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Double isotope-ratio thermometers: The influence of emission time scales
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Isotope ratios are examined for several inclusive studies of light-ion*4tdnduced reactions that involve
significantly different reaction dynamics and bombarding energies. For adjacent isotope pairs that have one
nuclide withN<Z, the ratios show a strong dependence on emission angle. Pairs witiNenfyisotopes
depend weakly oN/Z of the colliding system, but are otherwise not sensitive to angle of observation or beam
energy. The double isotope-ratio method of Albergo has been used to determine apparent nuclear temperatures
from these data. When empirically corrected for secondary decay effects, values in thd ggiv@e0+ 0.4
MeV are found for forward-angle measurements dng~2.4+0.4 MeV for backward angles. The double
isotope-ratio temperatures are found to be systematically lower than temperatures derived from spectral shape
analyses and Fermi gas estimates. This difference suggests the importance of time evolution in the application
of temperature gauges. Relative emission-time differences between neutron-deficient and heavier isotopes arise
from both nonequilibrium emission processes and cooling of the system during statistical decay. The impor-
tance of secondary feeding is also pointed out. These effects are illustrated by expanding, emitting source
calculations[S0556-28139)05705-3

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

[. INTRODUCTION evaporative phenomena. In order to define the fragment ki-
netic energy spectra as completely as possible, the measure-
Determining the temperature of hot residues formed inments reported here have emphasized low energy thresholds
energetic nucleus-nucleus collisions is central to experimerfor each nuclide in the yield distribution. This is particularly
tal efforts to characterize the equation of state in finite nucleimportant at backward angles, where the observation of fully
and to identify a possible phase transition in such system&quilibrated systems is most probable, but where detector
At low bombarding energies, neutron and charged-particléhresholds and kinematics conspire to impose low-energy
spectral shapes have historically served this purfpasg.  cutoffs on the spectra.
However, in the bombarding-energy regime aboEéA Following Albergo[10], the isotope yield for a system in
~20 MeV, the effects of Fermi motion and sequential statis.chemical and thermal equilibrium can be related to tempera-
tical emission can lead to a broad distribution of emittingture Tis, Via the expression
sources that introduces major uncertainties in determining
temperatures from inclusive specff-6|. Over the past de-
cade, the population-of-excited states methéd7,8] has
been applied successfully to such systems, generally yieldin
temperatures lower than those indicated by spectral shapés. o . e
More recently, Pochodzall®t al. [9] have employed a frag.ment. Volume emission at a f|?<ed freeze-out condl'glon
double-isotope-ratio thermometEt0] in analysis of multi- Naving a tempertur&g, is assumed in the Albergo analysis.
fragmentation data, from which they have proposed a heatin§g€ double isotope ratio R is the ground-state population
curve for the finite nuclear liquid-gas system. Similar analy-fatio at freeze-outY) for fragments §,2),
ses have subsequently been performed by several groups V(A Z)IY(A+1Z)

Tiso=B/In(aR), (1)

hereB is the binding energy difference for the fragments,
dais a factor that accounts for the mass and spin of each

[11-14. The self-consistency of the technique within a _ _ @)
given system and comparisons with excited-state populations Y(Aj Z)IY(A+1,Z))

have been investigated in detail by Tsang and co-workers

[15,16. Measured yields and related double ratios, however, include

In this report, the isotope-thermometer technique is apthe cumulative effects of secondary feeding. In the present
plied to inclusive nuclidic-yield data from several studies ofanalysis, this correction has been made with the empirical
light-ion and “N-induced reactions. The mechanisms forSystematics of TsanpL5], which define a correction factor
these reactions span a wide range of emission time scalel§ « for each double ratio. This procedure relates an apparent

from prompt nonequilibrium processes to much slowertemperaturd ,,,based on measured yield&,y, to a freeze-
out temperaturf ,, Where
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TABLE I. Ratios of isotope yields, classified in groups of constant isospin.

