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Abstract
Influence of sequential decay on nuclear temperature measurements is studied. Particular
attention is paid to the contribution of higher energy resonances and to the role of the
primary charge distribution. Results of calculations show that temperatures extracted
from the measured double isotope ratios are strongly affected at temperatures bayond six
MeV. The fluctuations between different isotope thermometers observed in the )

experiment seem mainly due to structure effects in the secondary decay process.




INTRODUCTION

In intermediate energy heavy ion collisions, nuclear fragments are emitted from
highly excited systems. Production of these particles appears to be dominated by their
phase space, and can be described by statistical physics. Thus, temperature, a basic
quantity in statistical physics, can be addressed experimentally. Two methods have been
most commonly used to measure nuclear temperatures, both of which assume thermal and
chemical equilibrium at a single freeze-out condition. One method is to measure the
yields of particle unstable states [1-8]. Another method is based on the double ratio of

two isotope pairs [9-13].

Nuclear temperature has been studied extensively in the last decade. Most work
has focused on the measurement of excited states yields [1-8], where temperature is
deduced from the yields of two states in one isotope
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Here @’ = (2J2 + 1)/(2J1 + 1), E; is the excitation energy, Y; is the measured yield,and J;
is the spin factor of the state i. Experimental results show that temperature extracted from

Eq. (1) increases slowly from 3 MeV to 6 MeV over a large range of incident energy[7].

Recently, nuclear temperatures also have been studied using double isotope yield
ratios [10]. Yields of two pairs of isotope, each with one neutron difference, are measured

and temperature is defined as

T= B
In(a(Y,/ )/ (3/1y))

(2)

where Y3, Y2 are the yields of one isotope pair and Y3, Y, is another isotope pair; B is the
binding energy difference, B=BE -BE-(BE;-BE,). Here, the statistical weighting factor

a is defined as

(283411 (254 +1) .[A:; / A4]‘5 3)

=28 A D125, +D) A/ Ay

where S; is the ground state spin factor and A, is the mass number of the isotope i. The




mass factors arise from the integration over phase space volume.

For Au + Au collisions at E/A=600 MeV [10], the deduced temperature,
Treri=13.32/n(2.18Rg,y;) from the double ratio of Reer=(Y(‘LiVY('Li)/
( Y(’He)/Y(‘He)) remains relatively constant as a function of deduced excitation energy
for 2.5 MeV<E /A<10 MeV, but increases rapidly at E */A210 MeV [10]. This trend
resembles a first order liquid gas phase transition. This observation is different from the
slow increase of temperature with incident energy as observed in inclusive experiments
that measured excited state population. Recently, temperatures have been measured both
from excited states population and double isotope ratios for Au + Au central collision
from E/A=50 to 200 MeV. Apparent temperatures deduced from excited state populations
are independent of incident energy. In the same experiments, apparent temperatures from
double isotope ratios constructed with Y("He)/Y(‘He) ratios increase more rapidly with
beam energy [11]. At the lowest beam energy, the two thermométers are close to each

other.

Temperatures from ten isotope ratios all involving YCHe)/Y(*He) yield ratms have
been obtained for 35 A.MeV Au + Au central collisions [12]. The apparent temperatures
depend on the specific pairs. This variation among different isotope thermometers is also
observed in Ar +Ni at 95 A.MeV for a wide range of excitation energy [13]. Because the
primary fragments produced in the reaction at freeze-out stage are normally highly
excited, they will undergo secondary decays. Thus, the measured yields used to construct
the apparent temperature are different from distributions of the ground state populations
at the freeze-out stage. This sequential decay effect may account for the observed

difference between different thermometers.

In an a&empt to include the secondary decay effect, temperatures deduced from
Ry.u were multiplied by 1.2 in ref [10]. This scaling factor was obtained from the
Quantum Statistical Model (QSM) [14] by comparing temperatures deduced from Rg,L:
to the model temperature. It, however, depends on the model parameters [15, 16).
Furthermore, in this model, only fragments in known bound states and resonances are

taken into account. It neglects contributions from higher resonances that are important




especially when the fragments are highly excited.

In this work, we study the influence of secondary decay on nuclear temperature
derived from excited states population and double isotope ratios using a model which is
described in section II. In Section III, we discuss effects of the experimental constraints
imposed on the model. In Section IV, the fluctuations among different isotope

temperatures will be discussed. Finally, a summary will be given in Section V.

