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O Abstract

A basic feature of the nuclear equation of state is not yeetsidod: the dependence of the nuclear caloric curve onehon-
O) proton asymmetry. Predictions of theoretical modefedion the magnitude and even the sign of this dependencds waik, the
— nuclear caloric curve is examined for fully reconstructeesi-projectiles around mass= 50. The caloric curve extracted with the
momentum quadrupole fluctuation thermometer shows thatetheerature varies linearly with quasi-projectile asyr‘m;né';—z.
An increase in asymmetry of 0.15 units corresponds to a dseri@ temperature on the order of 1 MeV. These results ajbdidpint
\J the importance of a full quasi-projectile reconstructiotiie study of thermodynamic properties of hot nuclei.
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O 1. Introduction of state by examining the fragments produced in heavy-ien re

(::3 ) o actions. Since these studies often assume the temperature i
The relation between the temperature and the excitation er?ﬁdependent of the asymmetry, observation and charaateriz

ergy O_f a sy_stem (t_he caloric c_urve) is of funo!amental imp_or'tion of an asymmetry-dependence of the caloric curve would
tance in a wide variety of physical systems. Since the aaplic 5o,y a refined interpretation of fragment yield data (engthie

= tion of Itt](; concept of ?r::alonc curve to atonlmc_nuclel [, 2], statistical interpretation of isoscaling). Moreover, eweriza-
[~ 'several “thermometers” have been used to elucidate piepert tion of this asymmetry dependence majeo the opportunity

QO of excited nuclei including the trar_lsition from evaporattype probe the asymmetry energy in a new way; this is discussed
g fhecaY to Iguc'eatrl multllfragmenta(';lon (sze I3, 4]];t?]nd rﬁe below. Experimentally, temperatures have shown eitheradlsm

. therein). Recently, a clear mass-dependence of the calone  yonendencé [11, 15] or no discernible dependendé [16, 17] on
o0 for finite nuclei has been demonstrated [5]. the asymmetry of the initial system.
O . The dependence of E?e nuclear caloric curve on the neu- \,qtivation for an asymmetry dependence of the nuclear tem-
(\ tron/proton asymmetr remains uncertain due to conflict- perature may be seen in the following argument based on Lan-

- . . ,A ! . . .
< .ing predictions from theoretical calculations and thetieddy dau theory[[18/ 19, 20]. We consider a fragmenting nuclear
ource, and write the free energy per nucleon of each fragmen

" 'small body of experimental data on the subject. Some theg

-= oretical approaches predict that critical temperaturenor produced by the source as

>§ iting temperatures would be higher for neutron-poor system

g [6.17]; others predict higher temperatures for neutroh-ggs- (E) _ (E) +HMe 4 V.77 + §-|— 1)
tems [8) 5 10]. Inclusion (or intentional omission) of a &ja Ali " \Alio T e
phase that interacts with the bulk system is expected todépa B )
the asymmetry dependence of the temperature of the bulk Syyhere(ﬂ)f’o is the free energy per nucleon of the fragment in
tem [7,[8]. The observation of an asymmetry dependence mdgolation andT is the temperature of the system. The asym-
support the physical picture of a nuclear liquid interagtivith ~ metry of the fragmenin; = NfA—_fo increases the free energy
its vapor [7], or may allow insight into the driving force ofin  in proportion toH, the conjugate variable ofi;. The quan-
clear disassembly [11]. Studiesinrecentyears[12, 13havé tity H = casms is the asymmetry field due to the source where
sought to probe the asymmetry energy in the nuclear equatiqgw is the asymmetry energy cieient andmg = % is the

asymmetry of the source [19]. The Coulomb interaction be-
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Figure 1: (Color online) Caloric curves for isotopicallycomstructed sources Figure 2: (Color online) Caloric curves for isotopicallycomstructed sources

with mass 48< A < 52, extracted with the momentum quadrupole fluctuation with mass 48< A < 52, extracted with the momentum quadrupole fluctuation

method. Each curve corresponds to a narrow range in sownamastry,ms. method. Each curve corresponds to a selection on the asyynaidhe initial
system.

