Nuclear temperature and its dependence on the source ngrtton asymmetry
deduced using Albergo thermometer

Y. Huang(% 5%)2, H. Zheng{f )P, R. Wad&9, X. Liu( X 5%)3*, W. Lin(MHi*F)2*, G. Qu Eig)3, M.
Huang (& J:%%)°, P. Ren(E555)2, J. Hangh 40 4%)? A. Bonaser&', K. Hagef, M.R.D. Rodrigue$ S. Kowalskf, T.
Keutgen, M. BarbuF, J.B. NatowitZ

aKey Laboratory of Radiation Physics and Technology of theidttiy of Education, Institute of Nuclear Science and Tebbgy, Sichuan
University, Chengdu 610064, China
bSchool of Physics and Information Technology, Shaanxi lbtimiversity, Xi'an 710119, China
CCyclotron Institute, TexaséM University, College Station, Texas 77843
dSchool of Physics, Henan Normal University, Xinxiang 453@hina
€College of Physics and Electronics information, Inner Moliey University for Nationalities, Tongliao, 028000, Chin
fLaboratori Nazionali del Sud, INFN,via Santa Sofia, 62, ¥ Catania, Italy
9Instituto de Fisica, Universidade de S&o Paulo, Caixat&d36318, CEP 05389-970, Sao Paulo, SP, Brazil
PInstitute of Physics, Silesia University, Katowice, Palan
'ENRS and IPN, Université Catholique de Louvain, B-1348vain+Neuve, Belgium

Abstract

Albergo thermometers with double isotope, isotone andasgield ratio pairs with one proton @nd neutron dif-
ference are investigated. Without any extra sequentiadyleorrection, a real temperature value of+0% MeV is
deduced from the yields of the experimentally reconstdiptémary hot intermediate mass fragments (IMFs) from
647n+112Sn collisions at 40 MeXaucleon using the Albergo thermometer for the first time. Apegimental se-
guential decay correction from the apparent temperaturése real ones for twelve other reaction systems with
different neutron-protorN/Z) asymmetries in the same experiméfgn, 54Ni on 1121245 5864Nj, 197Ay, 232Th at

40 MeV/nucleon, is performed using an empirical correction faejgproach of Tsangt al. [Phys. Rev. Lett.78,
3836 (1997)] with the deduced 4.9 MeV temperature value. dépmendence of nuclear temperature on the source
N/Z asymmetry is further investigated using these deducedsoeate temperature values from the present thirteen
systems. It is found that the deduced real source tempegaairthe present sourbgZ range show a rather weak
dependence on the sours¢Z asymmetry. By comparison between our previous resultslamgktfrom other inde-
pendent experiments, a consistent description foN{izreasymmetry dependence of nuclear temperature is addressed.

1. Introduction

Nuclear temperature was first introduced to describe thedtion and decay of a compound nucleus in the
1930s[1, 2], and later extended to nuclear reactions toigaights into the characteristics of the fragmenting seurc
and the reaction dynamics [3, 4]. To extract temperatui@métion experimentally, several nuclear “thermometers”
have been proposed based on various experimental obsesyab] energy spectra [5, 6], momentum fluctuations [7],
double isotope yield ratios [8] and excited state poputeti®], etc. Among them, the double isotope yield ratio ther-
mometer, which is often referred as the Albergo thermombgara wide application for filerent reactions at fierent
incident energies. When deducing the temperature usingltsergo thermometer (as well as other thermometers),
one of the significant complications in nuclear reactionfiésequential decay processes. That is, as the fragments
produced in the reactions at freeze-out are generally Yigktited, they will undergo sequential decays. Thus the
measured isotope yields are often significantly perturlyetti® sequential decays, resulting in a serious inaccuracy i
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the temperature determination. The temperature deducettfre experimentally measured isotope yields is therefore
called “apparent temperature”, whereas the temperatidoeebthe sequential decays is called “real (source) temper-
ature” (similarly hereinafter). To take into account thguential decay féect, two general approaches [10, 11] have
been developed to achieve the sequential decay correctionthe apparent temperatures to the real ones. The for-
mer is based on the theoretical calculations [10], wheleatatter uses the empirical correction factor deduced from
experiments [11]. In our previous work [12], a kinematicatdising technique has been proposed and employed to
experimentally reconstruct the yields of primary hot imediate mass fragments (IMFs, i. 8.2 3) from®4Zn+112Sn
collisions at 40 MeVYhucleon. The available reconstructed IMF yields may preadother opportunity to deduce the
real source temperature using the Albergo thermometdrpwitextra sequential decay corrections.