II. Sequential Decay Model

Highly excited nuclear systems formed in heavy ion reactions will de-excite by
emitting nuclear fragments. In general, these emitted fragments are themselves excited
and will themselves de-excite by emitting particles and gamma rays to the final ground
states. To address questions relating to the temperature of the nuclear system, we describe
the two stages of emission with the model first developed in ref [3,5]. In the first stage,
the excited system emits fragments according to standard statistical models; possible
candidates for the emission mechanism range from the evaporation from a heavy residue
to the complete vaporization of the system. In the present paper, the simple modg.l of
evaporation from a heavy residue is used. In the second stage, the excited fragm'e‘nts

produced in the first stage decay to the ground states.
a.) Initial fragment populations

Assuming evaporation from a residue of mass number A, and charge number Z,. we

approximate the initial population of a given excited state by the expression

P(N; Z, Ej J; Jtp in,Tem) =
CQJ;+1)- (N + Z,-)lj exp(-—7¥"—+—Q—';—) exp(— E; yexp(—
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The excited state is characterized by, excitation energy E,-‘ , spin J;, neutron number
N;, and charge number Z; while V; is the Coulomb barrier, -Q; is the separation energy for
emission of this nuclear state from the residue. T,, is the emission temperature or the
temperature at freeze-out. The “chemical potentials” x and 4, are treated as free

parameters to reproduce both the experimental (final) charge distributions, and the




charge-to-mass ratios of the emitted charged particles up to Z=13 as will be discussed in

Section . The suppression factor, P(ty/t;) will be discussed in the next subsection.
b.) Decay of excited fragments

Each decay from the initial excited fragment is calculated using tabulated branching
ratios when available {3-6], or by using the Hauser-Feshbach formalism [17], when such
information is unavailable. The model includes all experimentally known discrete bound
states and resonant states for nuclei with charge less than or equal to 13. Unknown spins
and parities of tabulated resonant states were randomly assigned in these calculations [3-
6] and then changed in subsequent calculations to assess the corresponding uncertainties.
In general, the uncertainties in isotope ratio calculation, due to the uncertainties in the
unknown spins and parities are of the order of 5%. '

When the excitation energy is high, the calculations must consider decays from
short-lived unidentified states with no barrier to particle emission. These states are
included in the model by using the Fermi-gas level density formula in ref. [18]. In this
article, the contributions from these states will be referred to as the “continuum?‘. These
continuum states are matched to the known discrete states for any given isotope as
described in ref [3-6].

For the very short-lived states, it is likely that the states will decay before the
excited fragments are fully separated from each other. The solid line in the top panel of
Fig. 1 shows the relationship between the lifetime, #;, and excitation energy for Ne using
the Weisskopf model [19]

ti=h/L (5)
where A =h/27;and h is the Planck’s constant and the decay width I was calculated as in
ref [20],

I z_rze‘Vi’Tzf,-(n. (6)

The summation is over particles types, n, p,d,t,’He,'He . F, is the temperature dependent

free energy and V;is the emission barrier of particle i. T is the temperature calculated




from excitation energy using Fermi gas formula.

T=§/E‘(8/A).

The prediction is nearly identical to the calculations (dashed line) from the Feshbach
formula [17], where the branching ratios were taken from tabulated tables [21]. As shown
in Figure 1, the lifetime decreases dramatically with excitation energy. Above E*/A=5
MeV, the lifetime is less than 50 fm/c.

To take this pre-breakup effect into account, a suppression factor, P(ty/t;) = exp(-
ty/t) is included in Eq. (1). In the present work, we chose the parameter, ¢, to be 100
fm/c, a typical breakup time fqr multifragmentation process{22]. To illustrate the effect of
the lifetime suppression factor, the level density, was plotted in the middle panel of Fig. 1
as a function of the excitation energy of 2Ne. The dashed line is the level density
calculated from the Fermi gas model [18] and the solid line is the effective level density,
(E*)exp(-t/t). The Fermi gas level density increases rapidly with excitation energy
while the effective level density increases much slower es.pecially at high excitation
energy. The slower increase of the level density agrees with the trend from the shell
model calculations of Mustafa which only take stable and metastable states intoy
consideration [23].

The bottom panel of Fig. 1 shows the relative yields of 2Ne excited states as a
function of excitation energy assuming Ten=8 MeV. With no level density suppression
(dashed lines), the yield increases and flattens out beyond E*/A=5 MeV. According to
this scenario, contributions from continuum states as high as E*/A=8 MeV are still
significant. On the other hand, when the suppression factors exp(-t,/t) are included (solid
lines), the yield peaks at around E*/A=4 MeV and decreases drastically at higher
excitation cnefgy due to short life-time.