Ratio p+Ag “Het+Ag “He+ 1183n p+Xe 4He+ 1?4gn “He+°7Au
Eproj 480 MeV 200 MeV 200 MeV 180 MeV 300 GeV 200 MeV 180 MeV 200 MeV
Oobs 160° 20° 12° 154° 12° 154° 20°
(N/Z)cn 1.27 1.29 1.31 1.31 1.44 1.46 1.46 1.48
Heree 0.12 0.20 0.40 0.069 0.22 0.20 0.045 0.22
13N/1N 0.12 0.12 0.082
1%50/1%0 0.063 0.18 0.12 0.11
Y18 0.14 0.19

8L/ 7Li 0.86 0.75 0.92 0.86 0.40 0.70 0.43 0.52
105/ 0.54 0.64 0.63 0.40 0.32 0.52 0.22 0.44
2c/tc 15 1.6 1.9 1.6 0.91 1.8 0.91 1.0
N/SN 0.49 0.59 0.34 0.44
%00 1.8 1.9 1.4 1.4
1819k 0.42 0.37

ONe/'™Ne  0.74 0.48

Li/ 8L 7.4 7.6 9.0 3.4 6.0 5.9 5.2
°Be/%Be 3.2 1.9 1.8 2.5 1.0 1.3 1.4 1.3
1p/12 6.3 8.2 8.4 6.6 3.9 7.5 3.8 4.8
Bcitac 2.6 3.0 3.9 2.6 1.8 3.6 15 1.9
I5N/16N 6.4 7.3 45 4.4
0780 1.5 1.5 1.0 0.82
19F/20F 1.2 1.0

2INePNe  0.82 0.87

8Li/OLi 7.1 6.1 5.9 115 3.4 4.8 5.1 3.2
125/ 6.1 4.9 5.5 4.9 2.7 4.0 2.9 3.3
Yciisc 8.4 8.8 6.5 45 6.8
18N/YN 2.2 2.1 3.3 2.8
0/%0 7.3 4.6 1.7 1.4
20F/21F 1.5 1.8

2Ne/*Ne 3.7 3.1

Ref. [17] [18] [19] [19] [20] [19] [19] [18]

In determining the value of ., for all possible combina-  150/%0 ratio as one of the pairs. The isotope ratio measure-
tions of isotopes for each system, only those ratios for whichments in the'“N studies were performed at angles where
B=10 MeV were included, since studies by Tsat@l.[15]  equilibrium and nonequilibrium emission are of comparable
have shown the smallest fluctuations for such combinationsmportance/4]. The temperature evolution of highly excited
In order to satisfy this binding energy requirement, one, anchuclear matter and secondary feeding effects during frag-
only one, nuclide with neutron numb&<Z must be in- ment cooling are also examined in the context of the statis-
cluded in the double-isotope ratio. tical expanding, evaporating sourEES model[25].

In the present study we first examine double-isotope-ratio The 300-GeVp+ "®Xe results[20] are included as a ref-
temperatures  determined from isotopically ~resolvederence point. These data provide an extensive set of isotope
intermediate-mass fragmentMF: Z=3-12) spectra pro- ratios measured with low thresholds, and have previously
duced in light-ion-induced reactiof$7-2@. All double ra-  been subjected to a double-isotope-ratio analyisg Thus,
tios involve either the"'C/*2C or *°0/°0 pairs. For the data the data sets examined here permit a broad sampling of the
from Refs.[17] and[19], measurements are available at bothsensitivity of T, to bombarding energy, target-projectile
forward angles, where nonequilibrium processes dominatgl/Z and reaction mechanism.
the spectra for fragments up ®~6, and backward angles,

where emission h_e_ts been shown to be consistent \éwth emis- || |ME ISOTOPE-RATIO TEMPERATURES EROM

sion from an equilibrated composite system vyvéh)OA) of LIGHT-ION-INDUCED REACTIONS

the beam momentufi21]. Next, this technique is employed

to determineT , values from?H/®H and *He/*He spectra in In Table |, single ratios of adjacent isotopes

