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Nuclear temperature of the disassembling source in central heavy-ion collisions
from isotope yields
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We modify the method of Alberget al. for determining the temperature of an excited nucleus from double
ratios of isotope yields and present a statistical model which accounts for the population and decay of excited
states of the emitted fragments. Nuclear temperatures are extracted using experimental ratios of isotopic yields
of fragments from helium through carbon for the reactidfi@a + %Ni, “°Ar + %8Ni, 4°Ca + 5%e, and
40ar + 58re at 33 MeV/nucleon projectile energy. Using the model we obtain consistent values for the
temperature from various isotope combinations within the experimental error when accounting for the popu-
lation and decay of the excited fragmertS0556-281®6)50108-1

PACS numbds): 25.70.Mn, 24.10.Pa

It is well established that heavy nuclei with excitation In this work, we modify the method of Alberget al. [4]
energies above 2—3 MeV/nucleon disintegrate into multipleand present a statistical model which allows us to extract
fragments of different masses. This multifragmentation prouclear temperatures from fragment yield ratios taking into
cess has been the subject of intensive experimental and theaccount the population of excited states of fragments and the
retical studiegsee Refs[1,2] and references thergimimed  Post fragmentationy and particle decay7,8]. Using this
to understand the underlying mechanism. Of particular intermodel we investigate the impact of such feeding processes
est is the question whether finite nuclei display a liquid-ga<°" the temperature extracted from ratios of fragment yields
phase transition. frorsr; h_ell4%m thr%lggh igrbon ggoduced in the rggactldi’@a

Recently[3], following the method proposed by Albergo * ° Ni, “Ar + >Ni, "Ca + *Fe, and™Ar + *Fe at 33
et al, [4] double ratios of the yields of He and Li isotopes M&V/nucleon beam energy. .
were used to determine the nuclear temperature as a functit?nghe measurements of isotope yields from He through C

o G these reactions were performed at the Cyclotron Institute
of the excitation energy of the emitting souitee spectator : ; ;
produced in Au-Au collisions at incident energy of 600 at Texas A&M University(TAMU). Fragment yields were

) . measured with isotopic resolution in telescopes consisting of
MeV/nucleon. An anomalous caloric curve was obtained P P 9

L . . ‘a gas ionization chamber followed by a pairXE-E silicon
similar to that calculated in Ref5]. The extracted isotope deq[ectors and CETI) crystals. The te?/esc%pes covered labo-

temperature remained constant at about 5 MeV for excitatior,:atory angles ranging from 10° to 148° and were placed

energies in the range of 3 to 10 MeV/nucleon, beyond whichsige the Neutron Ba[l9]. Further details of the experimen-
the temperature increased linearly with excitation energy, setup and analysis for these measurements can be found
possibly indicating the onset of a vapor regime. Further, in &|sewherd11]. The isotope yields were extracted from data
recent worK 6], the temperature extracted from double ratioscollected in theAE-E silicon detectors of the telescope
of the yields of He and Li isotopes, emitted in central colli- placed at 40° in the laboratory. The fragments detected at
sions of Art+Au at 35 MeV/nucleon, was found to be similar this angle originate predominantly from central events. The
to the one determined from relative populations ofcentrality was further assured by gating on the measured
excited states of isotopes measured in the same heavy-igreutron multiplicity.
reaction. In order to obtain the total yields the experimentally ob-
In the aforementioned results, the analysis was restrictederved yieldsY(A,Z) as a function of measured energy for
to the yield ratios of He and Li isotopes. It would be infor- each fragment of mass numb&rand proton numbez were
mative to extract values of temperature from the yields oftransformed into the center of mass frame where the frag-
heavier isotopes, also taking into account the feeding of exments are assumed to have a uniform angular distribution. A
perimentally measured ground state populations of emittedatio of total yieldsY,(A’,Z')/Yo(A,Z) can then be ex-
fragments through particle- angl-decay channels of frag- pressed in terms of the experimentally measured ratio
ments in excited states. Yexd A", Z' ) YexAZ) by
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where ¢,0 and p are the angles and the momentum of aAB=B(A;,Z;)—B(A1,Z1)+B(A,,Z,)—B(A},Z5). (5
fragment in the lab system, respectively. The limits of inte-

gration correspond to the experimental angular and energyhe fragment yields in Eq4) must be selected in such a

ranges in the lab system, and

p?+ A’mZv2— 2pAmusinfcosp
2AM T, ’

f(p,e,qﬁ,A):exp{—

way that

(N;=N;+n,N;=N,+n) and(Z;=Z,+p,Z;=2Z,+p)
(6)