cancels exactly. This gives a linear dependence of temperat
on the source asymmetry:

1 2 2 (F
f

3 3 37 \A that clearly do not originate from an equilibrated QP source

the fragment velocity in the beam directioy relative to the
In the present work, we demonstrate such an asymmetry depefisocity of the heavy residue p ¢, is restricted. The accepted

dence of nuclear temperatures exists. window on ~= is 1+ 0.65 for Z=1, 1+ 0.60 for Z=2, and
1 + 0.45 for Z>3. The mass of the reconstructed QP is re-
2. Experiment and Event Selection quired to be 48< A < 52. To select QPs that are equili-

brated, it is required that the QP be on average sphericds. Th

To investigate the dependence of the nuclear caloric cutve 0 5chieved with a selection on the longitudinal momepga

asymmetry, heavy-ion collisions at intermediate energyewe 4.4 transverse momenmpaof the fragments comprising the QP:
studied. Charged particles and free neutrons produced in re 0.3 < 10g10(Qsrupe) < 0.3 WhereQ _ e with the sums
actions of°Zn+7°Zn, 64Zn+%47n, and®*Ni+5“Ni at /A = 35 > = '0910(Qshape) = U. shape = 5p?

MeV [21,122] were measured with excellent isotopic resoiuti  €Xteénding over all fragments of the QP. Since the shape degre
in the NIMROD-ISIS 4 detector array [17. 23]. The quasi- of fregdom is slow to equilibrate, thg_se QPs that are onaaeer
projectile (QP, the primary excited fragment that existsmea- ~ SPherical should be thermally equilibrated. Over the raofge
tarily after a non-central collision) was reconstructedjuding ~ €xcitation energies presented in this work, the typical P i
determination of the QRomposition (both A and Z). Excita- CcOMPrised of one large fragment, several light particles”
tion energies abovE*/A = 2 MeV are well measured with this nd one IMF (3Z<8).

setup.

The uncertainty in the composition arises mainly from the The temperatures of the QPs are calculated with the momen-
free neutron measurement, which arises from tfieiency of  tum quadrupole fluctuation methad [26], which has been previ
the neutron detector (70%) and from background signalsan thously used to examine temperatures of nucleil[16, 17, 27 Th
neutron detector. The background signals were measured; tmomentum quadrupole is defined @g, = p2 - p§ using the
variance of the background multiplicity is a factor of 10 dieva  transverse componeryg andpy of the particle’s momentum in
than the variance of the raw neutron multiplicity. The ex@i@n  the frame of the QP source. Assuming a Maxwell-Boltzmann
energy was deduced using the measured free neutron masltiplidistribution, the variance o,y is related to the temperature
ity, the charged particle kinetic energies, and the Q-vafibe by (aﬁy) = 4P T2 wheremis the probe particle mass 16,/ 26].
breakup. Use of simulations of the detector response [24] inFor this analysis, protons, which are abundantly producéus
dicate that the uncertainty in the excitation energy petearc  collisions, are used as the probe. The longitudinal compipne
due to the uncertainty in the free neutron multiplicity is@and  p,, is excluded to minimize any contribution from the collisio
0.1 MeV, which is significantly smaller than the spacing be-dynamics, which manifests in the beam direction. THeas
tween even the closest caloric curves. This uncertaintg doe  of secondary decay on this thermometer should be small [16]:
bias the results presented in this letter. the thermal energy in the primary clusters is significanglys!

Building on previous work|[14, 16, 17, 25], three cuts arethan that in the QP, so the width of the momentum quadrupole
made to select equilibrated QP sources. To exclude fragmenis dominated by the QP breakup.
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o O P ' AR ' T which are emitted over a range of times. Correlating théainit
0.8 o g"g = composition of the QP, rather than the instantaneous compos
0.6-mD-C ¢° ______________________________________ ¢_{ tion, could mask the asymmetry dependence of the temperatur
1 © ° 0o 9 E to some extent. Thus, the true dependence may be even greater

F i . 3 than the considerable asymmetry dependence of nuclear tem-
< 0.2 ";'"""'Q’"""""""""';
> F ! ¢ peratures observed here.
S ofF R e The asymmetry of the decaying source should impact the
502k 3 caloric curve more directly than the asymmetry of the ihitia
2F L] ] ] . .

