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Secondary decays and the helium lithium isotope thermometer
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Detailed sequential decay calculations that include both discrete states and unbound states in the continuum
have been performed. Particular attention is paid to the lifetime of continuum states contributing to the process
and to the role of the primary charge distribution. Comparisons to the recent data indicate temperatures greater
than 7 MeV are model dependent and cannot be determined reliably. Furthermore, correct temperatures must
be obtained from isotope vyields via careful comparison with sequential decay calculations.
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PACS numbds): 25.70.Pq, 24.10.Pa

Recently analyses of isotopic yields for multifragment de-ized are neglected therein. To achieve an accurate descrip-
cays of Aut-Au collisions atE/A=600 MeV yield tempera- tion of secondary decay effedts2—14], these states must be
tures that remain relatively constant as a function of deducedounted in accordance with empirical level density informa-
excitation energy for 2.5 Me¥ E*/A<10 MeV but in- tion [11]. Decays from continuum states have been included
crease rapidly aE*/A=10 MeV [1]. The similarity of these in calculations that successfully describe the measured iso-
observations to the predictions of microcanonical modeld¢ope ratios and excited state populations for central
[2,3] for nuclear multifragmentation have stimulated investi- *®Ar+197Au collisions at 3% MeV [4]. Here we reanalyze
gations[4—9] aimed at addressing whether such observablethe “caloric curve” data of Ref[1] using an approach simi-
provide significantly new information about the liquid gas lar to that in Ref.[4,12,13 in order to address the role of

phase transition of nuclear matter. secondary decay from both discrete states and unbound
The evidence of the rapid increase in the temperature attates.
E*/A=10 MeV reported in Ref[1] relies primarily upon To address questions relating to the emission temperature,
the extraction of temperature from the expresgib3] we allow the emission of nuclei with<€Z<20 in their
ground states or in any of their excited states. The spectrum
13.32 of allowed excited states includes both the known and tabu-
Theti=C IN(2.18RpeL) 1) lated[15] excited states as well as an empirically based ex-

trapolation of the level density into the continuum as de-
where Ryei=1{Y(CLi)/ Y("Li) M{Y(®He)/Y(*He)}, Y(X) is  scribedin Ref[12,14. We approximate the emission by two
the yield for isotopeX, andC is a constant that assumes the Stagesi(1) a first stage where these states are initially popu-
valueC=1, in the ideal case that(X) are the ground-state lated when the fragments are emitted from the system, and
yields consistent with global thermal and chemical equilib-(2) @ second stage during which the excited fragments decay
rium. However, the observed populations of isotopes are inaccording to standard statistical theory. Understanding the
fluenced strongly by the sequential decay of heavier particléfluence of this second stage of the decay process upon the
unstable nuclei that occurs after these nuclei leave the disirsotope temperatures of Réfl] is the major focus of this

tegrating system. In Ref1], C was set to 1.2 in an attempt investigation. _
to correct for such effects. We assume that the first stage of emission can be de-

A priori, it is not clear that a constant multiplicative over- scribed by statistical decay mechanisms; possible candidates
all renormalization of Eq(1) as proposed by Refl] pro-  range from the evaporation from a heavy residue to the com-
vides a reasonable accounting for sequential decay correglete vaporization of the system. For simplicity, we approxi-
tions. Guidance for the constant renormalization factor ofmate the initial population of an excited state of an emitted
C=1.2 was obtained by Ref1] within the context of the nucleus with excitation energl , spin J;, neutron num-
quantum statistical modéQSM) [10] (and other statistical berN;, and charge numbet; with the expression
models that do not include sequential degaysore recent

QSM calculations suggest values fGrranging from 1.4 to Pi(Ni.Zi ,Ef wp.ttn, Tem)o
1.8 as the excitation energy is varied over the range Vv E*
E*/A=2.5 MeV to 15 MeV[9]. Both investigations with the (23 1 1)(N, + Zi)l.sexp( VL exp< _ _'>
QSM model, however, considered only the decays from Tem Tem Tem
tabulated discrete statdd,9,13. Other important decay 7 0N

pathways that pass through continuum states and through _ ZitpT Mitn —t b

: . xe exp( —tp/ti), (2
discrete states that have not been experimentally character- Tem
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TABLE I. List of parameterg1,23] used in sequential decay calculations.