)

whereA=N+Z andn andp are integer numbers.

wherem, is the nucleon mass. The slope paraméigand In Eqg. (4) it is assumed that ground state populations are
the source velocity were determined from a fjtl0] to the  the experimentally observed fragment yields. A possible
experimental kinetic energy spectra of fragments assuming feeding of the ground state populations through particle and
single source. For 33 MeV/nucleon projectile energy we ob-y decay of excited fragments which takes place after frag-
tained a good description for the kinetic energy spectra foments leave the source is, thus, ignored. In the following, we
all fragments. The parametefg and B=v/c were found to  modify the method of Alberget al. to include such a pos-
be 19.0 MeV and 0.046, respectively. For a given fragmentsibility.
the lower and higher energy limits in the laboratory frame In order to take into account the feeding duejtalecay,
were determined by the threshold energy in the first silicorEq. (4) was modified by adding the populations of
detector and the punch through energy in the second silicogp-decaying states to the ground state populations for each
detector of the telescope, respectively. fragment. One obtains the expression

The procedure developed by Albergo al. [4] was de-
rived assuming both statistical and chemical equilibrium in
the emitting source. In this derivation, the chemical equilib-
rium condition was written in the form

Y(AL,ZDIY(AL,Zy)
Y(A5,Z5)IY(Az,Z5)

m(AZT)=Zpup(T)+(A=Z) un(T) +B(A,Z),  (3) =

ALAy| P2 0(ALZ1 T o(A,Z5,T)
Ar-A;)  w(A1,Z1,Tw(Ay,Z;,T)
whereu(A,Z,T), up(T) anduy(T) are the chemical poten-
tials of the fragment A,Z), the free proton and neutron at
the temperaturd@, respectively, and(A,Z)>0 is the bind-
ing (ground state energy of the fragmentA,Z). If Boltz-
mann statistics is employed the temperature can be found
from the double ratio:

X exp(AB/T), (7)

where

N7
o(A,Z,T) =Zl [2ji(A,Z)+1]exp —&(A,Z)IT), (8
_ Y(ALZYIY(ALZy)
Y(A2,Z5)IY(Az,25)

and the sum extends over the ground state and all
v-decaying states with excitation energyA,Z) and angu-

lar momentumj; of the fragment A,Z) below the particle-
decay threshold energy.

The feeding due to particle decay was taken into account
in a similar fashion. In this case, populations of particle-
decaying excited states calculated in the framework of the

) statistical model with chemical equilibrium were also added
to the ground state population of the corresponding product

Herej(A,Z) andY(A,Z) are the total angular momentum of fragment. We restricted ourselves only to nucleon ardke-

the ground state and ground state yield of the fragmentay and, at present, neglected multiple-step feeding. The

(A,Z), respectively, and\B is given in terms of the binding vyield Y(A,Z) of the fragment A,Z) for A>4 is then given

energies of the fragments: by

=F(A1,Z1,A1,Z,,A5,Z5,A5,Z,) X exp(ABIT),

F(A:’L vzi 1Al 7Zl 1Aé azé 1A2 122)

:(Ai-A2)3’Z[21<A1,z;>+1][21<A2,zz>+1]
Ac-Ay] [2)(A1,Z0)+11[2](A3.Z5) +1]
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TABLE |. Temperatures obtained from isotope yields in heavy-ion reactions at 33 MeV/nucleon projec-
tile energy when the feeding is ignoréthird column, when only y-decay feeding is taken into account
(fourth column, and when combineg- and particle-decay feeding is considekétth column).

