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Cross comparisons of nuclear temperatures determined from excited state populations
and isotope yields

M. B. Tsang, F. Zhtt, W. G. Lynch, A. Arandd, D. R. Bowmar, R. T. de Souz4,
C. K. Gelbke, Y. D. Kim! L. Phair** S. Pratt, C. Williams, and H. M. X
National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University,
East Lansing, Michigan 48824

W. A. Friedman
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706
(Received 23 October 1995

Double ratios involving {Li, “Li, 3He, “He) and ('Li, 8Li, °He, “He) isotope yields have been used to
extract nuclear temperatures for tA®r+ 197Au systems aE/A=35 MeV. After correcting for sequential
decays, these isotope temperatures are compared to corresponding temperatures obtained from excited state
populations measured in the same experiment. Within experimental uncertainties, both techniques yield similar
results.

PACS numbds): 25.70.Mn, 24.10.Pa, 25.70.Gh

Due to the short-range repulsion and mid-range attractioof hot compound nuclej17] and have been employed in
of nuclear forces, infinite nuclear matter displays a transitiorinvestigations over a wide range of bombarding energies
from a liquid to a gaseous phafe-5|, characterized by a [11-16. Systematic studies of excited state populations re-
mixed phase region at subnuclear densities and temperaturesal only a gradual increase in temperature from 3 to 5.5
less than about 17 MeV. For finite nuclear systems, the maniMeV as the incident energy is increased over the range from
festations of this phase transition are less obvious. Micro30A to 200A MeV. This weak energy dependence is consis-
canonical calculations, however, surprisingly predict a peakent with the assumption that the nuclear system cools by
in the heat capacity at excitation energies where such syexpansiori6,7,18 or particle emissiofl18]. While these ob-
tems expand and undergo a multifragment decay via aervations are qualitatively consistent with the predictions of
“cracking” phase transitiorf6,7]. Experimental confirmation microcanonical calculations at moderate excitation energies,
of such behavior merits a high priority. the sudden increase in the temperature at high excitation en-

Nuclear temperatures are generally determined from thergies predicted by Microcanonical calculations for systems
distributions of emitted particles. Provided collective motionapproaching the region of nuclear vaporization has not been
and preequilibrium emission may be neglected, the spectra afbserved so faf6,7].
neutrons and light charge particles directly reflect the tem- Recently, nuclear temperatures have also been extracted
perature of the systems from which they are emitted. Fofrom the relative yields of Li and He isotopgk9], assuming
systems undergoing multifragment breakup, however, neithethemical and thermal equilibrium at freeze-62@]. A series
preequilibrium emissiofi8] nor collective expansion can be of measurements have been performedféAu-+ °’Au col-

a priori neglected 9,10 and other techniques must be ex- lisions at an incident energy of 680MeV as a function of
plored. Thermometers based upon the relative populations @he deduced excitation energy deposited in the projectile-like
excited states of emitted light nuclei have the advantage thaesidue[19]. Similar to the temperatures extracted from ex-
they are insensitive to collective motigh1-16. Such ther- cited state populations, a plateau of nearly constant
mometers have been cross calibrated by measuring the dec@y-4.5-5.5 MeV is observed for a wide range of deduced
excitation energies, 2.5 MeVE*/A<10 MeV [19]. At
larger deduced excitation energi&s/ A>10 MeV, the tem-
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Here, R denotes the measured ratio of isotopic yields, 10000
is a binding energy parameter, aadlepends on the nuclear 5000
spins. The latter two parameters were calculated by assuming -
that the relative yields of nucleus of charge and A; are 2
given by the corresponding ground state yields of these nu- 5§00
clei under the assumption of thermal equilibrium. In the ap- 5 500
proximate expression utilized by Ref4.9,2Q, 8
el
_ Y(A; ,Z)IY(A+1Z;) @ & 100
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= , FIG. 1. Energy spectra foPHe, “He (left-hand panél and
[2S(Ai,Z)+1J/[2S(A+1Z) + 1] | Ail(Ai+1) 5Li, 7Li, 8Li (right-hand panglat 6,,,=33.7° and 45.1°. The solid

(4) lines are fits from three moving sourcg3].