several other light-ion systeni$4,22—24. And finally, data  Y(A,Z)/Y(A+1,Z) from Refs.[17-2( are tabulated for
are analyzed forZ=3-8 isotopes formed in the*N pairs of IMFs, grouped according to constant neutron-proton
+"3iAg, 97Au reactiong4] at bombarding energies between differenceN-Z of the lighter isotope of the pair. Also listed
E/A=20-100 MeV, again using either th&'C/*C or are the angle of observation and tNéZ ratio of the collid-
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AR VLN RN RRRRE TABLE Il. Average of each single isotope ratio relative to the
. r 3 corresponding value for th@+Xe system in Table I, where
= 3 (Rsingid =([Yi(A.2)/Yi(A+1Z) /[ Yxe(A,Z)Yxe(A+1Z)]). The
C ] second column lists th&l/Z ratio of the target-projectile system
1077 -3 and the third column gives the angle of observation. Also given are
F ” 3 representative ratios fo¥N+"@Ag, *°’Au reactions. Isotopes with
102 ;_ “ ; N<Z are not included.
1 - SN BB AR System N/Z)cen Bobs (Resingle
- F 6-9s° ] 700 MeV N + Ag 1.26 40°  0.64:0.07
E 107 E 1140 MeV N + Ag 1.26 20° 0.63:0.08
.g 1072 :r _; 480 MeV p+Ag 1.27 20° 0.7%0.12
e E E 480 MeV p+Ag 1.27 160° 0.780.14
% 1073 ;_ 3 _; 200 MeV “He + Ag 1.29 20° 0.63#0.18
,g Ei U I 200 MeV *He+%sn 1.31 12° 0.520.14
O A AR BAREN RRRE- 180 MeV *He+*%n 1.31 154°  0.680.19
E 3 3 GeVp+Xe 1.41 48° 1.00
- 8=170° 1400 MeV “N+97Au 1.45 20° 1.0%0.18
107" ET E 200 MeV “He+1%'sn 1.46 12° 0.7%0.20
r ] 180 MeV “He+1%sn 1.46 154° 1.080.21
L L n 200 MeV “He+'9"Au 1.48 20° 0.96:0.21
10 E.nm f|11I|l|||||||E
50 100 150 Next, we consider the ratios for the 22 pairs of adjacent
By (MeV) isotopes withN=Z. These isotopes comprise about 95% of

the absolute IMF yield for the systems in Table I. In contrast
FIG. 1. Spectrum of carbon fragments emitted at forward, inter10 the case for ratios involving ad<Z isotope, these single
mediate, and backward angles from the 200-M&¥e+°7Au re-  ratios are approximately independent of emission angle,
action[18]. Two-component moving-source fits to the data are de-bombarding energy or target-projectile system. The variation
scribed by dotted line(equilibrium component dashed line for a given single ratige.qg., °C/**C) among all systems is
(nonequilibrium componehptand solid line(sum. At 21° the non-  less than a factor of three, part of which can be accounted for
equilibrium and sum curves overlap; at 170° the equilibrium andby a systematic increase in the yields of neutron-excess iso-
sum curves overlap. topes as theN/Z ratio of the composite system increases
[19,28. The N/Z dependence tends to cancel out in the
ing system. Ratios involving H and He isotopes are dis-double-isotope proceduf@9]. The lack of dependence on
cussed in Sec. IlI. reaction mechanism for the single ratios involving oy
First, we consider those single ratios that contain one=Z isotopes is not fully understood, but may be related to
neutron-deficient l=Z—1) isotope. One of these must be the independence of isotope ratios on excitation energy, as
included in Eq(1) in order for the binding-energy parameter suggested by the EES calculations discussed below.
B to exceed 10 MeV. For ratios involving a neutron-deficient ~ To illustrate the uniformity of the yields quantitatively, all
nuclide(e.g., 1C/*°C), the forward-angle values are system-(Z,A)/(Z,A+1) ratios involving onlyN=Z isotopes have
atically a factor of about five higher than those at backward’eéen normalized to the corresponding ratios for 300 GeV
angles. The mechanisms responsible for the angular deper-"*Xe data[20]. These ratios are near unity in all cases. The
dence of the single ratios are suggested by the kinetic-enerdyormalized ratios, averaged over all isotope pairs are shown
spectra in Fig. 118]. Here inclusive isotope-integrated spec-in Table Il. Based on this comparison and the relatively
tra for carbon fragments emitted at representative forwardsmall standard deviations, it would appear possible to esti-
intermediate and backward angles are shown for the 200mate the isotope ratio for a given pair with=Z at all
MeV “He+%7Au reaction. These data have been analyzedingles for light-ion-induced reactions by scaling to {he
with a moving-source model that assumes two componentst Xe results and taking into account tNéZ of the compos-
one corresponding to fast nonequilibrium emission and ate system. The implication of this isotope-ratio constancy is
second described by the decay of an equilibrated residue. Abat theN=Z pairs in Eq.(2) provide little sensitivity for
shown by the source decomposition in Fig. 1, the fast sourcdeterminingT;s, due to the logarithmic dependence Bn
dominates the forward-angle yield, whereas the equilibrated From the data listed in Table I, values ©f,, have been
source accounts for most of the yield in the backward hemicalculated for all pairs wittB>10 MeV, using Eqs(1) and
sphere. This suggests that the larger single ratios at forwar@). All the ratios R contain *XC/*?C or ®0/*%0 in the de-
angles are most likely attributable to nonequilibrium pro-nominator of Eq.(2). Corrections for secondary feeding us-
cesses. Consistent with this argument, studies of isotopicallying Eq.(3) and the values of Ir/B from Ref.[15] have been
resolved spectra at forward ang[ds17-19,26,2Yshow that  applied to derive values of s, for each ratio. These have
neutron-deficient isotopes have distinctly flatter spectrathen been averaged to yield average valuedraf), listed in
shapes(i.e., higher spectral temperaturethan those with Table Ill. These values are not yield-weighted.
N=Z. At forward angles, all values fall in the rangd sy
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TABLE Ill. Temperature comparisons for light-ion-induced reactions derived ft&#'°C and °0/¢0