Isotope yields taken Reaction To (MeV) T, (MeV) T,4p (MeV)
3He,*He,5Li, "Li Ca+Ni 435+ 0.28 3.89+ 0.22 3.82+ 0.38
Ar+Ni 4.48 = 0.30 3.99+ 0.24 3.87*= 0.38
CatFe 4.28+ 0.28 3.83= 0.22 3.76*= 0.36
Ar+Fe 423+ 0.27 3.79+ 0.21 3.71+ 0.35
3He,*He,’Be,%Be CatNi 7.03= 0.72 3.71+ 0.16 3.82+ 0.45
Ar+Ni 7.58 = 0.84 3.83+ 0.16 4.00+ 0.53
CatFe 7.88+ 0.90 3.89+ 0.17 4.09+ 0.58
Ar+Fe 6.79+ 0.67 3.66*+ 0.15 3.80* 0.46
%He,*He,'%B, 1B Ca+Ni 3.53+ 0.27 3.20+ 0.18 3.13+ 0.35
Ar+Ni 3.68 = 0.30 3.30*= 0.19 3.20%= 0.35
CatFe 3.90+ 0.33 3.43= 0.21 3.31+ 0.37
Ar+Fe 4.02+ 0.36 3.51+ 0.21 3.35+ 0.36
3He *He,*?C,1°C CatNi 3.70* 0.18 3.49+ 0.16 3.54+ 0.38
Ar+Ni 3.63+ 0.17 3.43+ 0.15 3.48+ 0.37
CatFe 3.68+ 0.17 3.47+ 0.16 3.54+ 0.38
Ar+Fe 3.71+ 0.18 3.50*+ 0.16 3.58+ 0.38
61, 7Li, 1'c,*c CatNi 5.29 + 0.49 4.27+ 0.30 -
Ar+Ni 5.68 = 0.56 450+ 0.33 -
CatFe 5.35+ 0.50 4.31+ 0.30 -
Ar+Fe 5.21+ 0.47 4.22+ 0.29 -
e, 2c ¢ 3¢ CatNi 414+ 0.25 3.72+ 0.19 -
Ar+Ni 4.12 + 0.25 3.70+ 0.19 -
CatFe 4.20+ 0.26 3.77+ 0.20 -
Ar+Fe 4.22+ 0.26 3.78+= 0.20 -
5Li, "Be, 1B, *%C CatNi 455+ 0.40 3.74* 0.25 -
Ar+Ni 4.80 = 0.45 3.90+ 0.27 -
CatFe 4.60+ 0.41 3.78%= 0.25 -
Ar+Fe 471+ 0.43 3.85+ 0.26 -
wherem,, is the nucleon mass. AT/T T
Each term in Eq(9) gives the contribution to the ground ARR , (11
state population from a specific decay channel, where Ae—AB
o YALZDIY (AL Zy)
- ' ' 1
o(A,Z,T)=2, [2}i(A,Z)+1]exd —&(A,Z)/T], (10 Y(A2.Z)IY(A2,Z3)
I
where AR is the experimental error in the double raf
and
and the subscripts bw(A,Z,T) denote that corresponding -, _
excited states with excitation energiegA,Z) decay byy, Ae=e(A1,Z1,T)—&(A1,2,,T)
proton, neutron, ow emission. Given a set of experimental +5(Ag.Zs, TV~ 5(ALZ5,T). (12)

yields of four fragments, one double ratio and two single

ratios were constructed using E@), yielding a system of Hereg(A,Z) is the average excitation energy at the tempera-

three independent equations. This system was solved by itgre T for y—decaying excited states of the fragmeAtZ):
eration for the temperatuie and chemical potentialg, and

Mn -
In Table | the temperatures extracted from &, where Z i(A2)[2)i(A,Z) +1]exd —&i(A,Z)/T]

the feeding is ignored, are compared to the temperatures ol A,Z)= N,

tained from Eq. (7), where only the feeding through . n .

y-decay channel is taken into account. According to &4. 21 [23i(A2)+1]exd —&(A.2)/T]

the errorAT in the temperature is given by (13
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Since AT is inversely proportional ta\B, the temperature excited states of heavier fragments was estimated to be rela-
found from Eq.(4) or Eq.(7) becomes very sensitive to the tively small. We thus neglected the particle feeding®bfe
experimentally measured yields A8 gets small. For this and “He ground state populations.
reason, only the double ratios with sufficiently large values The values of temperature for several combinations of
of AB were considered. In Eq7), experimentally measured fragment yields obtained with the combingd and particle-
excited states from Refl2] were used. The values of the decay feeding are presented in Table I. They are compared to
binding energies were taken from REL3]. Only states with  the temperatures obtained when the feeding is completely
the widthI"'<<1 MeV were included. The lifetime of other ignored as well as to those found when omiylecay feeding
states(with I'>1 MeV) is smaller than 200 fna/ so we can is considered. In view of the mentioned assumptions, the
expect that fragments in these states decay before they leatemperatures obtained with the combingd and particle-
the source and therefore do not participate in the feeding. decay feeding should be considered as estimates of the im-
As can be seen from Table |, taking into accountpact of such feeding on the calculated temperature. Within
y-decay feeding alone gives quite consistent values of théhese assumptions, we were not able to achieve a conver-
temperature while ignoring the possibility of such feedinggence of the iteration procedure described above for the sets
processes leads to large fluctuations in temperatures ewf yields (éLi, 'Be, B, '%C), (°Li, ‘Li, ''C, '%C), and
tracted from different combinations of fragment yield ratios. (}'C, 1°C, 1°C, 3C). The double ratios of these yields,
When feeding due to botlr and particle decay is taken however, give reasonable values of temperatures when the
into account, individual yields of fragments fé¥>4 are particle-decay feeding is ignorddee Table)l This may be
given by Eq.(9). Due to the absence of comprehensive datalue to the fact that a double ratio becomes sensitive to the
on particle-decaying states of nuclei we made several drastidetailed structure of the particle-decaying excited states in-
assumptions for the states selected to enter(8qvia Eq.  cluded in Eq(9) when heavy fragments with small yields are
(10. First, particle-decaying states of fragmentsconsidered. More detailed experimental information, as it be-
(A+1, Z+1), (A+1, 2), and A+4, Z+2) included in  comes available, as well as development of a more compre-
Eqg. (10) were assumed to decay either to the ground state drensive theoretical approach to the level density and decay
a y-decaying state of the fragmenZ) and have the width of the particle unstable excited states of light nuclei, are be-
I'<1 MeV. Furthermore, as in Ref§7,8], only the domi- lieved to lead to an improvement of these results. However,
nant decay mode for all excited states was considered. Forfar combinations of isotope yields listed in Table | the tem-
specific fragment, the dominant decay mode was taken to bgeratures calculated with the combingdand particle-decay
the one with the lowesf value among proton-, neutron-, feeding do not significantly differ from those obtained with
and a-decay modes. The lowest particle-decaying excited
states that enter E¢L0) were taken from Ref$12] and[14]

