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Double isotope-ratio thermometers: The influence of emission time scales

V. E. Viola and K. Kwiatkowski*
Department of Chemistry and Indiana University Cyclotron Facility, Indiana University, Bloomington, Indiana 47405

W. A. Friedman
Department of Physics, University of Wisconsin, Madison, Wisconsin 53715

~Received 25 September 1998!

Isotope ratios are examined for several inclusive studies of light-ion and14N-induced reactions that involve
significantly different reaction dynamics and bombarding energies. For adjacent isotope pairs that have one
nuclide with N,Z, the ratios show a strong dependence on emission angle. Pairs with onlyN>Z isotopes
depend weakly onN/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 the rangeTiso'4.060.4
MeV are found for forward-angle measurements andTiso'2.460.4 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.@S0556-2813~99!05705-2#

PACS number~s!: 25.70.Mn, 24.10.Pa, 25.70.Gh
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I. INTRODUCTION

Determining the temperature of hot residues formed
energetic nucleus-nucleus collisions is central to experim
tal efforts to characterize the equation of state in finite nu
and to identify a possible phase transition in such syste
At low bombarding energies, neutron and charged-part
spectral shapes have historically served this purpose@1,2#.
However, in the bombarding-energy regime aboveE/A
;20 MeV, the effects of Fermi motion and sequential sta
tical emission can lead to a broad distribution of emitti
sources that introduces major uncertainties in determin
temperatures from inclusive spectra@3–6#. Over the past de-
cade, the population-of-excited states method@5,7,8# has
been applied successfully to such systems, generally yiel
temperatures lower than those indicated by spectral sha
More recently, Pochodzallaet al. @9# have employed a
double-isotope-ratio thermometer@10# in analysis of multi-
fragmentation data, from which they have proposed a hea
curve for the finite nuclear liquid-gas system. Similar ana
ses have subsequently been performed by several gr
@11–14#. The self-consistency of the technique within
given system and comparisons with excited-state populat
have been investigated in detail by Tsang and co-work
@15,16#.

In this report, the isotope-thermometer technique is
plied to inclusive nuclidic-yield data from several studies
light-ion and 14N-induced reactions. The mechanisms f
these reactions span a wide range of emission time sc
from prompt nonequilibrium processes to much slow

*Present address: Los Alamos National Laboratory, Los Alam
NM 87545.
PRC 590556-2813/99/59~5!/2660~10!/$15.00
n
n-
i
s.
le

-

g

ng
es.

g
-
ps

ns
rs

-
f
r
es,
r

evaporative phenomena. In order to define the fragment
netic energy spectra as completely as possible, the mea
ments reported here have emphasized low energy thresh
for each nuclide in the yield distribution. This is particular
important at backward angles, where the observation of fu
equilibrated systems is most probable, but where dete
thresholds and kinematics conspire to impose low-ene
cutoffs on the spectra.

Following Albergo@10#, the isotope yield for a system in
chemical and thermal equilibrium can be related to tempe
ture Tiso via the expression

Tiso5B/ ln~aR!, ~1!

whereB is the binding energy difference for the fragmen
anda is a factor that accounts for the mass and spin of e
fragment. Volume emission at a fixed freeze-out condit
having a tempertureTiso is assumed in the Albergo analysi
The double isotope ratio R is the ground-state populat
ratio at freeze-out~Y! for fragments (A,Z),

R5
Y~Ai ,Zi !/Y~Ai11,Zi !

Y~Aj ,Zj !/Y~Aj11,Zj !
. ~2!

Measured yields and related double ratios, however, incl
the cumulative effects of secondary feeding. In the pres
analysis, this correction has been made with the empir
systematics of Tsang@15#, which define a correction facto
ln k for each double ratio. This procedure relates an appa
temperatureTappbased on measured yields,Rexp, to a freeze-
out temperatureTiso, where

1

Tapp
5

1

Tiso
1

ln k

B
. ~3!s,
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TABLE I. Ratios of isotope yields, classified in groups of constant isospin.