ratios.
System BOops (Tiso) (MeV) X (MeV) (TES) (Mev) Ref.
480-MeV p+"Ag 20° 4.3-0.9

160° 2.8£0.2
200-MeV “He+ "¥Ag 20° 3.5-0.2 3.7 3.7 [17]
200-MeV “He+1165n 12° 3.6:0.2 3.4
180-MeV “He+1165n 154° 2.60.3 3.4 3.40.2 [18]
300-GeVp+ Xe 3.9+0.2 NA [19]
200-MeV “He+1?%5n 12° 4.30.3 3.3
180-MeV “He+ '?%sn 154° 2.70.3 3.3 3.40.2 (18]
200-MeV “He+"Au 20° 3.7+0.2 2.8 2.8 [17]

f.ps: laboratory angle of observation

TH&X: calculated assuming=A/8 MeV ™!

(T'\E"S>: temperature from moving-source fits to equilibriyEQ) component of the spectrum;
averaged oveZ=5-10 IMFs.

(Tiso: temperature from double-isotope ratios; averaged over all pairsBwth0 MeV.

=3.6-4.3 MeV, comparable to the 300-GgM "¥Xe data  °’Ag nucleus. All values are relative. The top panel of Fig.

[15,20. There is little correlation with bombarding energy or 2 shows EES calculations of two carbon isotope ratios,

composite system. A similar system to those in Table 1, 200+'C/*?C and *C/*3C from a range of excitation energies in a

MeV 3He+"Ag, has been studied to determine tempera-decaying'®’Ag system. A strong dependence B is ob-

tures via the population-of-excited-states met88]. At  served for the former, whereas the latter ratio shows only a

forward angles a value of 4 MeV is obtained, nearly the sameveak dependence. Similar behavior fife/*He and*H/?H

as for (T, values from the double-isotope thermometer.ratios in the lower panel of Fig. 2, is discussed in the next

This correspondence between the isotope-ratio temperaturssction.

and those from the population-of-excited states method has It is also important to consider the cooling of the hot

also been noted iE/A=50-200 MeV ¥Au+'°"Au colli-  fragments themselves. Feeding effects at the end of the de-

sions by Serflinget al. [31], where similar temperature val- excitation chain can significantly alter the primary isotope

ues were obtained. However, while there is general consigatios, as shown in Fig. 3 for an EES calculation of the

tency between the two thermometers, it must be kept in mind+13'Xe system heated to an initial temperature Tof 10

that in our case they are being applied to reactions believeMleV. The calculated ratios are all normalized to the Xe

to occur on a very fast time scale, and hence the assumptigpield data of Ref[20]. Single isotope ratios for three calcu-

of equilibrium distributions may not be applicable for either lational cases are shown: primary distribution oty feed-

the excited state population or the isotope ratios. Theéng), gamma-ray feeding only, and both gamma-ray and par-

backward-angle data yield lower value§Ts,)=2.0-2.8 ticle feeding. The strong perturbations of the ratios due to

MeV. This is somewhat higher than the value-efl MeV  feeding are apparent. This serves to emphasize the important

obtained from the backward-angle measurements via théistinction betweerT ,,, and Tis,. One notes in Fig. 3 that

population-of-excited-states method in Ri0]. those isotopes least affected by feeding are the neutron-
Thus, both the isotope-ratio temperatures and those frorexcess isotopes of the o@tMFs Li and B.