Contributions from states with higher excitation energies j ' '
were found in terms of the effective level densit§(A,Z) 33 AMeV
using —_ 81 (no feeding)
%
w(A,z,T)=f dep®M(A,Z)exp(—&/T). (14 = sr $ 1
y : AN ¢ 3
We adopted an empirical formula for the effective level den- 4 * ’
sities of light nuclei obtained in Ref7]:
K, (6—B, )2 : i :
eff _ _ min
pe(A2)= Wexr{Z@)ex;{ 282, ) 33 AMeV
—_ 8r (y—decay feeding)
&>Bin, (15) =
= 6r ]
where ~
a g
Ak e oo 4]
2= 8 Mev|  AT)

a b c d e f
SCUI(A):SB[(A_?’)M_ 1, Isotope pairsg

A>4, (16)

; 4
andk,;=0.2 MeV ™1, k,=0.8,e5=8 MeV/nucleon. The sec- 3Hg|c7;‘-l._i/1éL;re(nt:)piﬁg;graeexltggzt/gg;r?g fggglﬁera}%sl(lagé |_(|§)/
ond exponential factor in E15) is the probability that a  apesHe, 13¢/22C, (o) 7LirSLI, 2C/MC, () RCitic, Bc/ic, (g)
state with the excitation energyabove the dominant decay 7gg/6|j 12c/Ug yield ratios for the reactioni’Ca + 5Ni (filled
mode threshold energ¥,, has the width’<1 MeV. Since  cjrcleg, “°Ar + 5Ni (open circley “°Ca + SFe (filled squarey
the experimentally measured yields 6He and “He are  and “%Ar + %8Fe (open squardsat beam energies of 33 MeV/
much larger than those of heavier fragments, the feeding aiucleon befordtop) and after(botton) accounting for populations
®He and“*He ground state populations from the decay of theof y-decaying states.
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y-decay feeding only. So, within our model, for the listed with values obtained from isotope yields and from relative
yields, they-decay feeding has the dominant effect on theyields of excited state populations in other measurements.
calculated temperature. The influence of sequential feeding on the extracted tempera-

In summary, ratios of isotope yields of fragments fromture was estimated for a few double ratios by considering
helium through carbon produced in near central collisiongarticle unstable states in higher isotopes. Modifications to
from the reactions®Ca + 58Ni, %°Ar + S58Ni, 40Cca +  the statistical code to include a more comprehensive treat-
58Fe, and“’Ar + 5%Fe at 33 MeV/nucleon projectile energy Ment of sequential feeding is currently under way.

were used to extract nuclear temperatures for the emission This work was partially supported by the U.S. National
zone. The statistical treatment of Albergbal. was modified  Science FoundatiofNSP under Grant No. PHY-9413872,
to include populations of excited states thatlecay to the the U.S. Department of Energy under Grant No. DE-FGO03-
ground state. The important effect of thedecay feeding is 93ER40773, and the Robert A. Welch Foundation Grant No.
nicely demonstrated in Fig. 1. Inclusion of this correctionA-1266. One of ugS.J.Y) acknowledges support from the
results in temperature values that are consistent over variol¢SF National Young Investigator program, Grant No. PHY-
isotope/isotone pairs. The extracted temperature is consiste®457376.
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