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Nuclear temperature measurements with helium isotopes
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Abstract

Ž3 4 .Temperatures extracted with the family of He, He isotope ratio thermometers, T , have been studied andHe
Ž4 ) . 4cross-checked with temperatures, T He constructed from excited and ground state populations of He. Empirical

correction factors provide baseline corrections for sequential decay effects for T -4.5 MeV, independent of projectile,He

target and incident energies. After corrections for fluctuations due to sequential decay, statistical calculations predict that THe
Ž4 ) .and T He should agree. q 1998 Published by Elsevier Science B.V. All rights reserved.
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When experimental observables are dominated by
the available phase space, the concept of temperature
can play an important role in simplifying the theoret-

wical description of the decaying nuclear system 1–
x15 . Temperatures achieved in nuclear collisions have

been deduced by comparing the slopes of energy
w xspectra 2,3 , relative populations of excited states

w x w x4,5 and the isotope yields 6–15 to statistical model
calculations. Kinetic energy spectra are easily influ-
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w xenced by undamped collective motion 16 and may
not be suitable for tests of chemical equilibrium in
systems where such collective motion is present.
Temperatures derived from the relative populations

w xof states widely separated in excitation energy 4,5
or from the relative yields of isotopes with very

w xdifferent binding energies 6–15 test thermal and
chemical equilibrium directly and are insensitive to
collective motion.

Due to the copious production of helium isotopes,
many recent temperature measurements extracted

Ž3 4 .from isotope yields utilize the He, He isotope
pair including the recent extraction of the caloric

w xcurve in heavy ion reactions 7 . Thus it is important
Ž3 4 .to understand the family of He, He isotope ratio

thermometers, T , and to check for consistenciesHe

between different thermometers. At ErAs35 MeV,
T and the excited state temperatures, T , measuredHe ex

w x w xin the Ar q Au 5 and Au q Au 10 collisions
were found to be consistent with each other after
correcting for sequential decays. However, for cen-

Žtral Au q Au collisions at higher energies ErA)
.50 MeV , increasing differences between T andHe

w xT were observed 15 .ex

In this paper, we investigate to which degree the
effects of sequential decays affect temperatures ex-
tracted via the yields of excited states and isotopes.
For this purpose, we extend the empirical methods

Ž11 12 . Ž15 16 .proposed recently for C, C and O, O
w x Ž3 4 .thermometers 9 to those involving He, He . Em-

pirical correction factors are extracted and applied to
a wide range of systems. Sequential decay calcula-
tions will be used to investigate the relationship
between T and T .He ex

In the limit of thermal equilibrium, temperature
can be extracted from the relative population of the

Ž . 4excited 20.1 MeV and ground states of He.

y20.1 MeV
4

)T He s 1Ž .Ž . 4 4
) g . s .ln Y He rY HeŽ . Ž .Ž .

Aside from the excited states, temperatures can
also be obtained from the ground state yields of
Ž3 4 .He, He isotopes and another pair of isotopes

w xaccording to the expression 6

B
T s 2Ž .app ln aPRŽ .app

Ž . Ž .Y A ,Z r Y A q1,Zi i i iwhere R s is the double yieldapp
3 4Ž . Ž .Y He r Y He

Žratio of the specific pair of isotopes, BsB A ,j
. Ž . Ž4 . Ž3 .Z yB A q1, Z qB He yB He is the dif-j j j

ference between corresponding ground state binding
energies, and a is a statistical factor involving the

w xground state spins and masses of the isotopes 6–9 .
Ž .Temperatures obtained from either Eq. 1 and

Ž .Eq. 2 are apparent temperatures. Distortions from
secondary decays must be corrected before they can
be compared. A recent study of more than 1300

w xisotope ratio thermometers 9 suggests that sec-
ondary decay contributions to the ground state dou-
ble ratio R can be written as0

R skR 3Ž .app 0

where k corrects for sequential decays from higher
Ž . Ž .lying excited states. From Eqs. 2 and 3 , T canapp

w xbe written as 9

1 1 lnk
s q 4Ž .

