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Influence of IMF Internal
Excitation on the Extraction of
the Isotope Nuclear Temperature
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The single-particle level densities, calculated under the local density approximation and
based on the Fermi gas model, are used to obtain the partition functions. The results
show that the internal excitation of the intermediate mass fragments (IMF) decayed from
a hot nucleus have strong effect upon the extraction of the isotope nuclear temperature.
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1. INTRODUCTION

With the further development of the research on intermediate energy heavy ion reactions, the
study on the multifragmentation [1-3] related to the characteristics of hot nuclei [1,2], the equation of
state of nuclear matter, and the compressibility, thermalization, and decay of nuclear matter [3-5] have
captured worldwide interest. The statistical model method has been used in the study on the nuclear
collective characters [6-8]. The temperature is one of the important parameters in different statistical
model treatments. Moreover, some pioneering research works, e.g., the study of the nuclear liquid-gas
phase transition, are also closely related to the measurement of nuclear temperature [9-11].

For a long time, there were different opinions about the nuclear temperature and the principle
and method of its measurement. There are still mainly two questions: (1) Is an equilibrium or partial
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equilibrium reached in the nuclear reaction? This question is important because only in the case of
equilibrium is the term of "temperature" meaningful. (2) The emitted particles and fragments,
measured in the nuclear reactions, are the successive decay products of the primary reaction products.
They can be emitted at different stages of the compression and expansion of the nuclear matter. The
temperature could be different at different stages of nuclear reaction process. Generally, the
temperature of the system refers to the temperature when the particles are emitted after the
thermalization of the system. How can the information be obtained at the stage of freeze-out from the
measured value? One still has to do some additional work [9-11]. These two problems are closely
connected with the dynamic process of the nuclear reaction. According to the thermodynamic and
statistical definition of the temperature, nuclear temperature should be: 1/7(E) = d[InQ(E)]/0E. In fact,
one cannot get the exact number of states Q(E) for a nuclear system. Therefore, it is impossible to
obtain an exact temperature. One can only find an approximate method to extract the nuclear
temperature from some physical observable directly measured in the reaction process.

In recent years one of the methods widely used to extract the nuclear temperature is to measure
the correlation function of the light-charged particles emitted in the nuclear reaction, and from the
relative population of uns particles to extract the population nuclear temperature [12-14]. For two
well-separated and isolated energy levels with spin §; and decay channel branch ratio I';, geometrical
efficiency of the detector ¢, when the resonance is assumed to be sharp enough, the relative yield is:
R = g(5, + DIY/[g(S, + DI'\Jexp[—(E, — E,)/T]. Using the light-charged particle correlation
measurement method, the relative population between the excited state and ground state or between
two excited states of the light nuclei such as “He, °Li, °Li, "Li, and ®Be can be determined quite well.
It is assumed in the statistical model that the relative population of the intrinsic excitation of the first
emitted IMF should be the same as that of the primary emitter. In the process of successive emissions
the temperature of the emitter, the kinetic energy of the emitted particles, and the excitation energy
are getting lower and lower. The excitation energy and kinetic energy should be correlated. However,
recently, F. Dedk et al. [15,16] found from the coincident measurement that the differential relative
population of IMF is nearly independent of its kinetic energy and has no strong dependence on the
emission angle, and that most of the fragments are from the same emitter. It seems that the temperature
does not change much during the particle emission process in the nuclear reaction. The nuclear
temperature measured by the relative population method does reflect the situation of the nuclear
reaction system at the freeze-out stage.

2, ISOTOPIC NUCLEAR TEMPERATURE

A new method for measuring the isotopic nuclear temperature was suggested by S. Albergo et
al. in 1985 [17]. The physical basis of the method is relatively simple. The thermal and chemical
equilibrium of the nuclear system is reached at a definite temperature, assuming that there is no
interaction among single particles and composite particles. From the semi-classical method the density
distribution of a particle with a charge number Z and mass number A4 is:

P4, Z) =

21tm AT)?'? Zu, + (A~ Z)p, + 4
S—-m“h—s)——w(A,z, T)exp[ aAs ;" 2 )], M

where w(4,Z,7) is the internal partition function of the composite particle, p, and g, are the chemical
potentials of protons and neutrons, respectively, and B(Z,4) is the binding energy. Neglecting the
influence of successive decay, the isotope yield ratio can be written as a function of nuclear
temperature:
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Table 1
Parameters a, b, and ¢ for several selected pairs of isotopes.
Y4, Z)/Y(4,, Z) Y43, Z)I YA Z) a b ¢
SLi/Li 2.18 —-13.33 1.419 x 1072
*He/‘He ? LifLi 1.98 -18.54 2.066 % 1072
*Be/'’Be 0.38 -13.77 1.854 x 1072
Li/Li 0.91 -5.22 6.467 x 107
SLi/Li Be/%Be 0.17 —-0.44 4.343 x 103
19/1B 0.39 4.21 —~1.523 x 10
*Be/""Be 0.19 4.78 -2.124 x 1073
LiALi 1og/1B 0.43 9.42 -17.990 x 10-?
B/28 0.56 1.34 —3.533 x 103

Y4, Z)/ X4, Z)
" M4, Z)/ X4, Z)

© A4, Z, DX4, Z, ) [Adp,+b @
=“w<Az,4Dw<A3,%,D°"p[ T ]

where @ = (4 4/d:4)"% b = B(A,.Z) + BAyZ) — B(A»Z) — B3, Z); M =A; + Ay — 4, —
A4;. When the composite particle is supposed to be at the ground state of internal excitation and
AA = 0, the nuclear temperature 7, can be found as .