C - *TL i St i il e system. We have explored the impact of selecting on the asym-
0.4 L D - n_: metry of the initial system rather than the asymmetry of the
0.6~ T T o o = reconstructed source. Figure 2 shows the proton momentum
0.8 = quadrupole fluctuation caloric curves selected on the asggmm

Coo . . L . . ] try of the initial system. Data points are plotted for eachedM

MEFEE AT ST S AT MEFETEE AT AT AT S AR
1 2 3 E*4/A M5V 6 7 8 wide bin in excitation energy. The error bars correspondhéo t
(MeV) statistical uncertainty, and where not visible are smahan
_ 3 (Col ine) o ¢ cach calori (el the points. The temperatures for the neutron-rich systems a
Flgure . olor online Temperatur rence of each caloric curve (relative F— H H
to the middle caloric curve,. 02 < ms < 0.16). The horizontal lines correspond genera”y the lowest. This is consistent with the results pr

to the average fierence over the indicated range in excitation energy. TheS€nted above (Fid.] 1), thOUQh_ the magnitude of tiiece is
labels “A-C”, etc., refer to thens bins in Fig[1. much smaller. Here, decreasing thestem asymmetry from

0.143 to 0.063 increases the temperature by about 0.1 MeV,
) ) while decreasing thesource asymmetry by this amount in-
3. Resultsand Discussion creases the temperature by about 0.55 MeV. Though the asym-
metry of the initial system might be employed as a surrogate
Figure[1 shows the temperature as a function of excitatiofior the asymmetry of the fragmenting system, at intermediat
energy per nucleonE(/A) of the QP as determined with the beam energies these are only weakly correlated. The asym-
momentum quadrupole fluctuation thermometer using protongetry distribution of the QP following the interaction isolad
as the probe particle. Data points are plotted for 1IMeV-widgo,, ~ 0.07); there is considerable overlap in the distributions
bins in excitation energy per nucleon. For clarity, the goare  from the diferent initial systems, in agreement with previous
connected with lines to guide the eye. The error bars coore$p work [14,117,.25, 30, 31, 32]. The present data show that
to the statistical uncertainty and where not visible arel&ma the ability to select the composition of the QP source previd
than the points. The temperature shows a monotonic increagguch greater sensitivity to the asymmetry dependence of the
with excitation energy. AE*/A = 2.5 MeV, the temperatures caloric curve.
are around 6 MeV; b§*/A = 8.5 MeV, the temperatures have  The shiftin temperature due to the asymmetry of the source is
risen to around 12 MeV. Each curve corresponds to a narrow sexamined more closely in Figl 3. The central curve from Eig. 1
lection in the asymmetry of the soures; = %, asindicated  (0.12 < m < 0.16) has been used as a reference. THemince
in the legend. The average asymmetries for the selecti@s ain temperature between each caloric curve and the refeisnce
0.0640, 0.0988, 0.1370, 0.1758, and 0.2145. The calorieecur plotted as a function of the excitation energy. Error barseso
is observed to depend on the asymmetry of the source. Increasponding to statistical uncertainties are shown, and whete
ing the neutron content of the QP source shifts the calorieecu  visible are smaller than the points. Thefdiences in the mo-
to lower temperatures. In fact, the caloric curves for the fiv mentum quadrupole fluctuation temperature are fairly Gorist
source asymmetries appear parallel and equally spaced-An iThe shift in the caloric curve with asymmetry is essentiilly
crease of 0.15 units ims corresponds to a decrease in the tem-dependent of excitation energy over the range measured here
perature by about 1.1 MeV. The averag@T for each pair ofms bins is indicated by the hor-
In previous data, a plateau in the caloric curve has been olizontal lines. Figur&l3 shows even more clearly than[Bigat th
served and interpreted as a signature of a phase trangltléh [ the caloric curves for dierentms bins are parallel and equally
In the present data, there is no plateau observed in theicalorspaced.
curve for these excited sources. However, this is not ureggde The temperature shiAT of the caloric curve is plotted as
for such small source#\(~ 50) where the plateau is not as well a function of changing source asymmetms in Fig.[4. This
defined as it is for heavier sources [5], and may be masked big obtained in the following way. For each possible pairifig o
a varying density [28, 29]. Moreover, the plateau might fie e the five caloric curves (10 pairings total), the temperatlife
tirely above the excitation energies measured in this exyggrt ~ ference as a function of excitation energy is calculatedesgh
[5]. differences show no trend with excitation energy, (as evidenced
The composition of the de-exciting QP changes with time.in Fig.[3); the average of the temperaturffelience is taken as
Ideally, the probe particles should be correlated with tiac  AT. For each possible pairing of the five caloric curvas)
position of the source at the time of their emission. Our rodth corresponds to the fierence in the mean asymmetries of the
determines the initial composition of the QP, and corrslate pair of curves. The error bars show the statistical errard, a
this with the temperature deduced using the measured lgartic where not visible are smaller than the points. A negativescor
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Opr— T T T T T asymmetry using a kinetic thermometer. Of crucial impartan
C ] is the selection on the asymmetry of the fully-reconstricte
0.2 . 7 isotopically-identified fragmenting source, rather thhea ini-
C o ] tial system asymmetry. The temperature is observed to depen
041 7 linearly on the source asymmetry. The temperature changes o
%‘ C ‘o® ] the order of 1 MeV with varying asymmetry. Future experi-
=06 * . mental studies should examine particularly the low exicitat
5 r ) ] energy region to investigate how the asymmetry dependence
0.8~ ) ] changes as the reaction mechanism evolves from the onset of
- 8 evaporation through multifragmentation; and, over a wadeye
aF ‘ - of excitation energy, should constrain (or at least deteethe
L "o density of the emitting source to allow a more quantitatise u
_1,2'_| T T |‘; derstanding of the deduced caloric curves.
0O 002 004 0.06 008 01 012 0.14 0.16
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Figure 4: (Color online) Change in temperature as a funatibthe source
asymmetrymg = ZS . The dashed line is a linear fit to the experimental data.
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-7.3 MeV.