During the heavy ion collisions at intermediate energi®4-$ are copiously produced in multifragmentation
processes [13, 14, 15, 16]. It is generally expected thadteelap region of the composite system of projectile and
target nuclei is first compressed and excited in the earbestéthe reaction for central or simi-central collisionsga
then the hot-dense nuclear system expands and breaks upe @atly rapid expansion stages many light particles are
emitted from rather hot regions of the system at high tentpega, whereas the IMF emissions are with a tendency of
coming from cold regions of the system at late stages. Thisano finds support from the experimental observation
of Tsang and Xiet al.[11, 17], that temperatures involving heavier isotopesi@arer than those with lighter ones.

In a series of our works [18, 19, 20, 21], we established a atktko called a self-consistent method, to extract
consistently the temperature, density and symmetry erarfye same time, making the use of the nature that the
isotope distribution widths of IMFs are mainly governed hg symmetry energy at given density and temperature
during the fragment formation. In these studies, a low tawrtpiee of around 5-6 MeV and a low density@fpo ~ 0.6
were obtained, indicating that IMF isotope distributions attained at subsaturation densities, as well as supparti
IMF formation at late stages. This scenario was further coreil the theoretical study with the eventd®€a+4°Ca
central collsions at 35 to 300 M¢iucleon using the antisymmetrized molecular dynamics (ANH2, 23]. The
Albergo thermometers use the isotope yields, and ther#fiose involving IMF yields can probe the temperatures at
late stages when the nuclear matter reaches at an expanei#agéut volume.

Of broader interest, the study on the dependence of nuelegudrature on the source neutron-proféf) asym-
metry provides crucial information on th¢/Z asymmetry dependence of the nuclear forces, the nucleatieqwf
state and the postulated nuclear liquid-gas phase tram§dtj 24, 25, 26, 27]. However, up to now large uncertainties
in the nuclear temperatufé/Z asymmetry dependence still remain. On one hand, sequéetialy process signifi-
cantly influences the performance of nuclear thermomet,[7, 8, 9, 28], and on the other hand, the applications
of different thermometers in the experimental temperature ditetion [7, 29, 30] and the fferent modeling as-
sumptions in the calculations [31, 32, 33, 34] also resuth&conflicting conclusions in both experiment and theory.
Recently, we studied the sourdyZ asymmetry dependence of nuclear temperature with measightccharged
particles (LCPs) and IMFs from thirteen reaction systents wifferentN/Z asymmetriest*Zn on1'?Sn, and’°zn,
64Nj on 1121245 5864Nj, 197Ay, 232Th at 40 MeVnucleon [30, 35]. In those works, the Albergo thermometes wa
used to deduce the temperature values. To further isolateetittion mechanisms involved in the reaction products,
the fragmenting sources were characterized using a mowimgs fit [36]. An “indirect” method used by Sfiergt
al. in Ref. [37] was adopted to take into account the sequengiehyl éfect. That is, instead of using the Albergo
thermometer as an absolute thermometer, we used it as wedl@rmometer. A rather wedi/Z asymmetry de-
pendence of the source temperature for both LCPs and IMFgjualgatively inferred at the measured souN&
range from the extracted webkZ asymmetry dependence of the apparent temperature and aké\yi& asymmetry
dependence of the relative temperature change by the siajustay &ects predicted by the models [23, 38, 39].

In this article, we deduce real temperature from the expamntaily reconstructed primary hot IMF yields from
the collisions 0f4Zn+1?Sn at 40 MeVYnucleon using the Albergo thermometer for the first time. dlaly double
isotope yield ratio pairs, but also double isotone and isgled ratio pairs are examined and used in this work. We
then explore théN/Z asymmetry dependence of nuclear temperature using theglttleermometer as an absolute
thermometer. For comparison with our previous results,stme IMF yield data fron$*Zn on **?Sn, and’°zn,
64Ni on 112124gn S8684Nj 197Ay, 232Th at 40 MeVnucleon [30, 35] are used. For the twelve systems (excluding
the ®4Zn+112Sn system) in which the experimentally reconstructed pryrhat IMFs are not available, the empirical
correction factor approach of Tsamtal.[11] is applied to achieve the sequential decay correctiomfthe apparent
temperatures to the real ones. This strategy, comparitgthat adopted in our previous works, is direct, andNHg
asymmetry dependence of nuclear temperature can be dequastitatively. This article is organized as follows. In
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Figure 1: (Color online) Yield distributions of the expesmntally measured secondary cold fragments (dots), andettanstructed primary hot
IMFs (squares) determined from the collisions®#n+112Sn at 40 MeYnucleon. The AMD results are plotted by circles for comparisThe
figure is taken from Ref. [43] with permission.