R=aexp(b/T), 3)

The parameters a and b for different selected isotopes are listed in Table 1. The uncertainty of the
nuclear temperature 7 resulting from the uncertainty of the isotope ratio R is given as follows [18]:

AT,/ T,= - T,AR/ (bR). @)

Many researches show the IMFs emitted in nuclear reactions are excited, so the contribution of the
internal partition function should be taken into account. When identifying the protons and neutrons
according to grand canonical distribution, the partition function can be written as follows:

logw(4, Z, T) =a, N+ a,Z- BE

Ak + D)L, {g (e, 1 B) + 85°(a, | B)}

S )
2 o ki

where g, and g, are single-particle energy level densities of neutrons and protons, 8 = 1/7T, &,/ and
/@ are their chemical potentials, respectively, and I, = { In(1 + e ™)x"dx. If the Fermi energy of
0

isotopes is assumed to be the same, the extracted nuclear temperature is written as 7, and then

0y Z, o, 2, T)
©(4, Z, T)o(4, 2, T)

=expl ~ B(E" — E’ —E+E')+bp)

= exp{ — B,(E, — E,- E + E)}
(6)
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where the three quantities 8, = 1/T,, excitation energy E’, and temperature T, are related by
E* = K(Tz)Tzz. Since the energy level density parameter K(7,) is proportional to the mass number 4
of the nucleus [19], then we have:

R = aexp(2b / T). M

If the nuclear temperature is not too high, the derivatives of single-particle energy level densities
can be neglected in Eq.(5), so only the contribution from k& = 0 is considered and one obtains

T=[1-v1-8cT?/b1b/QT0), ®)

where T, is the temperature obtained by using Eq.(3). The parameter c is given by:

¢ = (@ /3 {glu4,, Z)+glu4, Z)]
+ g4, Z)1+ g w4, Z)1 - glu4, Z)]

9
— g {4, Z)] - glu4,, Z)) - glu4, Z). )

The influence of the internal excitation partition function of IMF on the measurement of nuclear

temperature is studied under the simplest zero-order approximation using two methods. Under the

assumption of the Fermi gas model the single-particle energy level densities are g, = 3Zg'?/ sf,/fz,

g, = 3Ne'?/€)?, and the Fermi energies of protons and neutrons are &, = (2Z/4)*%; and &, =
(2N/A)*;, respectively, with &, = 38 MeV. The obtained values of parameter ¢ are givenin 1. From
the positive or negative sign of parameters ¢, one can see that after considering the zero-order
correction of single-particle energy level density the measured temperature transits from the case of
Eq.(7) to that of Eq.(3). The values obtained from Eq.(7) and Eq.(3) are the higher and lower limits
of nuclear temperature extracted from isotope yield ratio, and the real nuclear temperature is between
the two limits obtained from Eq.(7) and Eq.(3).

Using the local density approximation (LDA) at the Fermi energy the single-particle energy level
density of protons and neutrons is

1
Grn) (2m L

Eun(&) = 57| FE PO

(10)

The proton and neutron numbers are n = Z/A and n = N/A, the density distribution of the
nuclear matter is selected to be of the Fermi type [20]: p(r) = po/{1 + exp[(r — Ry)/a,]}, where the
nuclear radius is R = (0.978 + 0.02064)4'>; the diffusion parameter a, = 0.54 fm; p, =
3A4/{47R[1 + (ayn/r)?]}. For the isotope ratio [*He/*He]/[°Li/'Li] the obtained parameter ¢ = 0.2167.
One can see from Fig. 1(a) that the internal excitation energy has strong influence on the measurement
of isotope nuclear temperature. The physical reason of the approximate results 7 = 1.27; [18] may
be the influence of the internal partition function of IMF. From a comparison between the results of
the zero-order partition function approximation calculation and the analytical solution of the Fermi
model one can find the most important contribution already included in zero-order approximation.

3. RESULTS AND DISCUSSION

From the calculation it may be found that the internal excitation strongly influences the isotope
nuclear temperature of IMF emitted in the decay process of a hot nucleus. When the influence of the
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Fig. 1
The relation between nuclear temperature, calculated by

using different methods, and isotope nuclear temperature .
(a) Simulation calculation results from QSM (O for py/p = 0.1, © for
po/p = 0.5), GEMINI ([J), LDA (4), and the Fermi gas model (@)
(k = 0); (b) results from the LDA approximation (A) and zero-order
approximation on the basis of the Fermi model (O) corrected by the
effect of internal partition functions to the isotope nuclear temperature
and the analytical solution of the Fermi model (@).

internal partition function of IMF is neglected, under the assumption of equal Fermi energy of isotopes
of IMF, the temperature extracted using Eq.(3) and the temperature extracted using Eq.(7) are the
lower and higher limits. If the temperature is not too high, the zero-order approximation in partition
function expansion is already good enough to describe its effect.

Incomparison with other nuclear temperature extraction methods, the isotope nuclear temperature
method is relatively simple and easier to do. However, a better isotope identification capability is
required in the experiment. If the isotope identification is not good enough the yield of one isotope may
decrease and instead the yields of neighboring isotopes may increase when calculating the isotope
yields. This leads to a larger deviation in the ratio of isotope yields. In the case of phase transition,
it is not clear whether the relation between excitation energy and nuclear temperature E* = K(T)T* is
still valid, and the validity of the isotope nuclear temperature measurement method still needs to be
studied further.
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