Ratio p1Ag 4He1Ag 4He1116Sn p1Xe 4He1124Sn 4He1197Au

Eproj 480 MeV 200 MeV 200 MeV 180 MeV 300 GeV 200 MeV 180 MeV 200 MeV
uobs 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

11C/12C 0.12 0.20 0.40 0.069 0.22 0.20 0.045 0.22
13N/14N 0.12 0.12 0.082
15O/16O 0.063 0.18 0.12 0.11
17F/18F 0.14 0.19

6Li/ 7Li 0.86 0.75 0.92 0.86 0.40 0.70 0.43 0.52
10B/11B 0.54 0.64 0.63 0.40 0.32 0.52 0.22 0.44
12C/13C 1.5 1.6 1.9 1.6 0.91 1.8 0.91 1.0
14N/15N 0.49 0.59 0.34 0.44
16O/17O 1.8 1.9 1.4 1.4
18F/19F 0.42 0.37
20Ne/21Ne 0.74 0.48

7Li/ 8Li 7.4 7.6 9.0 3.4 6.0 5.9 5.2
9Be/10Be 3.2 1.9 1.8 2.5 1.0 1.3 1.4 1.3
11B/12B 6.3 8.2 8.4 6.6 3.9 7.5 3.8 4.8
13C/14C 2.6 3.0 3.9 2.6 1.8 3.6 1.5 1.9
15N/16N 6.4 7.3 4.5 4.4
17O/18O 1.5 1.5 1.0 0.82
19F/20F 1.2 1.0
21Ne/22Ne 0.82 0.87

8Li/ 9Li 7.1 6.1 5.9 11.5 3.4 4.8 5.1 3.2
12B/13B 6.1 4.9 5.5 4.9 2.7 4.0 2.9 3.3
14C/15C 8.4 8.8 6.5 4.5 6.8
16N/17N 2.2 2.1 3.3 2.8
18O/19O 7.3 4.6 1.7 1.4
20F/21F 1.5 1.8
22Ne/23Ne 3.7 3.1
Ref. @17# @18# @19# @19# @20# @19# @19# @18#
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In determining the value ofTapp for all possible combina-
tions of isotopes for each system, only those ratios for wh
B>10 MeV were included, since studies by Tsanget al. @15#
have shown the smallest fluctuations for such combinatio
In order to satisfy this binding energy requirement, one, a
only one, nuclide with neutron numberN,Z must be in-
cluded in the double-isotope ratio.

In the present study we first examine double-isotope-r
temperatures determined from isotopically resolv
intermediate-mass fragment~IMF: Z53 –12) spectra pro-
duced in light-ion-induced reactions@17–20#. All double ra-
tios involve either the11C/12C or 15O/16O pairs. For the data
from Refs.@17# and@19#, measurements are available at bo
forward angles, where nonequilibrium processes domin
the spectra for fragments up toZ;6, and backward angles
where emission has been shown to be consistent with e
sion from an equilibrated composite system with.90% of
the beam momentum@21#. Next, this technique is employe
to determineTiso values from2H/3H and 3He/4He spectra in
several other light-ion systems@14,22–24#. And finally, data
are analyzed forZ53 –8 isotopes formed in the14N
1natAg, 197Au reactions@4# at bombarding energies betwee
E/A520–100 MeV, again using either the11C/12C or
h
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15O/16O ratio as one of the pairs. The isotope ratio measu
ments in the14N studies were performed at angles whe
equilibrium and nonequilibrium emission are of compara
importance@4#. The temperature evolution of highly excite
nuclear matter and secondary feeding effects during fr
ment cooling are also examined in the context of the sta
tical expanding, evaporating source~EES! model @25#.

The 300-GeVp1natXe results@20# are included as a ref
erence point. These data provide an extensive set of iso
ratios measured with low thresholds, and have previou
been subjected to a double-isotope-ratio analysis@15#. Thus,
the data sets examined here permit a broad sampling of
sensitivity of Tiso to bombarding energy, target-projecti
N/Z and reaction mechanism.

II. IMF ISOTOPE-RATIO TEMPERATURES FROM
LIGHT-ION-INDUCED REACTIONS

In Table I, single ratios of adjacent isotope
Y(A,Z)/Y(A11,Z) from Refs. @17–20# are tabulated for
pairs of IMFs, grouped according to constant neutron-pro
differenceN-Z of the lighter isotope of the pair. Also liste
are the angle of observation and theN/Z ratio of the collid-
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ing system. Ratios involving H and He isotopes are d
cussed in Sec. III.