Sec.2, the experiment and data analysis are briefly intexdlua Sec.3, the Albergo thermometer is investigated; the
N/Z asymmetry dependence of the real temperature is deducetismugsed. In Sec.4, a summary is given.

2. Experiment and Data Analysis

Even though detailed descriptions were given elsewhered1,235], the experimental details and the data analysis
are briefly introduced in this section, since they closelgiteeto the analysis and results presented in the following
sections. The experiment was performed at the K-500 supdtmting cyclotron facility at Texas A&M University.
64707Zn and®*Ni beams irradiated oPP54Ni, 1121245n, 197Au and ?32Th targets at 40 Mefucleon. Only certain
selected targets were used for each beam due to the limitad time. During the experiment, IMFs were detected
by a detector telescope placed at.2The telescope was consisted of four Si detectors. Eacht&ctde was 5 cm
x 5 cm. The nominal thicknesses were 129, 300, 1000, 1@00espectively. All four Si detectors were segmented
into four sections and each quadrant had @pening in polar angle. The telescope provided the maigeridor
all detected events. Typically 6 8 isotopes for atomic numbeFsup toZ = 18 were clearly identified with the
energy threshold of 4 10 MeV/nucleon, using thAE — E technique for any two consecutive detectors. The LCPs in
coincidence with IMFs were measured using 16 single-cr@si{Tl) detectors of 3 cm length set around the target at
angles betweeé 5 = 27° andf o, = 155. Sixteen detectors of the Belgian-French neutron detectay DEMON
(Detecteur Modulaire de Neutrons) [40] outside the targeintber were used to measure neutrons, covering polar
angles of 15 < Ojur-n < 160 between the telescope and the neutron detectors, Whgre, was the opening angle
between the IMF telescope and each neutron detector.

Since the IMFs were taken inclusively, the angle of the IMIEdeope was set carefully to optimize the IMF
yields. The consideration was that the angle should be gnaligh to ensure thatfficient IMF yields were obtained
above the detector energy threshold, as well as that the ahglld be large enough to minimize contributions from
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peripheral collisions. For this purpose, simulations & &MD incorporating with GEMINI [39] were performed.
The comparison between the experiment and ANBEMINI simulations suggested that the events selected &y th
IMF triggers at the polar angles within 25° are corresponding to semi-violent collisions (see demiRefs. [30,
35]). In order to characterize the fragmenting source ttatecthe reaction mechanisms involved in the reaction
products, a moving source fit [36] was employed. In the mogiogrce fit for IMFs, the sources were classified as
projectile-like (PLF), intermediate-velocity (IV), andrget-like (TLF) sources according to the source velo¢ity:
neutrons and LCPs, since the measured angles were greatek,th> 20° where the PLF source component had
negligible contributions to the spectra, two sources, Ivfse and TLF source, were used in the moving-sourcefit. The
Minuit in the Cern library was used to optimize the four paedens for each source, isotope yield, slope parameter,
Coulomb energy, and source velocity. The errors of the otdelds from the moving source fits were evaluated by
performing diterent optimizations with diierent initial values within a wide range, including souredoeity, energy
slope and among others, rather than the errors given by thaitMiom the fits, since there were many local minima
for the multiple parameter fits. The source characterinagioables us to isolate the emitting source and eliminate
the interference from the source property (isospin, teatpee, density and among others) deviations [41, 42], and
therefore, only the neutron, LCP and IMF yields from the I\Wism were considered.