excited-state populations seem consistent with a picture in

which frag_ments emitted at forward angles contain a sigr_lifi- lIl. LCP ISOTOPE-RATIO TEMPERATURES
cant contribution from processes that occur on a short time
scale from a hot, localized region of the nucld3g]. At The effects of emission time scale become increasingly

backward angles the ejectiles appear to be produced itnportant forT,,,values derived from LCP ratidtCP = H
cooler, thermalized events. However, even for nearly equiliand He isotopgs Two primary concerns involving these iso-
brated systems, there may not be a simple freeze-out condiepes are(1) the known increase ifHe/*He ratios with
tion. The emission oN<Z isotopes may occur at earlier increasing fragment kinetic energy due to nonequilibrium/
times(i.e., higher average excitation energi#san for those cooling effects[14,17,27,38 and (2) secondary decay of
with N=Z, as suggested by the EES mo@2b]. This is a heavier fragments to produce light-charged particles espe-
consequence of the slightly higher Coulomb barriers and theially “He. In Table IV we examine several studies where
large cost in binding energy required to produce neutronequilibrated charged-particle emissifi?2—24 has been re-
deficient fragments, discussed in more detail in the followingported. Here only the**H/3“He thermometer can be used
section. due to low yields for heavier fragments.

Insight into the relative constancy of tK&;,) values for The 55-MeV 2He+ "¥Ag spectrd 24], have recently been
widely different systems may be gained from EES calculaimeasured at backward angles to high precisibiy. 4).
tions. The effect of initial excitation energy on the isotope These spectra should be representative of an equilibrated sys-
ratios predicted by the EES model is shown in Fig. 2 for atem formed with (nearly complete momentum transfer.
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- 1 i At much higher bombarding energies, the effects of emis-
L | sion time scale orfHe/*He ratios become more dramatic.
ool T°-—~--e-w--o |  Thisisillustrated in Fig. 5 where théHe/*He ratio obtained
: o — - o (/0 E with a minimum-bias trigger is plotted as a function of ki-
0.50 |— -] netic energy for a multifragmenting system, 4.8-GéMe
o——o (Mg toc) ] +Nalag, 97Au [14,35. The 3He/*He ratio has been used in
. most caloric curve analyses to dgf11-14. For the most
o0l N energetic He isotopes, nonequilibrium effects may dominate
2 3 the ratios. Another interpretation of the observed increase in
0.05 — - the *He/*He ratio with He energy is that it provides an “in-
stantaneous temperature” of the source as it evolves toward
equilibrium, in the spirit of the accreting source model of
I Fieldset al.[32]. The large increase in théHe/*He ratio as
o s T T T a function of He energy also points to the possible uncertain-
S A ties associated with detector identification thresholds and
] energy-acceptance windows in determining cumulative
yields. Thus, careful selection criteria must be imposed in
determining the appropriatéHe/*He ratio for the breakup
o (*He/*He) ] stage.
I Differences in emission times for equilibrated systems are
1071 = 3 predicted by the EES modg25]. In the EES model, surface
i 1 emission of IMFs occurs from an expanding, cooling source.
] At sufficiently high temperatures, cluster formation in the
dilute system leads to disassembly, at which point volume
E emission is assumed. Corresponding EES predictions are
] shown in Fig. 6 for the temperatytine) evolution of He
1 isotopes emitted from &%’Au nucleus initially heated t@
0 E— z(l,o —_ 4(',0 — 6(',0 =15 MeV, which should be representative of this system.
Initial Excitation Energy (MeV) Due to expansion, breakup for this system occurs at a
temperature off~5-6 MeV, secondary decay effects are
FIG. 2. Single isotope ratios predicted by EES model as a funcincluded in the calculations. The preferential emission of
tion of initial excitation energy for an Ag nucleus. TOp panel: solid 3He ear]y in the Coo“ng process is apparent in F|g 6. Near]y
curve is for 1'C/'?C ratio; dashed curve is fot?C/"°C. Bottom 5094 of the *He yield is emitted by the time the temperature
panel: solid curve is foPHe/*He ratio; dashed curve is fdH/*H has cooled toT~10 MeV: i.e.. after~ 25 fmic. For *He
ratio. Note differences in both ordinate and abscissa scales for C3fpis fraction is not reached until the system has reached the
bon fragments relative to plot for He isotopes. breakup/volume-emission regime ned~6 MeV, or
~70 fm/c. Overall the average emission temperature is
From the spectral shapes it is apparent thatthe/*He ratio  (T)=9.9 MeV for *He and 6.7 MeV for*He. Thus, the He
changes dramatically with emitted fragment kinetic energyisotope ratios are strongly time-dependent, even in the con-
Integration of the full yield, however, leads to isotope-ratiotext of an equilibrium model.
temperatures generally consistent with the Fermi gas esti- For IMFs, this picture changes significantly, as shown in
mates or spectral-shape analyses. For the 55-MeV case oR@. 7. Here calculations employing the EES mo{2b]
obtains Ti,,=2.0 MeV and 3He/*He=0.0055, compared have been used to predict the evolution Bf*C isotope
with Tpg=2.2 MeV a=A/8 MeV1). EES calculations vyields as a function of thermodynamic temperature, also for
yield T,p= 1.9 MeV with *He/*He=0.004, reflecting some a **’Au nucleus heated to an initial temperatureTof 15
neutron cooling. The results in Table IV for the 95-MeV caseMeV. Although IMF emission is shown to be primarily as-
suggest a lower average linear momentum trar&y34. sociated with the low-density breakup phase of the reaction
The 140-MeV “He-induced reaction, for which the data at these excitation energies, it is observed that NkeZ
were decomposed into equilibrium and nonequilibrium com-isotope is produced at all temperatures, whereas nearly the
ponentd22], yield results generally consistent with Table Il entire N>Z yield comes from the final breakup of the sys-
in that both analyses yield much higher isotope-ratio temiem. The yield-weighted average temperature difference is
peratures for the nonequilibrium componeri,,~5-6  small, however{T)=5.8 MeV for *1C and(T)=5.4 MeV
MeV. For the lower-energy-proton inclusive dd@8], T,,, for 13C. These calculations indicate that for heavy fragments
values higher than the Fermi gas expectation are obtaineduch as carbon, the statistical-emission time does not cause a
This may be explained by the inclusion of a significant pre-strong perturbation of the isotope-ratio temperatures. How-
equilibrium component in the ratios, which can strongly af-ever, the results indicate that heavy fragments sample the
fect Topp. In addition, it should be stressed that the Albergotemperature very late in the cooling process. The upshot of
model assumes many cancellations that may be valid at highigs. 6 and 7 is that He isotope ratios may be much affected
excitation energies, but not for reactions much nearer they the entire sequence of events during the cooling of very
barrier. Thus, some of the data in Table IV may invoke thehot nuclei, whereas ratios for heavier IMFs appear to be
model in a regime where its applicability is limited. better probes of the conditions during the breakup stage of