First, we consider those single ratios that contain o
neutron-deficient (N5Z21) isotope. One of these must b
included in Eq.~1! in order for the binding-energy paramet
B to exceed 10 MeV. For ratios involving a neutron-deficie
nuclide~e.g., 11C/12C), the forward-angle values are system
atically a factor of about five higher than those at backw
angles. The mechanisms responsible for the angular de
dence of the single ratios are suggested by the kinetic-en
spectra in Fig. 1@18#. Here inclusive isotope-integrated spe
tra for carbon fragments emitted at representative forwa
intermediate and backward angles are shown for the 2
MeV 4He1197Au reaction. These data have been analyz
with a moving-source model that assumes two compone
one corresponding to fast nonequilibrium emission an
second described by the decay of an equilibrated residue
shown by the source decomposition in Fig. 1, the fast sou
dominates the forward-angle yield, whereas the equilibra
source accounts for most of the yield in the backward he
sphere. This suggests that the larger single ratios at forw
angles are most likely attributable to nonequilibrium pr
cesses. Consistent with this argument, studies of isotopic
resolved spectra at forward angles@4,17–19,26,27# show that
neutron-deficient isotopes have distinctly flatter spec
shapes~i.e., higher spectral temperatures! than those with
N>Z.

FIG. 1. Spectrum of carbon fragments emitted at forward, in
mediate, and backward angles from the 200-MeV4He1197Au re-
action @18#. Two-component moving-source fits to the data are
scribed by dotted line~equilibrium component!, dashed line
~nonequilibrium component!, and solid line~sum!. At 21° the non-
equilibrium and sum curves overlap; at 170° the equilibrium a
sum curves overlap.
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Next, we consider the ratios for the 22 pairs of adjac
isotopes withN>Z. These isotopes comprise about 95%
the absolute IMF yield for the systems in Table I. In contra
to the case for ratios involving anN,Z isotope, these single
ratios are approximately independent of emission an
bombarding energy or target-projectile system. The variat
for a given single ratio~e.g., 12C/13C) among all systems is
less than a factor of three, part of which can be accounted
by a systematic increase in the yields of neutron-excess
topes as theN/Z ratio of the composite system increas
@19,28#. The N/Z dependence tends to cancel out in t
double-isotope procedure@29#. The lack of dependence o
reaction mechanism for the single ratios involving onlyN
>Z isotopes is not fully understood, but may be related
the independence of isotope ratios on excitation energy
suggested by the EES calculations discussed below.

To illustrate the uniformity of the yields quantitatively, a
(Z,A)/(Z,A11) ratios involving onlyN>Z isotopes have
been normalized to the corresponding ratios for 300 GeVp
1natXe data@20#. These ratios are near unity in all cases. T
normalized ratios, averaged over all isotope pairs are sh
in Table II. Based on this comparison and the relative
small standard deviations, it would appear possible to e
mate the isotope ratio for a given pair withN>Z at all
angles for light-ion-induced reactions by scaling to thep
1Xe results and taking into account theN/Z of the compos-
ite system. The implication of this isotope-ratio constancy
that theN>Z pairs in Eq.~2! provide little sensitivity for
determiningTiso due to the logarithmic dependence onR.

From the data listed in Table I, values ofTapp have been
calculated for all pairs withB.10 MeV, using Eqs.~1! and
~2!. All the ratiosR contain 11C/12C or 15O/16O in the de-
nominator of Eq.~2!. Corrections for secondary feeding u
ing Eq.~3! and the values of lnk/B from Ref.@15# have been
applied to derive values ofTiso for each ratio. These hav
then been averaged to yield average values of^Tiso&, listed in
Table III. These values are not yield-weighted.

At forward angles, all values fall in the rangêTiso&

-

-

d

TABLE II. Average of each single isotope ratio relative to th
corresponding value for thep1Xe system in Table I, where
^Rsingle&5^@Yi(A,Z)/Yi(A11,Z)#/@YXe(A,Z)/YXe(A11,Z)#&. The
second column lists theN/Z ratio of the target-projectile system
and the third column gives the angle of observation. Also given
representative ratios for14N1natAg, 197Au reactions. Isotopes with
N,Z are not included.