To extend continuum states to infinity is impractical. In practice, a cut on the
continuum states is made. Figure 2 shows the calculated double yield ratios Rg.L; at
T..=7 MeV (closed circles) and Tem =10 MeV (open circles) as a function of E/A, the
energy beyond which the continuum states are not included in the calculations. Above

E../A =5 MeV, the calculated ratio approaches the asymptotic value within the model




uncertainty for both emission temperatures. Thus Ec/A =5 MeV is chosen as the cut-off
energy for continuum states in the present calculations, consistent with the observation

shown in the bottom panel of Fig. 1.

Sequential feeding often lowers the apparent temperature. Inclusion of continuum
states amplifies this effect. For illustration, we perform sequential calculations for the
system Au+Au. The experimental charge distribution of Z>* at excitation energy of 13.2
A.MeV [23] was used to constraint the calculation as described in Section III. Figure 3
shows the apparent isotope temperature Tz as a function of the input (emission)
temperature. Sequential decay calculations including only known bound states and
resonances are shown by the dotdashed line. There is a monotonic dependence between
Ty.u and T.w even though the sensitivity to Ty, decreases with increasing temperature.
For reference, the dotted line represents calculations with no secondary decay. Without
the influence of secondary decay, the calculated isotope temperature is nearly the same as
the input temperature. However, when continuum states are included, the calculation
flattens out at T.x >7 MeV as shown by the solid line. Inclusion of sequential decay
contributions from the continuum enhances decays to low-lying states and rendegs Taens

insensitive to the emission temperature at high excitation energy [24,25].
I11. Experimental Constraints

In the present calculations, 4, and 4,, in Eq. (1) are not given the values assigned
to them as “chemical potentials”[26-28] or “free excitation energies{20] within specific
statistical model. Instead, they are determined from two experimental constraints: the
charge-to-mass ratio of the parent nucleus is required to be the same as the charge-to-
mass ratio of the emitted charged particles (up to Z=13) from the calculations, and the

final charge distributions reproduce the experimental charge distributions.
a. Effects of charge-to-mass ratio of the emitted particles

If the measured yields were not affected by secondary decay in the thermal model,
temperatures from the double isotope ratios obtained from Eq. (4) should be independent

of the neutron to proton numbers of the parent nucleus. Since the measured isotope yields




are not the same as the primary distribution, this is not necessarily true. If the system
breaks up completely into fragments with no residue left, the sum of all the charge of the
charged particles divided by the sum of all the neutrons, free and bound, should be equal
to the (N/Z)¢ of the compound nucleus due to conservation of particle number.
.7
(N12)c = %%AT ™
where m, is the multiplicity of a given isotope and Z, and N are the charge number and
neutron number of the emitted particle, respectively. For the Au + Au system, the
nominal value of (NV/Z)c is 1.49. In the bottom panel of Fig. 4, the double ratio
temperature from the Li and He isotopes, Twy.u (dashed line) and temperature from the Li
excited states and ground states, T(sLi), (solid line) are plotted as a function of (N/Z)c. In
all the calculations, T.m is set to 4 MeV and the parameters 4, and 4, in Eq. (4) are also
adjusted to reproduce the charge distribution, Z*°.
Over the range from (N/Z)c =1.3 to 2.0, Tgeu changes by more than 10% but

T(°Li) remains constant since temperature deduced from excited states involves only one
isotope and is not dependent on (N/Z)c. However, Tg.u changes by less than 5"/’6 over the
more reasonable values of (N/Z)¢ from 1.4 to 1.7. Thus, experimentally, one does not
expect to see much variation in the apparent temperature due to isospin effects. On the
other hand, changes in (N/Z)c should affect the single isotope ratio much more. The
single isotope yield ratio Y(*Li¥/ Y('Li) (dashed line), Y(’Be)/Y(’Be) (solid line) and
Y(CHe)/ Y(*He) (dot-dashed line) are plotted in the top panel of Fig. 4. The single ratios
change by about 50% from N/Z=1.3 to 1 7. Such observation that the single ratios change
while the double ratios remain stable has been confirmed recently by studying the singles
and double hydrogen and helium isotope ratios of '**Sn+'**Sn and 11260 +!128n reactions
at E/A=40 MeV [28].
b. Effects of Charge Distributions

For most heavy ion reactions, the experimental charge distribution can be
parameterized by the power law P( Z) =< Z ", The effects of sequential decays depend on

the primary charge distributions, with steep distributions yielding fewer particles from




sequential decays than flat distributions. Before comparing any model predictions to
experimental results, it is important that the final charge distributions from the
calculations reproduce the experimental distributions. This can be accomplished by
adjusting the chemical potential parameters, 4, and g, in Eq. (4). To examine the
sensitivity of the isotope temperature, TgeL: t0 the charge distribution parameters, T, Taeus
is plotted in Fig. 5 as a function of the emission temperature, T, for values of (4 and 14,
which provide 7=2.0, 2.5 and 3.0. Below T, < 5 MeV, Tg.yu is relatively insensitive to 7.
In contrast, Txew is very sensitive to 7at high emission temperatures. In this region, small
uncertainties in 7result in large uncertainties in the extracted isotope temperature. Thus,

the experimental uncertainties in 7 often preclude the determination of meaningful

temperature at high excitation energy [24].