Single Ratios

1% = & -0 (d/Y) —

Single Ratios
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FIG. 3. Ratios of EES model predictions to data from 300 GelXe measuremen{®0] for a Xe nucleus heated to a temperature of
10 MeV. Dashed line is for case of no feeding, dotted line includes feeding due to gamma rays, and solid line is for both gamma-ray and
charged-particle feeding.

multifragmentation. In either case, however, in the context Obroduced in the*N+"¥Ag, 197aAu reactions betweel/A
the EES scenario, the isotope-ratio temperature should be20-100 MeV [4,34]. Isotope measurements were per-
regarded as a time-averaged temperature and not a unigestmed at angles between 20°—50°. In order to emphasize
thermodynamic temperature at a single freeze-out conditiorequilibrium-like events, only the lowest part of each frag-
ment spectrum, E/A),ue<10 MeV was used to determine
the ratios. However, the values 6§, are relatively indepen-
dent of fragment energy, although the lowest energy frag-
ments systematically yield the lowest isotope-ratio tempera-
In Fig. 8 and Table V we examine the bombarding energytures, as shown in Fig. 9. Little dependencerlgf on angle
dependence of the isotope thermometer method for IMF$s observed over this limited angular range. The isotope ra-

IV. IMF ISOTOPE-RATIO TEMPERATURES IN
1“N-INDUCED REACTIONS

TABLE IV. Isotope ratios for®He/*He for several light-ion-induced reactions afg, values derived
from this ratio. Also listed are Fermi gas temperatures assuming complete fusien-ahi® MeV 1.