System (N/Z)CN uobs ^Rsingle&

700 MeV 14N 1 Ag 1.26 40° 0.6460.07
1140 MeV 14N 1 Ag 1.26 20° 0.6360.08
480 MeV p1Ag 1.27 20° 0.7360.12
480 MeV p1Ag 1.27 160° 0.7860.14
200 MeV 4He 1 Ag 1.29 20° 0.6160.18
200 MeV 4He1116Sn 1.31 12° 0.5760.14
180 MeV 4He1116Sn 1.31 154° 0.6060.19
3 GeV p1Xe 1.41 48° 1.00
1400 MeV 14N1197Au 1.45 20° 1.0360.18
200 MeV 4He1124Sn 1.46 12° 0.7560.20
180 MeV 4He1124Sn 1.46 154° 1.0060.21
200 MeV 4He1197Au 1.48 20° 0.9660.21
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TABLE III. Temperature comparisons for light-ion-induced reactions derived from11C/12C and 15O/16O
ratios.

System uobs ^Tiso& ~MeV! TFG
MAX ~MeV! ^ TEQ

MS& ~MeV! Ref.

480-MeV p1natAg 20° 4.360.9
160° 2.860.2

200-MeV 4He1natAg 20° 3.560.2 3.7 3.7 @17#

200-MeV 4He1116Sn 12° 3.660.2 3.4
180-MeV 4He1116Sn 154° 2.660.3 3.4 3.460.2 @18#

300-GeVp1Xe 3.960.2 NA @19#

200-MeV 4He1124Sn 12° 4.360.3 3.3
180-MeV 4He1124Sn 154° 2.760.3 3.3 3.460.2 @18#

200-MeV 4He1197Au 20° 3.760.2 2.8 2.8 @17#

uobs: laboratory angle of observation
TFG

MAX : calculated assuminga5A/8 MeV21

^TEQ
MS&: temperature from moving-source fits to equilibrium~EQ! component of the spectrum;

averaged overZ55 –10 IMFs.
^Tiso&: temperature from double-isotope ratios; averaged over all pairs withB>10 MeV.
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>3.6–4.3 MeV, comparable to the 300-GeVp1natXe data
@15,20#. There is little correlation with bombarding energy
composite system. A similar system to those in Table I, 2
MeV 3He1natAg, has been studied to determine tempe
tures via the population-of-excited-states method@30#. At
forward angles a value of 4 MeV is obtained, nearly the sa
as for ^Tiso& values from the double-isotope thermomet
This correspondence between the isotope-ratio tempera
and those from the population-of-excited states method
also been noted inE/A550–200 MeV 197Au1197Au colli-
sions by Serflinget al. @31#, where similar temperature va
ues were obtained. However, while there is general con
tency between the two thermometers, it must be kept in m
that in our case they are being applied to reactions belie
to occur on a very fast time scale, and hence the assump
of equilibrium distributions may not be applicable for eith
the excited state population or the isotope ratios. T
backward-angle data yield lower values,^Tiso&>2.022.8
MeV. This is somewhat higher than the value of;1 MeV
obtained from the backward-angle measurements via
population-of-excited-states method in Ref.@30#.

Thus, both the isotope-ratio temperatures and those f
excited-state populations seem consistent with a pictur
which fragments emitted at forward angles contain a sign
cant contribution from processes that occur on a short t
scale from a hot, localized region of the nucleus@32#. At
backward angles the ejectiles appear to be produced
cooler, thermalized events. However, even for nearly equ
brated systems, there may not be a simple freeze-out co
tion. The emission ofN,Z isotopes may occur at earlie
times~i.e., higher average excitation energies! than for those
with N>Z, as suggested by the EES model@25#. This is a
consequence of the slightly higher Coulomb barriers and
large cost in binding energy required to produce neutr
deficient fragments, discussed in more detail in the follow
section.

