excitation energy is always higher. In Fig. 8, all the double-

ratio isotope thermometers except for Be-He are displayed
for comparison. Except for the flow effects, other effects are
included here. The behavior of the temperature profiles with
excitation energy look nearly the same but their magnitudes
differ depending on the choice of the thermometers. At lower
excitations, an uncertainty in th€ ~2.0 MeV involving
(Li-d) and (Li-He) thermometers is found which increases
progressively with excitation energy. The uncertainty involv-
ing (Het), (Hed), and(C-Li) thermometers however de-
creases with excitation energy, all three temperatures con-
verging at the highest excitation we study. In Fig. 9, the
isotope temperature corresponding(ti-He) is shown with

The dashed and dot-dash curves cannot be distinguished from eattclusion of different magnitudes of flow. The full and

other.

dashed curves refer to cases when BP9 and one fourth
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FIG. 9. The temperatures calculated with all effects as discussed
in the text from the(Li-He) and (Het) thermometers in the PM
model. The fragmenting system 18°Sm. The dotted, dashed an
full lines refer to calculations fofLi-He) temperatures with 0%,
25%, and 50% of the total excitation as flow energy. The dot-dash
line refers to the (He) temperatures with flow energy as 50% of and 6.0 MeV. The temperature of the fragments is calculated

the total excitation. The crosses refer to ALADIN data and the operfrom T,,= (10 €* ))2 where(e*) is the ensemble averaged
squares refer to the data from EOS Collaboration. excitation energy per particle of the fragments at any particu-
lar instant of time. It is found that the higher the initial ex-
(25%) of the total excitation have gone to the flow energy;citation energy of the system, the faster is the cooling rate
the dotted curve corresponds to no flow. As an illustrationwhich is expected. An experimentalist does not krepwri-
data from the ALADIN[5] and EOS[6] experiments are ori whether multifragmentation is a one-step prod@d) or
displayed in the figure, which use tfi-He) and (Het)  is an outcome of a sequence of binary decays. If one takes
thermometers respectively. To have a contact with the EO$he fragmentation yields from the SBD model as the “ex-
data, we also display the calculated temperature from thgerimental data,” it would be interesting to see the results
(He+) thermometer with 50% flow energylot-dash curve  for the double ratio temperatures calculated with the Albergo
In an analysis of the same data in Rgf9], it was pointed prescription as given by Eq15). The double ratio tempera-
out that the data could be better explained invoking progrestures so calculated for the combinations (#e- (Het),
sive increase of the percentage of flow energy with increas¢Li-d), and (Li-He) are displayed in Fig. 11. One finds that
ing total excitation; comparison of the present calculationsexcept for (Lid), the temperatures are very weakly depen-
with the experimental data validates this observation. dent on the initial excitation energy and are very low
(~3 MeV) even at the highest excitation energy we study.
Such apparent temperatures were obtained byelVa. [31]

Hot nuclear systems may release energy through binar@6 thelggA_Ibergp—_type analysis of the experlme_ntal data in
fissionlike decay, the decay chain continues till there is no Ar+>Ni collisions at 9% MeV. For the (Lid) ther-
further energy for binary division. At the end of such decay
process, fragments of different species are produced in
ground states and ip-decaying excited states, the multiplic-
ity depending on the initial system and excitation energy. It
has been noted earlig80] that the frequency distribution of
the fragments follows almost a power-law distribution and
that it is not too different from the one obtained from prompt
multifragmentation at the same excitation energy. Our calcu-
lations done at different excitation energies also show that
the inclusive mass or charge distrbutions obtained from both
PM and SBD models are roughly the same. The isotopic
distributions are however seen to have significant differ-
ences. In the SBD model, the hot nucleus prepared initially C
at an excitation energy or temperature goes through a suc- TR T
cession of decays, the temperature of the produced fragments %0 25 50 75 100 125 150
(assuming equilibration before each dectnerefore also de- *(MeV)
creases as time proceeds. In Fig. 10, we display the average
temperatureT,, of the produced fragments as a function of  FIG. 11. The double-ratio temperatures from the thermometers
time when the initial system®*Sm has been prepared at (Hed), (Het), (Li-d), and (Li-He) when the fragments have
three different excitation energies, namedy,=13.5, 10.0, been produced in the SBD model frott’Sm.

FIG. 10. Evolution of the average temperatitg as a function
q of time for the 159Sm nucleus prepared at excitations of 13.5, 10.0,
and 6.0 MeV per nucleon respectively in the SBD model.

B. Sequential binary decay

LI B

T,(MeV)
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SEET A R RN AR R B plicated energy dependence of the fragment partial widths
- for decay in the SBD model.
loor IV. CONCLUSIONS
We have calculated the apparent temperatures from sev-
eral combinations of the double ratio of isotope yields in two
different physical scenarios in perspective; the one-step
prompt multifragmentation and the sequential binary decay.
In the PM model, the inclusion of final state interaction gives
rise to nearly a constant shift in the temperaftyrealculated
as a function of excitation energy from the one obtained
r 1 from the Albergo prescription, the shift being different for
T T T T different isotope combinations. The effect of quantum statis-
O'%,o 25 50 %5 10.0 125 15.0 tics on the apparent temperatures is found to be nominal; the
e*(MeV) effect of y feeding is very substantial and is found to be
rather dramatic for théBe-He thermometer. The presence
FIG. 12. The kinetic temperatures obtained from the energy disof collective flow reduces the apparent temperailyréor a
tributions of the fragmentp, d, *He, and“He produced in the given total excitation energy. Moreover, a soft plateau, gen-
disassembly of°%Sm in the SBD model. erally seen in the caloric curves obtained for the double-ratio
temperatures becomes extended with inclusion of flow en-

. . ... ... ergy. The import of our calculations is that better contact
mometer, the temperature however rises steadily with 'n't'aﬁ/ith the experimental data can be achieved if one assumes

excitation. Thus the functional dependence of the tempergpat the excitation energy has a collective flow component in
ture T, with excitation energy obtained from the SBD and j;
PM modeIS are Very different; the thermometers in the SBD One cannot ru'e out the Sequentia| binary decay as a pos_
model also register too low a temperature compared to thgible reaction mechanism for the fragment vyields, particu-
PM model. larly at not too high excitation. This prompted us to study the
The kinetic energy distribution of the fragments at the endcaloric curves where the apparent temperatiiteare calcu-
of the decay process would reflect the overall kinetic temdated from the fragment yields in the SBD model, both from
perature of the system. In the SBD model, since the systenthe double ratios and slopes of the energy distributions of the
proceeds through a sequence of temperatures, the kinetic effagments. The double ratio temperatures generally show ex-
ergy distribution reflects an apparent temperature. In Fig. 12ended plateaux but no subsequent rise at higher excitations;
this apparent temperatuiig;, is shown as a function of ini- on the other hand the caloric curves calculated from the
tial excitation energy from the slope of the final energy dis-slopes of the energy distributions display broad shoulders
tributions ofp, d, 3He, and“*He produced from*>°Sm. The  with subsequent rise at higher excitations mimicking a first-
temperatures extracted from the four distributions are nobrder phase transition. Since caloric curves obtained in both
very different. Closer inspection however shows that excepthe PM model and the SBD model show apparent signatures
for the one for*He, the “caloric curves” show broad pla- of a phase transition, conclusion regarding phase transition in
teaus mimicking a liquid-gas phase transition. This arisesuclear collision requires utmost caution and search for ad-
possibly from the changing temperature scenario and a congitional signatures is called for.
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