For further investigating the Albergo thermometer and @gquential decay correction, a kinematical focusing
technigue was employed to evaluate the neutron and LCPsygsisociated with each isotopically identified IMF, to
reconstruct the yields of hot primary isotopes with the gearumber of 3- 14 from the 1V source of th&Zn+112Sn
system. Following the kinematical focusing technique,fhgticles emitted from a precursor IMF were designated
“correlated” particles, whereas those not emitted fronpiteeursor IMF were designated as “uncorrelated” particles
When correlated particles were emitted from a moving paséah IMF, whose velocity;yr Wwas approximated by
the velocity of the detected trigger IMF, the particlesiiepically emitted in the frame of the IMF tended to be kine-
matically focused into a cone centered along\ufg vector of the detected IMF, filering the case for uncorrelated
particles emitted in the same event. The contribution ottireelated particles was determined by the use of a moving
source parametrization and the shape of the uncorrelatstram was obtained from the particle velocity spectrum
observed in coincidence with Li isotopes which were accamgghby the least number of correlated particles. Since
a part of the light particle emissions in coincidence wité thisotopes was from the decays of heavier isotopes into
light particles and the Li isotopes, and leaded to an ovienasibn of the uncorrelated light particle emissions, the
correlated particle yields extracted for a given isotopeeanrequired to be corrected by the addition of an amount
corresponding to the correlated emission of that partidenfthe Li isotopes evaluated from the AMD-GEMINI
simulations [23, 39]. The correlated yields were extradtadn, p, d, t ande particles. For the mother nucleus
reconstruction, neutron and LCP yieldg; (i is n, p, d, t andy), were generated for a given cold daughter nucleus
on an event by event basis, assuming Gaussian distributiting width evaluated by the GEMINI simulation, and
their centroid was adjusted to give the same average yidltbasf the experiment. Then the mass and charge of the
primary isotopeAnot, Znot Was calculated abpot = X MiA + Acold aNdZnot = X MiZi + Zeoig, WhereA; andz; are the
mass and charge of correlated the pariicddAcqq andZqqq are those of the detected cold IMFs. The final results of
the measured (dots) and reconstructed primary hot (sguaogspe distributions are compared in Fig. 1. The errors
of the reconstructed yields consisted of the errors on thecated neutron and LCP yields from the moving source fit
and the errors added for the correction for the emission ttanii isotopes [12]. For some of very neutron or proton
rich isotopes, a larger contribution of the additional einghe reconstructed isotope yield was made from the choice
of the input excitation energy for the shape of the neutrahla®P yield distribution calculation with GEMINI [39].
One can see clearly wider isotope distributions for the prinhot IMFs except foZ = 3, whereas those of the mea-
sured IMFs appear much narrower. This demonstrates th#&isagn modification of the yield distributions between
the primary hot and the observed cold IMFs caused by the séigudecay processes. For comparison, the isotope
yield distributions from the AMD calculations (see detaildRef. [43]) are also plotted in Fig. 1 . It can be observed
that the reconstructed primary hot isotope distributicesmaclose agreement with those from the AMD calculations,
suggesting a good performance for constraining the prirhatyfragment distributions using kinematical focusing
technique for this work.
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3. Resultsand discussion
a. Albergo thermometer

Under the assumption that equilibrium may be establishédd®n free nucleons and composite fragments con-
tained within a certain freezeout volunveand a temperatur€, the density of an isotope witA nucleons an&
protons A, Z) may be expressed as

N(AZ) A2 w(AZ) ,exp[u(A, Z) + B(A, Z)}
v e

AZ) =
P(A 2) 3 T

(1)

whereN(A, Z) is the number of isotope( Z) within the volumeV; A7 = h/(2rmyT)Y? is the thermal nucleon wave-
length, wheramy is the nucleon mas®(A, Z) is the binding energyw(A, Z) is the internal partition function of the
isotope @A, Z) and related to the ground- and excited-state spins as

w(AZ) = Y [25(A.2) + 1] - exp[-E;(A 2)/T], @
i

wheres;(A, Z) are ground- and excited-state spins &j(A, Z) are the excitation energies of these statg#\, Z) in
Eq. 1 is the chemical potential of the isotoge Z). In chemical equilibriumgu(A, Z) is expressed as

1A Z) =Zpp + (A= D, (3)
whereu, andu, are the chemical potentials of free protons and free nesitr@spectively. Calculating the densities

of free protons and neutrons, andpy,, in the same volume using Egs. 1 and 3, performing transfeorobtainu,
andun, and then inserting, andu, back into Eq. 1, one obtains,

p(AZ) =

NAZ) | AT wlA 2)- 43" o prZexp BAZ) (4)
VT Rsy+ 1725+ Az Feihn T |

wheres, ands, are the spins of the free proton and neutron, respectivéig. raitio between the measured yields of
two different nuclei is then

Y(AZ) _ p(A2) _(ﬁ)g/z BT wAD) oq (n-2-(x-2) . gyp| BAZ) = B, Z) (5)
YA, Z)) T p(A,Z)) 2 w(A,zyPP P T '

AI

The free neutron density can be calculated from the yield cdttwo isotopes with only one neutronftirence, such
asA,Z)and A+ 1,2),
Y(A+1,2)
YAZ)

whereC is the constant related to the unit conversion. Analogoukly free proton density is calculated from the
yield ratio of two isotones with only one protonfidirence, such ag\(Z) and A+ 1,Z + 1),

A T)3/2 w(A, Z) y [B(A,Z)—B(A+ 1,2)

A+l wA+1,2) T (6)

Pnzc‘(

_ YA+1Z+1)
Y(A.2)

The ratio of free proton and neutron densities is calculatad the yield ratio of two isobars with one proton and one
neutron dfference, such a#\(Z) and A, Z + 1),

Pp _c . T30 w(A 2) [B(A’ Z)-B(A.Z+1)