Insight into the relative constancy of the^Tiso& values for
widely different systems may be gained from EES calcu
tions. The effect of initial excitation energy on the isoto
ratios predicted by the EES model is shown in Fig. 2 fo
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107Ag nucleus. All values are relative. The top panel of F
2 shows EES calculations of two carbon isotope rati
11C/12C and 12C/13C from a range of excitation energies in
decaying107Ag system. A strong dependence onE* is ob-
served for the former, whereas the latter ratio shows on
weak dependence. Similar behavior for3He/4He and3H/2H
ratios in the lower panel of Fig. 2, is discussed in the n
section.

It is also important to consider the cooling of the h
fragments themselves. Feeding effects at the end of the
excitation chain can significantly alter the primary isoto
ratios, as shown in Fig. 3 for an EES calculation of thep
1131Xe system heated to an initial temperature ofT510
MeV. The calculated ratios are all normalized to thep1Xe
yield data of Ref.@20#. Single isotope ratios for three calcu
lational cases are shown: primary distribution only~no feed-
ing!, gamma-ray feeding only, and both gamma-ray and p
ticle feeding. The strong perturbations of the ratios due
feeding are apparent. This serves to emphasize the impo
distinction betweenTapp and Tiso. One notes in Fig. 3 tha
those isotopes least affected by feeding are the neut
excess isotopes of the odd-Z IMFs Li and B.

III. LCP ISOTOPE-RATIO TEMPERATURES

The effects of emission time scale become increasin
important forTappvalues derived from LCP ratios~LCP 5 H
and He isotopes!. Two primary concerns involving these iso
topes are~1! the known increase in3He/4He ratios with
increasing fragment kinetic energy due to nonequilibriu
cooling effects@14,17,27,33#, and ~2! secondary decay o
heavier fragments to produce light-charged particles es
cially 4He. In Table IV we examine several studies whe
equilibrated charged-particle emission@22–24# has been re-
ported. Here only the2,3H/3,4He thermometer can be use
due to low yields for heavier fragments.

The 55-MeV 3He1natAg spectra@24#, have recently been
measured at backward angles to high precision~Fig. 4!.
These spectra should be representative of an equilibrated
tem formed with ~nearly! complete momentum transfe
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From the spectral shapes it is apparent that the3He/4He ratio
changes dramatically with emitted fragment kinetic ener
Integration of the full yield, however, leads to isotope-ra
temperatures generally consistent with the Fermi gas e
mates or spectral-shape analyses. For the 55-MeV case
obtains Tiso52.0 MeV and 3He/4He50.0055, compared
with TFG52.2 MeV a>A/8 MeV21). EES calculations
yield Tapp51.9 MeV with 3He/4He50.004, reflecting some
neutron cooling. The results in Table IV for the 95-MeV ca
suggest a lower average linear momentum transfer@21,34#.

The 140-MeV 4He-induced reaction, for which the da
were decomposed into equilibrium and nonequilibrium co
ponents@22#, yield results generally consistent with Table I
in that both analyses yield much higher isotope-ratio te
peratures for the nonequilibrium component,Tiso'5 –6
MeV. For the lower-energy-proton inclusive data@23#, Tapp
values higher than the Fermi gas expectation are obtai
This may be explained by the inclusion of a significant p
equilibrium component in the ratios, which can strongly
fect Tapp. In addition, it should be stressed that the Alber
model assumes many cancellations that may be valid at
excitation energies, but not for reactions much nearer
barrier. Thus, some of the data in Table IV may invoke
model in a regime where its applicability is limited.

FIG. 2. Single isotope ratios predicted by EES model as a fu
tion of initial excitation energy for an Ag nucleus. Top panel: so
curve is for 11C/12C ratio; dashed curve is for12C/13C. Bottom
panel: solid curve is for3He/4He ratio; dashed curve is for2H/3H
ratio. Note differences in both ordinate and abscissa scales for
bon fragments relative to plot for He isotopes.
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At much higher bombarding energies, the effects of em
sion time scale on3He/4He ratios become more dramati
This is illustrated in Fig. 5 where the3He/4He ratio obtained
with a minimum-bias trigger is plotted as a function of k
netic energy for a multifragmenting system, 4.8-GeV3He
1natAg, 197Au @14,35#. The 3He/4He ratio has been used i
most caloric curve analyses to date@9,11–14#. For the most
energetic He isotopes, nonequilibrium effects may domin
the ratios. Another interpretation of the observed increas
the 3He/4He ratio with He energy is that it provides an ‘‘in
stantaneous temperature’’ of the source as it evolves tow
equilibrium, in the spirit of the accreting source model
Fieldset al. @32#. The large increase in the3He/4He ratio as
a function of He energy also points to the possible uncerta
ties associated with detector identification thresholds
energy-acceptance windows in determining cumulat
yields. Thus, careful selection criteria must be imposed
determining the appropriate3He/4He ratio for the breakup
stage.