System Source 3He/*He Thne (MeV) TYEYX (MeV) Ref.
55-MeV 3He+"Ag 147.5° 0.0055 2.0 2.2 [24]
95-MeV *He+"¥Ag 147.5° 0.0071 2.1 2.8 [24]
140-MeV “He+ %zr EQP 0.017 2.3 35 [22]

NEQP 0.25 5.8 [22]
140-MeV *He+ 29%Bj EQP 0.031 3.0 23 [22]

NEQP 0.17 5.2 [22]
40-MeV p+2°%Bi a 0.05 3.0 1.2 [23]
62-MeV p+*2%n a 0.04 3.2 2.0 [23]
62-MeV p+*"Au a 0.06 3.1 1.6 [23]
62-MeV p+2°%Bj a 0.06 3.3 1.5 [23]

8Angle-integrated yields.
bSource decomposition of angle-integrated yields.
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FIG. 4. Spectra of’He and “He ions from 55-MeV 3He 0.05 i
+ Mg reaction at 147.5724]. I
0.00:"‘ "‘l""l""l‘_
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TABLE V. Values of (T for several™N-induced reactions on Ag and Au. Headings are the same as

in Table Ill.

System NIZen  Oops(ded  (Ti) (MeV)  THEX (MeV)  (TES) (MeV)
280-MeV N+ Maiag 1.26 20-40 3.50.2 4.0 4.4
420-MeV N+ "ag 20-40 3.7#0.2 4.9 5.0
560-MeV N+ "iag 20-40 4.60.2 5.7 5.1
700-MeV N+ "aiag 20-40 4.10.2 6.4 5.3
840-MeV N+ Miag 50 3.8-0.3 7.0 5.9
1120-MeV N+ "Ag 20 3.6:0.3 8.1 6.5
280-MeV N+ 197ay 1.45 30 3.60.2 35 3.5
420-MeV N+ %Ay 30 3.5-0.2 4.1 4.3
560-MeV N+ °7Au 30 3.6:0.2 4.7 4.3
700-MeV N+ 7Ay 30 3.7+0.2 5.3 4.9
840-MeV N+ 1%7Au 50 3.4-0.3 5.7 4.9
1120-MeV ¥N+1%7Au 50 4.0-0.3 6.6 5.3
1400-MeV N+ 17Au 50 4.1+0.3 7.0 5.7

permitted high quality two-component, moving-source fits toTwo assumptions about the reaction dynamics are made in
the data, from which spectral slope temperatures could bealculating the excitation energy: one assuming complete fu-
determined for the equilibrium-like sourdg2 and nonequi- sion and a second that includes corrections for incomplete
librium sourceTNE? [4,34]. The moving-source temperatures linear momentum transfeii36]. The Fermi-gas predictions
were strongly constrained by the backward-angle spectréhat account for incomplete linear momentum transfer are in
which exhibited the isotropy expected of a thermalizedrelatively good agreement with the spectral slope tempera-
source. tures, but well above the isotope-ratio temperatures at the
Average temperaturéd ) o are plotted along Wit EQ higher bombarding gnergies. The difference between the
values in Fig. 8 as a function of bombarding energy/nucleor$!oPe and isotope-ratio temperatures suggests that the former
for these systems. In calculatings,), only C/2C and values reflect the earlier stages of th.e cooling process,
150/%%0 ratios were employed for the pair with<Z. The wherea§ the latter are more representative of later stages in
13\ yield was too low to obtain results. The average isotopefh€ cooling of the fragments themselves.
ratio temperatures for all systems fall in the rangg, Similar differences between. isotope-ratio and slope tem-
=3.4-4.1 MeV. These values are similar to those for nonP€ratures are also observed in the data for %E’_“L Sn
equilibrium emission observed with light ions in Sec. II. reacItE|ons, summarized in Table I1l. Most relevant is Thg
Also shown in Fig. 8 are predictions of a simple Fermi-gasVs T temperature comparison at backward angles—where
model Tg; with level-density parametea=A/8 Mev~!.  equilibrated emission should dominate the complex fragment
yield. Here we assume full-momentum-transfer collisions
and a level density parametar=A/8 MeV ! in the calcu-
lation of Trg. The assumption that complex fragments emit-
ted at backward angles originate from an equilibrated
complete-fusion residue is based on the observation of iso-
O R tropic angular distributions in the backward hemisphere
+ [3,4,18, the sharply-rising nature of the complex fragment