A )3/2 w(A,Z) y [B(A, 7)-BA+1,Z+1) -

pp:c'(A+1' wA+LZ2+1) T

Y(AZ+1)
Y(A.Z)

e SAZTT) T ®)




154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

For a nuclear system with a given temperatlitethe same free neutron and proton density, and free protdn an
neutron density ratio must be evaluated from Egs. 6, 7 andh8o§ing two isotope, isotone or isobar ratios with one
proton ofand neutron dference, one can deduce the relation betvileand the fragment yield ratios as

B
T=——
In(aR)’ ©)
and the relative error of, 6T/T, is deduced as
oT 1 oR
T In@R R’ (10)

whereR = (Y1/Y2)/(Y3/Ya) is the double yield ratio for (), and (34) ratio pairs andR is the error ofR. Biis the
binding energy dierence given by = (B; — B,) — (Bs — B4), anda is the statistical weight factor

a :ws/w4 |:A3/A4}1'5. (11)
wi/w2 | Ar/Az

In this work,w is determined with Eq. 2 using all available experimentalBasured nuclear levels for a given nucleus.
The experimental level scheme for the given nucleus is ditah National Nuclear Data Center (NNDC)-NuDat
2.8[44].

Along with the above formalism of the Albergo thermometee @deduce the real source temperature and the
apparent temperature using yields of the experimentatiyristructed primary hot and measured cold fragments from
the #4Zn+112Sn system. Note thal; is used twice in Egs. 2 and 9, and therefore their values dhoeildeduced
consistently. In order to achieve that, an iterative teghaiis employed. That is, in the first rourid= T; MeV is
initialized to be 1 MeV in Eq. 2 to calculate the statisticaight factora. The resultinga value is plugged into Eq. 9
to calculate the temperature vallig In the second round, settifig= T, = (T1 + T;)/2 in Eq. 2 to recalculata and
plugging the newa into Eq. 9,T; can be then obtained. The iteration continues yfiti- T)|/Ty < 1%, where the
subscripin represents the iteration round order. In contrast, if expemtally measured cold fragment yields are used
to deduce the apparent temperature, only the ground-gtiaite &f nuclei are taken into account without the iteration
procedure practically, following Refs. [11, 30, 34, 35, 46pr a clarity, the real source temperature and the apparent
temperature are, respectively, denoted @dTapp, hereinafter.

In previous works [11, 30, 34, 35, 45], double isotope yigtia pairs were used to construct the Albergo ther-
mometer. In the present study, all available pairs of doidadtope, isotone and isobar yield ratios with one proton
or/and neutron dference within the available primary hot and secondary aalgrhent yields of th&*Zn+!1°Sn sys-
tem (see Fig. 1) are used to construct the thermometersviolipthe Albergo thermometer formalism. It should be
mentioned that the LCP-related thermometers are abseog #ie minimum charge number of the reconstructed hot
fragments is 3. In Fig. 2 (a), the obtain@dvalues using the constructed thermometers are plotted @sctidn of
the T,pp values. Here the results with the relative errordadnd Tapp given by Eqg. 10 both smaller than 20% are
presented. One may see from the figure that the deduced &loieandT,p, both distribute in a wide region. This
wide distribution may originate from two factors. One is igalue in Eq. 9. When Tsargf al. studied the Albergo
thermometers using many isotope combinations from theticeecof p+Xe ranging from 80 to 350 GeX, they
realized that the Albergo temperature values itk 10 MeV show a rather narrow distribution around the average
values, whereas those wih< 10 MeV show a much wider distribution [11]. Here we selectyahk results from
thermometers witlB > 10 MeV. These results are shown in Fig. 2 (b). Indeed, modtepbints withT < 4 MeV
or Tapp < 2 MeV are eliminated, and both and T,pp, are distributed in a narrower region. However, Thealues
still spread significantly from- 3.5 MeV to ~ 7.5 MeV. This may originate from the second factor, the staast
weight factora in Eq. 9. When the value is calculated for deducing tflevalues, the experimental nuclear level
schemes are taken into account. However, the level infoomét suficient only for relatively light and stable nuclei.
For some heavy nuclei or those slightly far away from ghgtability line, the high excitation levels have not been
well determined experimentally, i.e., the excitation leméormation for?>Na in NNDC-NuDat 2.8 library [44], for
example, is only available up te 8 MeV (< 0.3 MeV/nucleon). On the other side, following the Fermi-gas assump
tion, a nuclear temperature of 5 MeV, for example, corredgdn an excitation energy of 2 MeV/nucleon even
with a large level density parameter of 13 M&\[46]. The value of~ 2 MeV/nucleon is around seven times larger
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Figure 2: T-Tapp correlation determined from both primary hot and secondatg fragment yields from th&*Zn+12Sn system using fierent
Albergo thermometers. (a) the results are deduced fronh#retbometers constructed using all available pairs of doisbtope, isotone and isobar
yield ratios with one proton ¢and neutron dference within the present fragment determination regier &g. 1) and with a selection of the
relative errors off andTapp both smaller than 20%. (b) same as (a), but with a limitatib® o- 10 MeV to the thermometers. (c) same as (a),
but with both limitations ofB > 10 MeV and involved nuclei with the measured maximum exoitatevels greater than 1 M¢gRucleon to the
thermometers. For comparison, the real temperature vdeghsced in our two previous works [21, 48] are also plottedigded areas (see the
text).