(EolA,) 2.2 4.1 5.6 9.9 11.6 13.2 15.1
(MeV)

Zsouna [1] 75 64 55 35 25 15 5

7 [23] 3.1+0.3 2403 22-03 1.8-03 1.9-03 2503 4.5-07
Ao [1] 195 185 170 132 115 90 50
Z 80 76 70 54 47 37 21
Ryesi [1] 10-30 14-25 11-19 8.1-11 50-58 39-50 25-29
Thet (MeV) [1]  4.6+0.6  4.4-0.3 4.8:02 53-02 6502 7203 9.0:05
Cc=1.2

Tem (MeV) 3.2-46  3.4-4.2 3.7-4.5 4.6-5.4 6.0-6.7 > 6.0 >7.2
Y(3He)/Y (*He) 0.05 0.05 0.075 0.085 0.15 >0.2 >0.2
Y(BLi)/Y("Li) 0.8 0.8 0.8 0.8 0.9 1.0 1.2

whereV; is the Coulomb barrier- Q; is the separation en- [18,24,25 or “free excitation energies’19] within specific
ergy for emission of this nucleus from a residue of massstatistical models. Instead, they were adjusted to reproduce
numberA, and charge numbet,, T.n,is the emission tem- the measured charge distributions subject to the constraint
perature and expft,/t;) is a factor which suppresses the that the total charge-to-mass ratio of the emitted particles
emission of very short-lived nuclei. Values fdx, at the =~ Was consistent with the initial total charge-to-mass ratio
deduced excitation energiE,/A,) for each data point in Zy/Aq [26]. Reproduction of the measured charge distribu-
Table | were taken from Ref1] andZ, was obtained from tions is partlcule}rly important when the temperature is large
A, by requiring the projectilelike prefragment to have theand many excited states are populated since calculated

same charge to mass ratio as the projectile. The “chemicagharge pllstrlbutlons_that are 100 stelépo 5“3”0"9 will un-
T erpredict(overpredict the secondary feeding corrections.
potentials,” u, and u,, were treated as free parameters to

reproduce the experimental charge distribUtips. Indeed, for the sequential decay calculations{Bg/A)

For th dd i Fih lculati f =13.2 and 15.1 MeV, changes incomparable to the ex-
orthe secon ec_ay stage of the caicuialion, we 1ocus perimental uncertainty of 0.5, result in changes of 8—10%
on the decay of nuclei from both tabulated low-lying discrete:

. in Ryeri for temperature greater than 5 MeV.
stateg 15] and continuum states. Each decay was calculate Tneeusolid lines in Fig. 1 show the calculated double ratios

using tabulated branching ratios where avail'z{t‘h@ anq thg Ruel; as a function of the emission temperatufgs,, for
Hausgr-Feshbach formahgfﬂﬂ], when ?}JCh information IS each data point listed in Table |. The corresponding values
unavailable. Unknown spins and pal’ltles of tabulated d|Sf0r the excitation energy from Rdﬂ_] and 7 from Ref. [23]
crete states were randomly assigned in these calculationr§e |abeled in each panel of Fig. 1. The width of the calcu-

[12,13 and then changed in subsequent calculations to asated lines represents the aforementioned 5% uncertainty
sess the corresponding uncertainties. In general, the uncer-

tainties in Ry due to the uncertainties in the unknown
spins and parities are of the order of 5%.

As the excitation energy is increased into the continuum,
the calculations must consider decays of short-lived states
with no barrier to particle emission; however, it is likely that
many such short-lived states will decay before bredli#s-

20]. To take this prebreakup cooling effect into account, we

Eo/A=22MeV T Eo/As=11.6 eV
T=3.1 i T7=1,9 1

1 I T ? :
Eo/Ac=4.1MeV § Eo/Ac=13.2 MeV ]
7=2.4 T T7=2.5

include in the initial population a factor, expf,/t;). Here, o 1 T/ Y »
t;=t(E*/A) is the mean lifetime of the emitted fragment I Eo/A=5.6 MeV | Eo/Ag=15.1 MeV ]
calculated according to the Weisskopf mop#l,22 for sta- 108 7=2.2 T T=4.5 ]

tistical decayit,, is the breakup timescale chosen to be 100

fm/c for this model study. To shorten computation times, an gL T ‘ i
additional constrainE’/A,<5 MeV was imposed on the E E/A=9.9MeV I Au+Au
continuum. The influence of this constraint, discussed in 10k | /3;0600 MeV ]
greater detail below, is limited to the highest initial tempera- N~ Caleulation
tures withTg>7 MeV. g L L L L
Calculations were performed as a function of the emission Y 5 10 0 5 10
temperaturd ., to reproduce the representative experimental ‘ Tem (MeV)
data given in Table I; these data span the range of excitation
energies investigated in RdfL]. The corresponding experi- |G, 1. Dependence of the isotope yield ratios as a function of