whereY(A;, Z;), BE(A;, Z;)), andS(A,, Z;) are the mea- ) . o )
sured total yield, the known binding energy and spin of theBVents are given in Re{23]. Examination of the excited
ground state of a specific isotope with m@gsand charge ;tates popuplation fO( this regctlon revealed_t_ha_t the popula-
*. The exponent, arises from an integration over the energy tions wgrg more .conS|stent Wlt.h thermal equilibrium for cen-
spectrum and equals 1.5 in the limit of volume emission, andral collisions with reduced impact parametbr=b/bpqy
1.0 in the limit of surface emission. <0.3 than for peripheral collisions with=0.6 [23]; bmax
Temperatures extracted from the relative yields of iso-corresponds to the maximum impact parameter with an av-
topes can be strongly influenced by the fact that Coulomtgrage charged particle multiplicity of 2. The data presented
and collective energies are mass depend@yit0,21 while  here were obtained for a reduced impact paramete®.3.
the thermal energy is not. The energy spectra of different Figure 1 shows the energy spectra Hfle, “He, °Li,
isotopes may display different slopes. Such effects do nofLi, 8Li isotopes measured with the heavy ion telescopes at
influence temperatures extracted from the relative populad,,,=34° and 45°. The’He spectra are truncated at 90 MeV
tions of excited states. Since the sensitivities of the two techdue to the finite thickness of the 5 mm(ISi) detectors. In
nigues to the sequential decay of heavier particle unstablgeneral, the energy spectra at forward angles have higher
nuclei that feed the measured yields are different, a crossross sections and the slopes are less steep. The energy spec-
calibration of the two techniques is relevant. For this purposéra of the three Li isotopes have similar shapes but3He
we extract isotope temperatures for tifar+ 1°Au reaction  and *He energy spectra differ significantly. Such difference
at 35A MeV and compare them to temperatures extractedias been observed previoudl®5]. The steeper slopes of
from excited states populations measured for the same exhe alpha particles may arise from the enhanced secondary
periment[22,23. emission of “He relative to®He at later times and lower
The experiment was performed at the National Supercorntemperatures due to its larger binding energy. These differ-
ducting Cyclotron Laboratory at Michigan State University. ences in the spectral shapes can cause the measured isotope
Beams ofCAr ions at 33\ MeV from the NSCL K500 cy- temperatures to depend strongly on the range of kinetic en-
clotron bombarded®/Au targets of 1 mg/cr aerial density  ergies of the helium isotopes included in the isotope yields
in the 92 scattering chamber. Isotopes frafs=1 to Z=5 used in Eq(1).
were measured with an array of 13 closely packed position Temperatures were extracted using two different sets of
sensitive gas\E-E telescopes. Four of the telescopes lo-isotopes: fLi, ’Li, *He, “He) which was also used in Ref.
cated atf,,=33.7° and 45.1° were optimized to detect [19] and a second set’l(i, 8Li, He, “*He). These two
charge particles witiz>2 (HF) and the remaining tele- double isotope ratios are plotted in Fig. 2 for fragments of
scopes were optimized to measure light charge particles. Asinetic energy 0 Me¥sE<E_; MeV as a function of the
the present ratios involve lithium fragments, data detectedutoff energy per nucleorg./A. The solid and open points
with the HF telescopes will be primarily used. Each HF tele-are the ratios extracted directly from the measured yields.
scope subtended a solid angle of 5.6 msr and consisted of 7Hhe values foR at 6,,,=34° and 45° coincide; no signifi-
um and 100um thick surface-barrier silicodE detectors cant angular dependence of the isotope ratios is observed
and a 5 mmiithium-drifted SiLi) E detector. within the experimental uncertainties and the limited angular
In addition to the hodoscope, the associated charge pacoverage. To assess the effect of incomplete phase space
ticle multiplicity was measured with the MSU Miniball coverage in the experiment, simulations were performed as-
[23,24] which covered 77% of 4. Data from the combined suming a single moving source with 5 MeV temperature and
array were analyzed in Ref§22,23 to study the impact source velocity of 0.4. (The source velocity is chosen to be
parameter dependence of temperatures extracted from the esimilar to those obtained in single source fifBhe kinematic
cited state populations. Futher details about the experimentafffect of the experimental acceptance on the isotope yield
set up and the algorithms used in defining central collisiorratio R is less than 10%.
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FIG. 2. The ratios of isotope yield as a function of the upper
cut-off energy for two isotope groups. The experimental points in-
clude data from two angle®),,,=33.7° and 45.1° while the lines
are extracted from energy spectra of the moving source fits
0|ab:45°.