than the excitation energy of the measured maximum leveéPida. This significant lack of the high excitation level
information may result in the inaccuracy of tfiedetermination, and therefore nuclei withfisciently well-known
high excitation level schemes are demanded to construthémmometers to ensure their accuracy. Here, the results
from the thermometers with the four nuclei in the two setsatiorpairs all with the measured maximum excitation
levels greater than 1 Me@¥ucleon are selected out from Fig. 2 (b) and shown in Fig..2iidhe figure, only nine data
points (around half number of that of Fig. 2 (b)) remain. Tagorpair combinations of the nine thermometers, their
associated parameters and the resuffirandT,pp values are summarized in the first to the sixth columns of TEBL
I. The T values from these nine thermometers distribute in a muctowar region than that of Fig. 2 (b) evidenced
by ay? analysis [47], that the reducad value,x?/Npoint, Significantly decreases from 1.06 for Fig. 2 (b) to 0.26 for
Fig. 2 (c), whereNpoin; represents the number of data points in each figure. ThigliEobnstrates a crucial role of
high excitation level information in th€ determination.

For comparison, the real temperature values deduced franwauprevious works [21, 48] are also plotted in
Fig. 2 (c) by the shaded areas. The temperature2£%.6 MeV, deduced from the same reconstructed hot IMF
yields using a self-consistent method [21], is indicatedh®yred shaded area. The blue shaded are®af@4 MeV
is deduced using a chemical potential analysis with a quaustatistical model correction, based on the same set of
the data used in this article [48]. Rather good agreemerttaimed for the results from the three individual analyses
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Table 1: List of the nine thermometers used in Fig. 2 (c) aedf tssociated parameters (Columns 1-4),Ttrend Tapp values deduced from the
reconstructed hot and measured cold fragment yields d¥e+12Sn system (Columns 5-6), and the deduced/ Bivalues (Column 7) using
Eq. 12. anot represents the statistical weight factor calculated frédrawvailable experimentally measured nuclear levels foivargnucleus, and
acold represents the statistical weight factor calculated frioenground-state spins for a given nucleus (see the text).

Isotope Ratio B (MeV) 3hot acold T (MeV) Tapp (MeV) Inx/B (MeV)™t
10geliBe/ 0Bl 10.95 326 350 44 +0.7 21+02 0.264
12C13N/11Bel?B 1217 110 132 53+1.0 21+0.3 0.265
10gellBe/14NSN 10.33 281 312 47 +0.9 21+02 0.282
Li"Be/MBe''B 12.37 115 050 45+ 0.7 24+0.2 0217
1glicigellg 1349 105 050 47+ 0.7 26+0.3 0178
13C13N/11Bel !B 1373 098 050 48+ 0.7 21+0.2 0.263
15\190/11BellB 14.27 096 050 49+0.7 24+03 0212
oY FMBel'B 14.26 068 050 59+ 1.0 22+03 0.247

1claN/A2BL2C 1322 1193 900 50+ 0.8 37+04 0.066
Avg. 49+ 05 24+ 05

as shown in the figure. The present analysis provides anesgldrature of & + 0.5 MeV by averaging the real
temperature values from the nine thermometers, where tbeisrevaluated as the standard deviation. In heavy-ion
collsions at intermediate energies, shortly after thequtilp and target make contact, the hottest region of thiesys
reaches high temperatures in excess of 5 MeV, and as timessvitle system cools down to zero by particle emission
and by spatial expansion. It is worthy mentioning againthabbtained real temperature 094 0.5 MeV from IMFs
probed using the Albergo thermometers here correspondsaatages when the IMFs become thermally decoupled
from the remaining system.