This correlation is consistent with the free energy argumen
presented (E@J2). By averaging over excitation energysee i
late the dependence ans from A(%)f; the intercept is zero

here by construction. The slope of the correlation is depehd
on the asymmetry and Coulomb terms. It may be possible to
extract information on the asymmetry energy ftieégent. For [5]
this, an accurate estimate of the density would be necessary®!
which will be the focus of future work. 7
The presently observed decrease in temperature with in4s]
creasing asymmetry can be compared to the recent result fron®l
the ALADIN collaboration [111] 1/5] which shows for periph- [1(1)]
eral collisions a modest dependence of the temperatureeon t 2]
neutron-proton asymmetry. In the ALADIN analysis, the asym [13]
metry of the initial system is used. The method used to select
the composition is important, and is examined in the prese ig]
work. Atintermediate energy, theftiérence between the asym- (1
metry of the source (Figl 1) and the initial system (Elg. 2vgd  [17]
the importance of the full source reconstruction, inclgdine  [18]
free neutrons: selection of the source (rather than thialisits-
tem) allows greater sensitivity to the asymmetry depenelenciy
of the temperature. Though the evolution of thisfetience [21]
with increasing beam energy up t@gAE= 600 MeV of the AL- [22]
ADIN measurement remains to be seen, observables depend
on the QP asymmetry have shown a strong dependence wifps;
energy, becoming more pronounced at lower excitation gnerg26]
[33]. Studies at various beam energies, or studies semsitia [37]
broader range in excitation energy, could probe a possilde e {23}
lution with excitation energy of the asymmetry dependerfce o[30]

the nuclear temperature. [31]
[32]
(33]

(1]
(2]

4. Conclusion

In conclusion, we have provided experimental evidence for
a dependence of nuclear temperatures on the neutron-proton
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