FIG. 3. The isotope yield ratios derived from sequential calcu-
lations is plotted against the input temperatdrg,. The horizontal
a?t1atched areas indicate the measured isotope yield ratios and the

vertical shaded areas indicate the range of the extracted isotope

Since the yield of all particles drops off at higher energies temperatures. See text for the detailed description of the solid, dot-
R attains asymptotic values 4%, /A is increased. To ex- dashed, and dashed curves.
trapolate the energy spectra to higher energies, the energy . ) o
spectra were fitted with nonrelativistic Maxwell distribu- Population of an excited state of a nucleus at excitation en-
tions, assuming three moving sources as described in det&f9y Ei" , spinJ;, mass numbe#;, and charge numbeZ;
in Ref.[23] (solid lines in Fig. 1. These fits are used strictly was assumed to be of the form
to extrapolate the isotope yield ratios at high energies, they
should not be interpreted literally as emission from movingP;(A;,Z;,Ef,f, Tem
sources, nor can they be used to accurately extrapolate to
unmeasured scattering angléSingle source fits are similar
to the three source fits around the region of maximum yield
and theR values obtained with single source fits are nearly
the same as those obtained from the three sourcg Tite  whereV; is the Coulomb barrier an@; separation energy.
extractedR values do not appear to be too sensitive to theAll the tabulated low-lying discrete states as well as the un-
uncertainties in the extrapolation of the helium spectra tcstable states in the continuum up to the maximum excitation
higher energies. energy of 4.8 MeV were included in the calculations;

The solid lines in Fig. 2 are determined by integrating thewas set to zero for the calculations published in R28].
moving source fits fom,,=45° where the calculations and Calculations were performed with trial initial temperatures,
data closely agree. The discrepancies between data and thg,,, ranging from 1 to 9 MeV in 1 MeV sted23]. At each
moving source fits mainly arise from inaccuracies in the fitsvalue of T, the factorf was adjusted to make the final
at the low energies near the Coulomb barrier. For both isoeharge distributions agree with the experimentally measured
tope groups, the ratios are the lowest for the most energetianes[23]. This latter requirement provides an essential con-
particles and increase with decreasiBg,/A. This could straint on the actual amount of sequential feeding in the cal-
reflect either an evaporative or a nonequilibrium coolingculations[13,22,28. At each temperature, unknown spins
mechanism by which the most energetic particles are emittednd parities of tabulated discrete states included in the cal-
at an early stage from the system when it is hottest. It wouldulation were also randomly assigned and calculations were
be very interesting to further explore this effect using tele-repeated 10 times to assess the uncertainties in the calcula-
scopes of a greater dynamic range. Here we will focus upotions.
average temperatures. Sequential decay calculations for isotope double ratios for

To extract the experimental asymptotR values, the the groups{Li, “Li, He, “He) and (Li, 8Li, 3He, *He) are
dashed lines are obtained by renormalizing the solid lines tgiven in the upper panel and lower panels of Fig. 3, respec-
the experimental data &, ;/A=30 MeV. Taking into ac- tively. Two solid curves shown in each panel bound the range
count uncertainties in the moving source fits, possible conef values ofR obtained by varying the unknown spins and
tamination of the’Li energy spectra by the alpha decay of parities of discrete statd®3] as a function of the emission
8Be (<4%) and the kinematic uncertainties arising from temperaturesT . BeyondT.>4.5 MeV, corrections due
limited angular coverage in the measurement, a systematio sequential decay become extremely important Rrilht-
uncertainty of 15% is assigned to the extracted values.  tens out and even increases slightly. This latter increase in-

In the sequential calculations described in R¢ER2,23  dicates potential problems with the extraction of tempera-
particles are assumed to be emitted at freeze-out by a thetures higher thanT.,,>4.5 MeV from the isotope ratio
malized source of temperatufg,,. In these calculations, the method in this reaction. The importance of feedings at high
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energies can be clearly demonstrated if one compares theeeitting system up to 20% changes the ra&iby less than
calculations(solid curve$ with calculations using Eqgl)—  10%, well within the uncertainties of the present calcula-
(4) without feeding correction@ashed lines Same sequen- tions. Similarly, we have investigated the exponential term of
tial decay calculations indicate that the relative populatiorA” in Eq. (5). The dot-dashed lines in Fig. 3 enclosed the
of the widely separatedLi (g.s) and °Li* (16.66 Me\} upper and lower limits of the corresponding sequential decay
states allows the extraction of temperatures up to 6 Mealculations withn =1.5 (corresponding to the case of vol-
in this system[23]. Because the charge distributions for Ume emissionfor 4 MeV<Tey,=<7 MeV. Inclusion of this