V1. Fluctuations of isotope temperatures

Following Equation (2), the isotope temperature can be determined from the yield
of ratios of two pairs of isotopes. Within each pair, the two isotopes differ from each
other by one neutron number. If there were no influence from the secondary decay, any
combination of isotope pairs, i.e. thermometers, fulfilling this condition should yield
the same temperature. However, recent studies of more than 1300 thermometers
reveal that the apparent temperatures are highly dependent on the particular
isotopes used [30]. In general, fluctuations arising from different thermometers
are largest for those with small values of binding-energy parameter, B in Eq. (2).

Thermometers with large B fluctuate less but require one pair of the
isotopes used in Eq. (2) to include one strongly bound stable nucleus and one
neutron defieit nucleus, so the pair has a large binding energy difference. Since
alpha particles are strongly bound, the isotope pair, CHe, ‘He), provides many
isotope thermometers with B>10 MeV which have been studied extensively in
the literature[9-16]. The ("'C, “C) isotope pair also has a large binding energy difference
arising from the strongly bound '*C and the neutron deficit 1C nuclei. Thus, one can
form many double isotope yield ratios using (*C, 2C) isotopes[30]. Due to low cross-

section and the difficulty in isotope separation, the thermometers involving




heavier isotope ratios such as (*C, “C) have been less studied experimentally
[30,31].

The bottom panel of Figure 6 shows the calculated isotope temperatures of Eq. (2)
using isotope ratios listed in Table I, according to increasing B for T.s=4.4 MeV. Before
sequential decays, the calculated temperatures from primary ground state yields (Eq. 4)
are independent of specific isotope ratios used, at Tem as shown by the dotted linés. After
sequential feedings, the calculated apparent temperatures fluctuate (open points).

The calculated values in Fig. 6 are mostly below 4.4 MeV. The exception is the
one involving (Be, “Be) ratio whose apparent temperature is above 7 MeV. To show the
fluctuations more clearly, dashed lines are drawn to guide the eye. The trends of the
fluctuations (high and low values) are similar to those observed experimentally in the
central Au + Au collisions at E/A=35 MeV[12].

To study the effects of different contributions from sequential decays to the
fluctuations, calculations were performed by including different classes of excited states.
The solid lines in the top panels of Figures 6 represent apparent temperatures predicted by
calculations where only observed discrete bound states [21] are included in the q.cquential
decay calculations. For the He thermometers, when known particle unbound resgnances,
[21] are included, the fluctuations change slightly (dotdashed lines). Finally, when
contributions from the higher states in the continuum as described in Section II, are
included, there are slightly more changes (dashed lines).

Similar studies have been performed for the thermometers involving *'C,"C) as
shown in Fig. 7. Compared to He thermometers, the effects of including more
states are much larger. For example, most of the ("C, “C) thermometers
calculated fram sequential decays including bound states only (solid line, upper
panel) are a few MeV’s higher than the temperatures including more states. The
effect of inclusion of known particle unbound resonances (dotdashed lines) and states
in the continuum (dashed lines) lower the temperature to around 3 MeV, much below
the input temperature of 4.4 MeV. (In many experimental measurements, the

("C, C) thermometers provide apparent temperatures around 4 MeV, somewhat
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higher than these illustrative results.)

It is not clear why the current model fails to predict the carbon temperatures. One
problem is the inability of the current calculations to predict the carbon isotope
distributions(4,5]. The calculated distributions are much narrower than the experimental
ones. In addition, the model tends to over-predict the number of particles decaying to the
ground state of the stable and neutron rich nuclei such as '?C, *C and severely under-
predicts the yield of neutron deficit nuclei such as ''C. More work is clearly needed to
understand the effect of sequential decays on the temperatures extracted from these heavy
isotopes.