T T Bapp 0

where T is the breakup or emission temperature.0
w xThe correction term, lnkrB, is small for large B 9 .

In practice, only thermometers with B)10 MeV are
used. k depends on the particular double isotope
ratio chosen and in principle, depends also on tem-
perature, excitation energy, mass and isospin of the
emission source. Which of these dependencies are
crucial has to be determined either empirically or
from calculations.

Recently, freeze-out temperatures for central Au
q Au collisions at 35A MeV have been extracted
from excited state yields and also from isotope yields
w x10,17 . The two methods were found to give consis-
tent results when corrections for secondary decays
were taken into account. Sequential decay calcula-
tions that best describe these data assumed an emis-

w xsion temperature T sT s4.4 MeV 10 . Using0 em
Ž . Ž .Eq. 4 , empirical values of lnkrB for tenexpt

isotope ratios, all involving 3He and 4 He isotopes
w x10,17 , were obtained and listed in Table 1.

Previous studies of different isotope ratio ther-
Ž .mometers found little sensitivity in lnkrB toexpt

w xthe investigated systems and incident energies 9 . To
test if this is also true for the present set of
Ž . Ž .lnkrB values, we have applied Eq. 4 to sev-expt

Ž .eral reactions, including light systems Ca q Ni ,
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Table 1
Ž .List of thermometers with B)10 MeV and the extracted correction factors from Eq. 4 , lnkrBs1rT y1r4.4. The experimental data,app

w x w xT and the reference temperature T are obtained from Ref. 10 and 17 for the central collisions of Au q Au reaction at ErAs35app em

MeV
y1Ž . Ž . Ž . Ž . Ž .Isotope ratio a B MeV lnkrB MeV T MeV T MeVexpt app em

13,14 3,4Ž .C, He 0.73 12.39 0.0083 4.25 4.4
6,7 3,4Ž . Ž . Ž .Li, He 2.18 13.32 y0.0051 y0.025 4.50 4.4 4.04
9,10 3,4Ž .Be, He 0.38 13.76 y0.084 6.98 4.4
2,3 3,4Ž .H, He 1.59 14.29 0.0097 4.22 4.4
12,13 3,4Ž .C, He 2.93 15.62 0.0143 4.14 4.4
12,13 3,4Ž .B, He 1.95 15.69 0.0601 3.48 4.4
8,9 3,4Ž .Li, He 1.24 16.51 0.0423 3.71 4.4
11,12 3,4Ž .B, He 1.11 17.20 0.0215 4.02 4.4
1,2 3,4Ž .H, He 5.60 18.4 0.0496 3.61 4.4
7,8 3,4Ž .Li, He 1.98 18.54 0.0265 3.94 4.4

Ž .heavy systems Au q Au and a large range of
Ž .incident energies from ErAs30 to 1000 MeV .

The results are given in Tables 2, 3, 4 and Fig. 1.
The scatter of the corrected temperatures T , is much0

smaller than that for T as evidenced by the stan-app
Ž 2 .dard deviations s for the apparent and corrected

temperatures listed in the last rows of Tables 2 and
3.

Table 2 shows the apparent and corrected temper-
atures obtained in peripheral collisions of the Au q

w xAu at 35A MeV 17 and central and peripheral
w xcollisions of the Cu q Xe system at 30A MeV 17 .

For the peripheral collisions, temperatures were ex-

tracted from projectile-like residues while in central
collisions, the emission sources correspond to the
equilibrated target-like residues formed in the Cu q
Xe collisions. Typically, the temperatures obtained
in the Cu q Xe reaction are lower than those
obtained in the Au q Au reaction. For example, the

Žmean temperatures for Au q Au are 4.4 MeV Table
. Ž .1 and 3.5 MeV Table 2 for central and peripheral

collisions, respectively. For Xe q Cu reaction, the
corresponding temperatures are 3.9 and 3.3 MeV
Ž .Table 2 . The lower temperatures in the lighter
system may be related to the incident energy being 5
MeV per nucleon lower. The temperatures extracted