mental charge distributions were parametrized by a powethe emission temperaturds,,, input to the sequential decay cal-
law distributionY(Z)=Z~ " in Ref.[23] with 7 values given culations. The horizontal hatched areas indicate the measured iso-
in the table. In our calculationg,, and w,, were nota priori tope yield ratios and the vertical shaded areas indicate the range of
given the values assigned to them as “chemical potentials’the extracted isotope temperatures.
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stemming from the unknown spins and parities of excitedy(3He)/Y(*He), listed in Table I. Reflecting the small dif-
states feeding the He and Li isotopes and also the uncertaintgrence between the binding energies of the two lithium iso-
due to the experimental uncertainty afin all calculations,  topes, theY(°Li)/ Y(’Li) ratio remains relatively constant
Rieui flatten out at high temperature, indicating that ex-around 1.0. In contrast, thé(*He)/Y(*He) ratio increases
tremely.precise experimental measurements and theoreticg\gead”y with increasing temperature until around 7 MeV be-
calculations would be needed *to extract tem_peratures abO\fSre flattening out. ThUST e, is essentially determined by
Ten>7 MeV. If the constrainE;' /Ap<5 MeV is removed, o v (3He)/y(*He) ratio. Consistent with EqL), the calcu-

the calculations become even flatteiTat,>7 MeV, and the |14 values fory (*He)/Y(*He) increase with temperature
temperature range for agreement between calculations ar\'/awn secondary decay is neglected. However, when second-
data remains unchanged. ary decay is considered, the yield 6He is dramatically

To illustrate that this flattening is due to the decay from nhanced by the: d f heavier particle unstable nuclei
continuum states in sequential decay calculations, we reznnanced by the decays of heavier particie unstable nucle

peated the calculations for the data(E/Ag)=13.2 MeV and the sensitivity of the ratio to temperature diminishes.
7=2.5 including only the discrete states. The results withouff VeNtually, it becomes impossible to extract the upper limit
continuum states, shown by the dashed lines in the secorl@’ @ny temperatures greater than 7 MeV. These same con-
right panel of Fig. 1, agree with the QSM calculations useo_clu5|ons will apply to any other isotope temperature involv-

in Ref. [1], but fall below the calculations with the con- Ing the Y(*He)/Y(*He) ratio. . .
tinuum states beyon@l,=6 MeV. In summary, sequential decay calculations that include

We now turn to the comparison of our calculations to theboth discrete states and unbound states in the continuum in-
data of Ref[1], which we facilitate by inverting the tempera- dicate that the secondary decay from continuum states
tures from Ref[1] via Eq. (1) thereby obtaining the experi- strongly modifies temperatures derived from the He-Li
mental isotope yield ratios. The resulting values and uncerdouble isotope ratio. Temperatures extracted by a reanalysis
tainties forR,; are listed in Table | and shown in Fig. 1 by of the data of Ref[1] do not support claims for the obser-
the horizontal cross-hatched areas. Temperatures extractedtion of a strong rise in the temperature consistent with
from the intersection of the cross-hatched areas and the cgbroduction of nuclear systems in a gaseous phase; the trends
culations in each panel are indicated by the vertical crossare similar to those extracted in previous analyses of excited
hatched regions; these ranges are also given in Table I. Weltate populationf27]. Strong secondary decay contributions

defined lower(uppe) limits to the temperature can only be tg the calculatedHe yields make the extraction of very high
established when the calculated values become highggmperatures from the isotope ratios  involving

(lower) than the measured ones at Idhigh) temperature.  v(3e)/y(“He) ratios model dependent and uncertain.
Upper limits to-the temperature are therefore not estabhshe@lhese problems are likely to be compounded if there are
for the_d_a_ta points aEO/A_O: 13.2 and 15.1 MeV, due to the significant nonthermal contributions to either tAéle or
insensitivity of the He-Li thermometer &t,,~~7 MeV for “He yields as predicted by transport the§®g]. In this re-

this system. : : . o
To understand this behavior, one can examine the pres_pect, it may be worthwhile to extend investigations to other

dicted isotope yield ratios, Y(°Li)/Y(’L) and thermometers involving only heavier isotopes.
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