excitation functions in this projectil&/A range[37], and

_ IMF-fission-fission correlation studies on heavier targets

% ........ % [21,34]. Possible contributions from incomplete momentum
+' transfer processes will lower thB-¢ values systematically;

this precludes the listing of similar values for the proton-

induced reactions. The results show significantly lower val-
50 MeV/A ot ues for the isotope-ratio thermometer compared to the
020 MeV/A +7Ag moving-source fit temperatures and the Fermi-gas predic-
tions. Thus, these light-ion systems, where equilibrated emis-

sion can be isolated, yield the same conclusions as those for
A IS IR VS BRI S R R SRTIR WU BT R 14N

10 15 20 25 30 35

< Ewe > /A (MeV) V. CONCLUSIONS

FIG. 9. Plot of(T;s,) as a function of E/A) = measured in the In summary, isotope-ratios have been examined for sev-
angular range 20°—40° for 280-MeV and 700-Mé&%K +"@Ag re-  eral light-ion and'“N-induced reactions where both nonequi-
actions. librium and equilibrium fragment emission can be isolated.
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Ratios for a given pair of adjacent isotopes, both with stages of the cooling/disassembly process, whereas tempera-
=7, show a uniform behavior for all systems, with a weaktures based orfHe/*He are more sensitive to the earlier
dependence on target-projecthéZ. HigherN/Z composite  stages. The time dependence of statistical emission, as well
systems produce a higher yield of neutron-excess isotope8s feeding contributions as the emitted fragments cool, must
When empirically corrected for secondary decay effects@lso be folded into any interpretation of nuclear temperatures
double isotope-ratio temperatures for inclusive light-ion-Pased on the double-isotope-ratio thermometer.

induced reactions below about 1 GeV show consistent values 1NiS analysis points to an evolutionary scenario for the
of Tixo=4 MeV for forward-angle-emissiortnonequilibri- deexcitation of hot nucle{14,38,39. The continuum of

um), independenof bombarding energy, colliding system or mechanisms that produces the final fragment observables be-

reaction dynamics. At extreme backward angles wherdins with nonequilibrium emission processes that occur dur-

equilibrated emission dominates, lower temperatures are off29 the multiple-scattering stages between impact and equili-
tained, Tis;~2.5 MeV. Thus, the results are consistent with goration. This is followed by the time-dependent cooling of

picture in which nonequilibrium emission occurs from a hotN€ thermalized system, and in the case of the hottest sys-

localized system, whereas equilibrium emission originates if€MS, €xpansion and multiragmentation of the final residue.
cooler, fully thermalized sources. For the most highly-excited systems, the time scales for all

We point out that nonequilibrium processes favor Z of these stages: relaxation, thermal fluctuations and disas-

products, an effect that contributes to strong variations ir€MPIY[39], occur on comparable time scales—preventing a

3He/*He ratios with He energy. This dependence on frag_clearcut separation in time. Finally, at every stage the pri-

ment kinetic energy can produce significant variations in calmary fragment yields are pertrubed by the secondary decay
culated isotope-ratio temperatures, depending on experimeﬁ-f the hot fragments.
tal thresholds and energy acceptance windows. We also find
the isotope-thermometer temperatures to be nearly indepen-
dent of bombarding energy ova 1 GeV bombarding energy The authors wish to thank Betty Tsang for helpful discus-
range for N-induced reactions on Ag and Au, whereassions concerning isotope-ratio temperatures and for provid-
slope temperatures increase consistent with Fermi gas expeiag us with her tables of correction factors for sequential
tations, corrected for linear momentum transfer. decay. We also acknowledge Wen-chen Hsi, Mike Carlson,
The results of EES calculations suggest the importance dfraig Helfgott, Doug Fields, Jay Wile, and Luc Beaulieu for
emission time scale in the cooling of hot nuclei—which ap-various contributions to this work. We acknowledge the sup-
pears to be quite different for neutron-deficient and neutromport of the U.S. Department of Energy.V. and K.K)), the
excess isotopes. The EES model predicts that temperaturditional Science FoundatidiV.A.F.), and the Indiana Uni-
derived from IMF ratios reflect later, lower excitation-energy versity Institute for Advanced StudiW.A.F.).
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