38Ar+197Au collisions are relatively flat aE/A=35 MeV factor increases the calculated isotope yield rafdxy about

23], the influence of sequential feeding may be larger in#0% allowing only lower limitsT¢q,>4.1 MeV andT,,, >6
[23] g g4 may g MeV to be extracted for /Li, 8Li, °He, “He) and @Li,

these calculations than it would be at higher excitation eners =" 4 f . ivel ’
gies where the charge distributions may be steeper. Thus, on&!: “He, _Hle) IstOt0|p§ grqqu, res;t)r(]act!ve Y. For_r;u_r ace
cannot infer, from these calculations alone, an inability tomIssion, 7= (not plotted in Fig. 3 the increase iR is

: o o .
extract higher temperatures in another reaction from this iso§|Ightly less, about 30%, and the shift is correspondingly

tope ratio method. Indeed, it is necessary to recalculate theﬁ:ss‘ The sensitivity of the isotope temperalures, irepre-

curves for each new reaction so as to reproduce the releva frr;tsotigiﬁggeigaérg%zt%aﬁx?ﬁz fg;tcri]tee r dséltj;}é T:eufgtin;?,ga'
observed charge distributions. ; pop

The experimental measur&lobtained in Fig. 2 are plot- S(f_)rl:tgu?étb;gylll\lﬂuer(l/, _?Elds ?ggﬂ?t Iizoct:(())rr)rfsalrr;tt):]: tzatraee tree;;(-:_
ted as horizontal bars in Fig. 3. From the intersection of the = : P

data and the calculations, the relative isotope yields OPerliusl[Jen?n?;?aitgr%fr;)r?;c;zeoflsi(s):)(zgeer?gr?.erature measure-
(°Li, ’Li, 3He, “He) provide an isotope temperatur€en, Y P P P

. . . . . ments with excited state temperature measurement for the
>4.6 MeV while the isotope yields for’(i, 8Li, 3He, > N en 197 - o
IHe) give T.,=4.0+0.3 MeV. In the present experiment, reaction *"Ar+ “'Au at E/A=35 MeV indicates that the

. . . . 8 .
there is at least one other group of isotopes f, °He. temperature obtained from the yield ratios ofLi( BLi,

3 4 i i i i i
4He) that has a large enough binding energy differecso He, “He) isotopes is consistent with that obtained from the

i : . excited state populations and seems to be less sensitive to the
as to permit the extraction of a useful isotope temperature; . : . .
I . o assumptions used in the sequential model calculations. The
This isotope group was detected with the light ion telescopes ; oo .
corresponding cross calibration of the measurement obtained

and suffered from upper energy cutoffs at 40 and 45 MeV for . T L Ay : L
deuterons and tritons, respectively. Nevertheless, an extrap fith the CLi, "Li, *He, _I—_|e_) Isotopes s _Ies§ sa_msfymg be-
cause of the larger sensitivity to decay distributions. The cur-

lation with moving source fits was performed which yielded .

an isotope temperature of 4:0.5 MeV, very similar to the rent study suggests that more work_ |s.needed to cross check

one obtained for the’(ii, Li 3He 4Hé) group. Other iso- isotope temperatures at higher excitation energies and possi-

tope groups like {Li 7Li, 7Li' 8Li) ’have t00 sm.aII values of bly with different isotope groups. A better understanding of

the binding energ); diff’eren’ceB and are too sensitive to the energy spectra and a determination of all the mass depen-
. . ' - . ent factors in the fragment energy spectra would greatly

experimental and theoretical uncertainties to provide usefuﬁ”ﬂprove the accuracy of the sequential decay calculations

information. sed in extracting these isotope temperatures
We have also investigated the influence of the assumed 9 P P '

charge to mass ratios of the thermalized emitting system on This work was supported by the National Science Foun-
the isotope ratios. Decreasing the charge to mass ratios of thiation under Grant Nos. PHY-89-13815 and PHY-92-14992.
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