b. N/Z asymmetry dependence of temperature

In order to study of th&l/Z asymmetry dependence of nuclear temperature, the aboyétiargo thermometers
are used as absolute thermometer to deduce the real teomgeratues using the measured IMF yield data from the
other twelve reaction systent8zn, 64Ni on 1121245 5864Nj, 197Ay, 232Th, To achieve the sequential decay correction
from the apparent temperatures to the real ones for thedestaygstems, for which no reconstructed primary hot IMF
yields are available, the empirical correction factor (@ed as “Irc/B") approach of Tsangt al. [11] is adopted
with the following considerations: one is to avoid extrauasptions and uncertainties introduced by models. The
other is to avoid the dependence of the empirical corredtioctor on specific reaction systems, incident energies and
fragment pairs used. The above deduced real temperatunetimyields of the experimentally reconstructed primary
hot fragments from th&zn+1?Sn system [12] provides such an opportunity to deduce thaindn«/B values for
the reaction systems involved in this work. According to.R45], Xi et al. found that the In/B value for a given
thermometer at temperatures around 4.5 MeV (similar to dhalhe present work, 8 + 0.5 MeV) is independent
of the projectile-target combination of reactions, prawvgdus a justification for the application of thedfB values
obtained from one system 6tZn+'12Sn to the other twelve systems withfidgrentN/Z asymmetries. The average
temperature value of.g+ 0.5 MeV for the system 0%4Zn+112Sn is therefore taken to evaluate the /B values for
the nine thermometers, based on the relation between thieneerature and the apparent temperature [11],

1 1 Ink

T “Top B (12)

The resultant Ir/B values are listed in the seventh column of TABLE 1.

The sequential decay corrections for the apparent tempesatieduced from the twelve systerffZn, 8Ni on
1121245y 5864Nj, 197Au, 232Th, are performed using the obtained /M values from théf*Zn+11?Sn system. For
each given system, the average real source temperature Y&, is calculated as an average value over the real
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Figure 3: Average temperatuf&) as a function of sourcll/Z asymmetrys;y. Solid line is the linear fit of the data points.

temperature values corrected for the nine thermometeFsglr8, the resultingT) values for the thirteen systems are
shown as a function of the IV sour®&Z asymmetryg, = (N — Zv)/Awv, whereNyy, Zy andAyy are the neutron,
proton and mass of the fragmenting source calculated fronmsng over the experimentally measured IV component
yields of neutrons, LCPs and IMFs withup to 18. The errors shown in the figure are the standard dmvsaonly.

A linear fit is performed for th&T) versussy plot, and a slope of 3 MeV is obtained. An change in sol¢&
asymmetry of 0.1 unit corresponds to a absolute change ipgeature on the order of 0.3 MeV, indicating a rather
negligibleN/Z asymmetry dependence of the real temperature at the peesentN/Z range. It should be mentioned
that the source mass has a negligible contribution to theepteobservation, since no significant size dependence was
experimentally observed for the reactions with systemssiz®l incident energies similar to those of this work [49].
This conclusion is in a close agreement with those of ouriptesavorks [30, 35], in which the Albergo thermometer
was used as a relative thermometer, and an “indirect” metiidsifienti et al. [37] was adopted to consider the
sequential decayfkect. This consistency suggests that the resulting netgidjify’ asymmetry dependence of nuclear
temperature is insensitive to the selection of sequentigdy correction. The negligibld/Z asymmetry dependence
of nuclear temperature from IMFs is in close agreement viightheoretical predictions by Kolomiegt al.[50, 51]

and Hoelet al.[31]. Kolomietzet al. studied the dependence of the plateau temperature incalanies on pressure
within the thermal Thomas-Fermi approximation, and fourat 8 weakN/Z asymmetry dependence of temperature
close to the phase transition appears under an equilibritariaav pressure op = 1072 MeV/fm? for systems with
asymmetries of 0-0.3 (covering the present source asymimegion). Later, Hoekt al. studied the asymmetry
dependence of caloric curve for mononucleus with asymesetif 0.1-0.4 using a model with specific consideration
for independent variation of the neutron and proton suréii§esenesses. They found that the asymmetry dependence
of caloric curve could be removed while using the unique flauy condition with equilibrated surface and no external
pressure. Is spite of being in completelyfdient frameworks, both theoretical predictions reflect tha apparent
asymmetry dependence of nuclear temperature is relatdgetpressure of system. In actual heavy-ion collisions,
the low-pressure condition can be more or less satisfiedeinMtr formation scenario at late stages and under low
densities. It is therefore reasonable to infer that theigixe N/Z asymmetry dependence of nuclear temperature
from IMFs originates from a process that occurs at a low piresgia a “soft” expansion.