Table 2
Apparent and corrected temperatures for the peripheral collisions of Au q Au reaction at ErAs35 MeV and central and peripheral

w xcollisions of Xe q Cu at ErAs30 MeV 17

Isotope ratio Au q Au; ErAs35 MeV Xe q Au; ErAs30 MeV Xe q Au; ErAs30 MeV
peripheral collision central collision peripheral collision

Ž . Ž . Ž . Ž . Ž . Ž .T MeV T MeV T MeV T MeV T MeV T MeVapp 0 app 0 app 0

13,14 3,4Ž .C, He 3.07 3.2 3.47 3.57 3.01 3.08
6,7 3,4Ž . Ž . Ž . Ž .Li, He 3.88 3.8 3.53 3.98 3.90 3.62 3.64 3.57 3.34
9,10 3,4Ž .Be, He 4.42 3.22 5.42 3.72 4.08 3.03
2,3 3,4Ž .H, He 3.39 3.51 3.73 3.87 3.14 3.23
12,13 3,4Ž .C, He 3.56 3.75 3.67 3.87 3.35 3.51
12,13 3,4Ž .B, He 3.02 3.68 3.14 3.87 2.73 3.26
8,9 3,4Ž .Li, He 3.17 3.66 3.33 3.86 2.62 2.94
11,12 3,4Ž .B, He 3.42 3.69
1,2 3,4Ž .H, He 2.83 3.29 3.57 4.33 3.25 3.87
7,8 3,4Ž .Li, He 3.20 3.49 3.77 4.17 3.33 3.65
² : Ž . Ž . Ž .T 3.53 3.49 3.90 3.86 3.30 3.30He

2 Ž . Ž . Ž .s 0.22 0.05 0.04 0.44 0.05 0.07 0.2 0.1 0.09
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Table 3
w xApparent and corrected temperatures for the reaction of Cu q Au at ErAs35 MeV 18 and Ca q Fe, Ni and Ar q Fe, Ni at ErAs33

w xMeV 13

Isotope ratio Cu q Au; ErAs35 MeV Ca q Fe, Ni and Ar q Fe, Ni ErAs30 MeV

Ž . Ž . Ž . Ž .T MeV T MeV T MeV T MeVapp 0 app 0

6,7 3,4Ž . Ž . Ž .Li, He 4.64 4.53 4.16 4.27 4.18 3.86
9,10 3,4Ž .Be, He 6.79 4.32 7.32 4.53
2,3 3,4Ž .H, He 4.00 4.16
12,13 3,4Ž .C, He 3.70 3.91
8,9 3,4Ž .Li, He 3.95 4.74
7,8 3,4Ž .Li, He 3.69 4.08
6,7 11,12Ž .Li, C 5.28 4.15
12,13 11,12Ž .C, C 4.18 4.07
² : Ž . Ž .T 4.30 4.2 4.17 4.0He

2 Ž . Ž .s 1.6 0.073 0.085 2.08 0.05 0.09

from central collisions are 0.9 and 0.6 MeV higher
for Au q Au and Xe q Cu, respectively, than those
obtained from peripheral collisions suggesting only
slight temperature dependence on impact parameter.

Table 3 shows the apparent and corrected temper-
atures for the systems: Ca q Ni, Ar q Ni, Ca q

w xFe, Ar q Fe collisions at 33A MeV 13 and Cu q
w xAu system at 35A MeV 18 . The first set of data

includes measurements from isotope yields of 11C
and 12 C. Thus we obtain a valuable additional cross-

Ž11comparison of thermometers belonging to the C,
12 . Ž3 4 . Ž .C and He, He families using lnkrB val-expt

w xues listed in Table 1 and Ref. 9 . The corrected
Ž6,7 11,12 . Ž12,13temperatures obtained from Li, C and C,

11,12 .C are in good agreements with temperatures
Ž6,7 3,4 . Ž9,10 3,4 .obtained from Li, He , Be, He and

Ž12,13 3,4 .C, He .
Table 4 contains the apparent and corrected tem-

Ž6,7 3,4 . Ž2,3peratures obtained with the Li, He , H,
3,4 . Ž1,2 3,4 .He and H, He isotope ratios in the impact
parameter gated Au q Au collisions at 1000A MeV
w x14 .