Recently, empirical sequential decay corrections have been used to relate the
apparent temperatures to the freeze-out temperatures, T,

T, B :

1
T
where the measured ratio R (after sequential decay) is assumed to be proportional to the
ratio obtained from the primary ground state yields, R,

R=xR, 9 “
The values of In &/B have been determined experimentally for some isotope ratids by
assuming T, to be the temperatures determined from excited states [12,30,33]. These
correction factors obtained at temperature around 4 MeV are found to reduce the
fluctuations in the apparent temperatures in general. To the first order, the experimentally
observed In KB values obtained at temperature around 4 MeV, are found to be
independent of the reactions and excitation energies.

To investigate the properties of these correction factors, we applied the empirical
determined InX/B values listed in Table I and II to the calculated temperatures shown in
the bottom panels of Figures 6 and 7. Due to the large number of low-lying states in 1°ge,
any isotope ratios including °Be/'°Be yield ratios exhibit large apparent temperatures. By
applying Eq. (8), this temperature normally decreases to values comparable to other
isotope ratios. In the case of (3He, “He) thermometers, the empirical correction factors of

In /B listed in Ref. [30,33] account for most of the fluctuations and bring the corrected

temperatures (solid circles) in agreement with the input temperature (dotted line).
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However, for (“C, “C) thermometers, except for the ratios involving Be/'Be, the
sequential decay correction factors affect the raw temperatures little and the corrected
temperature cluster around 3 MeV instead of 4.4 MeV, the input temperature of the
calculations. Without additional information, such as calibrations from other
thermometers, it is not clear the mean corrected isotope temperatures obtained from Eq.

(8) using the In x/B values of Table I and I give the freeze-out temperatures.

V.SUMMARY

In summary, sequential decay calculations that include bound states, known
resonant states and continuum states were studied. Unlike other statistical models where
temperature and density were the model input parameter, we performed the calculation
for a particular set of experimental data by changing emission temperature and require
that the charge distribution be reproduced by calculation. Our calculation indicates that
due to strong feeding effect, especially from continuum states, nuclear temperature
measurement from double isotope ratio at temperature beyond 6 MeV are strongly
affected by secondary decays. The fluctuations between different isotope thermometers
observed in the experiment are mainly due to structure effects in the secondary cie?:ay

process.
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Figures Captions: by

Fig. 1: Lifetime (top panel), level density (middle panel) and yield (bottom
panel) as a function of the excited energies of “Ne. In the middle and bottom
panels, the solid lines represent level density and yield after the suppression
factor exp(-t,/t) is included.

Fig. 2 : Effect of the cut-off energy to the double isotope ratio R, for two
calculations, T_.=7 MeV (closed points) and 10 MeV (open points).

Fig. 3 : Calculated T, as a function of ihput temperatures T, by including
different excited states.

Fig. 4 :Apparent temperatures (bottom panel) and single isotope ratios (top
panel) plotted as a function of (N /Z). used in the sequential decay calculations.

Fig. 5: Calculated T, as a function of input temperatures T,, for different charge
distribution parameters 7.
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Fig. 6 : Calculated T, as a function of binding energy difference, B (bottom
panel) for isotope ratios involving "He, ‘He listed in Table L. Top panels shows
three calculations with different types of excited states included.

Fig. 7 : Calculated T, as a function of binding energy difference, B (bottom
panel) for isotope ratios involving (“C, “C) listed in Table II.

Table I: List of isotope thermometers involving ('He, ‘He) isotope pair with B>10
MeV using the empirical correction factors In &/B obtained in Ref. [33].

Isotope Ratio | a B (In X'B) expe
MeV) | MeV'h

¢7Li, *He) |2.18 |13.32 |-0.0051

CTBe, “He) | 0.38 | 13.76 |-0.084

FH, *He) |1.59 | 1429 |0.0097

(12‘13B,3'4He) 1.95 | 15.69 |0.0601

L1, "*He) [1.24 [16.51 |0.0423

("B, **He) | 1.11 | 17.20 |0.0215

("?H,*He) |5.60 | 18.4 |0.0496

(Li,*He) | 198 |18.54 |0.0265 o

Table II: List of isotope thermometers involving ('C, “C) isotope pair with B>10 MeV
using the empirical correction factors In x/B obtained in Ref. [30].

Isotope Ratio a B <In(x)/B>
(MCV) (MCV- 1 )

TR 1.96 | 10.54 0.021

U TS 590 | 11.47 |-0.039

STge, T2 | 1.03 | 1191 |-0.098

REFSTIRETS 792 | 13.77 | 0.0015

LALEWIRESS 528 |13.84 | 0.065

TIg, T2 3.00 | 15.35 0.010

BILytttac 335 | 15.78 | -0.006

TIL/ e 536 | 16.69 0.033
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