We have also made detailed comparisons between the aeadgbérimental results and ours deduced from LCP
and IMF yields in Refs. [30, 35]. Those comparisons show thateakN/Z asymmetry dependence of nuclear
temperature is commonly observed iftdient reactions and with filerent thermometers at a wid¢/Z range [7,

37, 52], except for the result reported by Mclintastal. [29]. We noticed that diering from others, Wuenschet
al. [7] and Mclintostet al.[29] both used the same proton quadrupole momentum fluotuitermometer as a probe.
With close examination of the experimental details of Wadeset al. and McIntoshet al. and combining with
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the statistical multifragmentation model simulations][38e concluded that the significait/Z dependence of the
source temperature observed by Mcinteshl. originates from dierent Coulomb contributions in the reconstructed
quasi-projectiles with dierent charges under the quasi-projectile mass constysiet. properly taking into account
the Coulomb &ect, theN/Z dependence of the source temperature again becomes fitsighi Therefore, it can

be concluded that nuclear temperature has a negligiblendepee on the sourdé/Z asymmetry in this asymmetry
range, and the negligibld/Z asymmetry dependence is also independent of the seledtiting thermometers. The
consistent description for the/Z asymmetry dependence of nuclear temperature providesraadsupporting the
basic assumption d/Z asymmetry independence of the source temperature in theeymnenergy extraction using
isoscaling in the heavy-ion collisions at Fermi energiels B3]. Although good consistency of the dependence of
nuclear temperature on the souN& asymmetry has been experimentally addressed usifegeit thermometers in

a wide incident energy region, the origin of the common rggigle N/Z asymmetry dependence of nuclear temperature
from LCPs and those deduced using fluctuation thermometaislinot addressed for the present workfigulties
comes from the complicated reaction dynamics arftedint application limitations of various thermometersr Fo
instance, in contrast to IMFs, the emissions of LCPs starbetur shortly after the projectile and target make contact
and lasts in the overall dynamical process. The neglighylé asymmetry dependence of nuclear temperature is
not able to be elucidated using simply using the “low-pressassumption [50, 51, 31]. In addition, the Albergo
thermometers probe the temperatures at the chemical freegze/hereas the fluctuation thermometers are for those
at thermal freeze-out, while it has been found that chenfresze-out prior to thermal freeze-out during source
fragmentations [10]. Therefore, for deeper understantfiagnechanism resulting in the consistdiiZ dependence

of nuclear temperature, specific considerations for theti@adynamics and the thermometer limitations are require
in future experimental and theoretical works.

4. Summary

In this article, the Albergo thermometer is investigateshgghe yields of the experimentally measured and re-
constructed primary hot IMFs frof#Zn+1?Sn collisions at 40 Me)hucleon for the first time. A real temperature
value of 4.90.5 MeV characterizing the IMF formation at late stages duded. This temperature value is in good
agreement with those obtained in our two previous works,5.2 + 0.6 MeV deduced from the same reconstructed
hot IMF yields using a self-consistent method [21], ang8l40.4 MeV deduced using a chemical potential analysis
with a quantum statistical model correction [48]. Using tleater temperature value, 4.9 MeV of the present work,
an experimental sequential decay correction from the @mpémperatures to the real ones for other twelve reaction
systems with dferentN/Z asymmetries/°Zn, 64Ni on 1121245 5864Ni, 197Ay, 232Th at 40 MeVnucleon in the same
experiment, is performed with an empirical correction éacpproach of Tsangt al. [11], and the dependence of
nuclear temperature on the souN& asymmetry is further investigated. Itis found that the dedireal source tem-
peratures show a rather weak dependence on the shiifcasymmetry at the present soufdgZ range. Combining
the theoretical predictions by Kolomiedtal.[50, 51] and Hoegt al.[31], the negligibleN/Z asymmetry dependence
of nuclear temperature from IMFs is inferred to originatenfra process that occurs at a low pressure via a “soft”
expansion. From comparisons with our previous results hoskt from other independent experiments, a consistent
description for theN/Z asymmetry dependence of nuclear temperature is obtaimed.is nuclear temperature has a
negligible dependence on the sou&Z asymmetry, and this negligibld/Z asymmetry dependence is independent
of the selections of the thermometers and the sequentiaydamrection approaches. This supports the assumption
of N/Z asymmetry independence of the source temperature in thexeymn energy extraction using isoscaling in
heavy-ion collisions at Fermi energies [41, 53]. In spitgyobd consistency of the dependence of nuclear tempera-
ture on the sourc8l/Z asymmetry, the origin of the negligibd/Z asymmetry dependence of nuclear temperature
from LCPs and those deduced using fluctuation thermomeststgliopen question for this work. For fully clarifying
this issue, the reaction dynamics and the thermometerdiioits are required in future experimental and theoretical
investigation on thé&l/Z asymmetry of nuclear temperature.
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