Of the ten isotope ratios listed in Table 1, the two
Ž2,3 3,4 . Ž6,7most common ratios used are H, He and Li,

3,4 . Ž6,7 3,4 .He isotope pairs. In particular, Li, He
played a crucial role in the extraction of the caloric

w xcurve in Ref. 7 . In all cases, the temperatures
Ž6,7 3,4 .constructed with Li, He isotopes, T , tendHeLi

to be consistently higher than the temperatures con-
Ž2,3 3,4 .structed with H, He isotopes, T , even afterHeH

corrections. The disagreement between corrected
T and T can be more clearly seen in Fig. 1 forHeLi HeH

a large range of excitation energies. The figure shows
temperatures extracted for Ar q Ni collisions at 95A

w x Ž6,7 3,4 . Ž2,3MeV 12 using isotope ratios of Li, He , H,
3,4 . Ž1,2 3,4 . 6 ŽHe and H, He . Before correction left

.panel , the differences between different isotope ratio
temperatures increase with excitation energy. After

Ž .correction right panel , the isotope ratio tempera-
Ž2,3 3,4 . Ž1,2 3,4 .tures from H, He and H, He collapse

Žonto one another, but the corrected T openHeLi
.circles is consistently higher. The discrepancy can

be removed by using a value of lnkrB which is
Ž y1.slightly different y0.025 MeV from that

Ž y1 .y0.005 MeV extracted from the calibration re-
Ž .action, Au q Au at ErAs35 MeV see solid line .

Indeed some slight dependence of lnkrB on reaction
persist for other ratios as well, illustrating the limita-
tions of the present empirical correction technique.
Corrected T obtained using the empirical valueHeLi

of y0.025 MeVy1 are shown in parenthesis in
Table 1–4.

Based on the results of the systems studied, it
appears that the major source of discrepancy be-
tween different isotope temperatures is the lack of
adequate corrections for secondary decay. Over the
range of projectile and target combination and inci-
dent energy investigated in the present work, the

6 Ž1,2 6,7 .The extracted temperatures from isotope ratio H, Li in
w xRef. 12 were not included because its small B value renders it

unsuitable for temperature extraction.



( )H. Xi et al.rPhysics Letters B 431 1998 8–1412

Table 4
w xApparent and corrected temperatures for the reaction of Au q Au at ErAs1000 MeV as a function of Z 14bound

Isotope ratio Z s0–10 Z s20–30 Z s40–50 Z s60–70bound bound bound bound

Ž . Ž . Ž . Ž . Ž . Ž . Ž . Ž .T MeV T MeV T MeV T MeV T MeV T MeV T MeV T MeVapp 0 app 0 app 0 app 0

6,7 3,4Ž . Ž . Ž . Ž . Ž .Li, He 8.75 8.38 7.18 6.25 6.06 5.4 5.25 5.11 4.53 4.0 3.92 3.64
2,3 3,4Ž .H, He 5.78 8.11 4.38 5.60 3.80 4.68 3.3 3.95
1,2 3,4Ž .H, He 6.67 7.13 5.25 5.53 4.40 4.60 3.75 3.89

Ž .extracted lnkrB values provide first order cor-expt
Ž .rections to the apparent temperature using Eq. 4 .

Recent studies show that temperatures extracted
from excited states such as 4 He, 5Li and 8Be are

w xsimilar over all incident energies 15 . On the other
² :hand, T increases with incident energies. OfHe

² :particular concern is the disagreement between THe
Ž4

) .and T He at high energies. Intuitively, one ex-
² : Ž4

) .pects T to behave similar to T He becauseHe

the energy difference between the excited and ground
states of 4 He is comparable to the binding energy
difference of 3He and 4 He. Moreover, both ther-
mometers suffer from the copious production of the

alpha particles from sequential decay of heavier nu-
clei.

To study the behavior of these two families of
thermometers, we use the statistical calculations of

w xRef. 8 which reproduce experimental results of Ref.
w x10 . Before sequential decay, the primary distribu-
tions were obtained by using a standard statistical
model based on the Hauser Feshbach formalism of

w xevaporation from a heavy residue 8 . Fig. 2 shows
the results of the calculations if the excited daughter
nuclei decay from only the discrete unbound states

w x Ž .tabulated in Ref. 19 left panel or from both
Ž .discrete and continuum states right panel . These

Ž . Ž .Fig. 1. Raw left panel and corrected right panel temperatures for three isotope yield ratios as a function of excitation energies for the
w x Ž .system Ar q Ni at 95A MeV 12 see footnote 6 .
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² : Ž . Ž4 ) . Ž .Fig. 2. T solid line and T He dashed line obtainedHe

from statistical decay calculations. The sequential decays include
Ž .only discrete states left panel and discrete states as well as

Ž .continuum states right panel .

calculations were performed from T s2–11 MeVem

in 1 MeV steps. At each emission temperature, ten
apparent temperatures were extracted from the pre-
dicted ground state yields using the same isotope
pairs listed in Table 1. Values of T were then0

Ž . Ž .extracted using the lnkrB values and Eq. 4 .expt

For each value of T , the average value of T isem 0
² :denoted as T , shown as solid lines in Fig. 2.He

Ž4
) .T He are also evaluated from the same calcula-

Ž .tions using Eq. 1 and plotted as dashed lines in Fig.
² :2. Since T is normalized to 4.4 MeV via the useHe

Ž . Ž4
) .of lnkrB values listed in Table 1, T He isexpt

also normalized at the same temperature using simi-
Ž . Ž .lar procedure described by Eqs. 3 and 4 .

w xConsistent with previous studies 7,8,12,20 , the
apparent isotope temperatures increase monotoni-
cally with the input temperature when continuum
states were not included in the secondary decay.

² :With inclusion of continuum states, T attains anHe

asymptotic value of about 6 MeV when the emission
temperature is larger than 7 MeV. Details of this
saturation depend on the detailed assumptions on the
population of continuum states and input parameters

Ž .to the calculations. In both calculations, lnkrB expt

allow a reduction of fluctuations of different ther-
mometers and provide a first order correction to the
sequential decay. However, above 5 MeV, the pre-

² :cise temperature dependence of T can be ob-He

tained only from reliable sequential decay calcula-

tions. When continuum states were included in the
decay, the insensitivity of the yield ratios to Tem

precludes any determination of the temperature de-
pendence of lnkrB above 6 MeV.

Independent of whether continuum states were
included in the calculations or not, the sequential
decay calculations predict nearly identical trends for
² : Ž4

) .T and T He . Therefore, the significant dif-He
² : Ž4

) .ferences observed between T and T He atHe
w xhigh incident energies 15 cannot be attributed to

sequential feeding but must be due to the primary
productions of particles. Primary production mecha-
nisms which can lead to differences in extracted

² : Ž4
) .values of T and T He can, for example, ariseHe

w xfrom excluded volume effects 20 or alternatively,
from a sequential rather than instantaneous freeze-out

Ž .scenario in which different particles or states freeze
w xout at different densities or temperatures 21–23 .

In summary, for the isotope ratios involving
Ž3 4 .He, He pairs, empirical correction factors that
remove the fluctuations in the apparent temperatures
measured in the Au q Au system, provide an easy
baseline correction for other systems suitable for
temperatures of the order of 4.5 MeV. The apparent
temperatures extracted from the isotope ratios in-

Ž3 4 .volving He, He and the ratio of the ground state
to the excited state of 4 He should be affected by
sequential decays in the same manner. Any signifi-
cant discrepancy between these two thermometers
w x15 must be attributed to the primary production of
3He andror 4 He. Further investigations will have to
clarify whether other factors such as excluded vol-
ume effects or sequential freeze-out scenarios can
provide an internally consistent description of the
measured temperatures from different thermometers.
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