Differences in emission times for equilibrated systems
predicted by the EES model@25#. In the EES model, surface
emission of IMFs occurs from an expanding, cooling sour
At sufficiently high temperatures, cluster formation in th
dilute system leads to disassembly, at which point volu
emission is assumed. Corresponding EES predictions
shown in Fig. 6 for the temperature~time! evolution of He
isotopes emitted from a197Au nucleus initially heated toT
515 MeV, which should be representative of this system

Due to expansion, breakup for this system occurs a
temperature ofT;5 –6 MeV; secondary decay effects a
included in the calculations. The preferential emission
3He early in the cooling process is apparent in Fig. 6. Nea
50% of the3He yield is emitted by the time the temperatu
has cooled toT.10 MeV; i.e., after; 25 fm/c. For 4He
this fraction is not reached until the system has reached
breakup/volume-emission regime nearT;6 MeV, or
;70 fm/c. Overall the average emission temperature
^T&59.9 MeV for 3He and 6.7 MeV for4He. Thus, the He
isotope ratios are strongly time-dependent, even in the c
text of an equilibrium model.

For IMFs, this picture changes significantly, as shown
Fig. 7. Here calculations employing the EES model@25#
have been used to predict the evolution of11,13C isotope
yields as a function of thermodynamic temperature, also
a 197Au nucleus heated to an initial temperature ofT515
MeV. Although IMF emission is shown to be primarily as
sociated with the low-density breakup phase of the reac
at these excitation energies, it is observed that theN,Z
isotope is produced at all temperatures, whereas nearly
entire N.Z yield comes from the final breakup of the sy
tem. The yield-weighted average temperature difference
small, however,̂ T&55.8 MeV for 11C and^T&55.4 MeV
for 13C. These calculations indicate that for heavy fragme
such as carbon, the statistical-emission time does not cau
strong perturbation of the isotope-ratio temperatures. Ho
ever, the results indicate that heavy fragments sample
temperature very late in the cooling process. The upsho
Figs. 6 and 7 is that He isotope ratios may be much affec
by the entire sequence of events during the cooling of v
hot nuclei, whereas ratios for heavier IMFs appear to
better probes of the conditions during the breakup stage
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ar-
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FIG. 3. Ratios of EES model predictions to data from 300 GeVp1Xe measurements@20# for a Xe nucleus heated to a temperature
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
charged-particle feeding.
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multifragmentation. In either case, however, in the contex
the EES scenario, the isotope-ratio temperature should
regarded as a time-averaged temperature and not a un
thermodynamic temperature at a single freeze-out condit

IV. IMF ISOTOPE-RATIO TEMPERATURES IN
14N-INDUCED REACTIONS

In Fig. 8 and Table V we examine the bombarding ene
dependence of the isotope thermometer method for IM
f
be
ue
n.

y
s

produced in the14N1natAg, 197Au reactions betweenE/A
520–100 MeV @4,34#. Isotope measurements were pe
formed at angles between 20° –50°. In order to empha
equilibrium-like events, only the lowest part of each fra
ment spectrum, (E/A) IMF<10 MeV was used to determin
the ratios. However, the values ofTiso are relatively indepen-
dent of fragment energy, although the lowest energy fr
ments systematically yield the lowest isotope-ratio tempe
tures, as shown in Fig. 9. Little dependence ofTiso on angle
is observed over this limited angular range. The isotope
TABLE IV. Isotope ratios for3He/4He for several light-ion-induced reactions andTiso values derived
from this ratio. Also listed are Fermi gas temperatures assuming complete fusion anda5A/8 MeV21.

System Source 3He/4He THHe ~MeV! TFG
MAX ~MeV! Ref.

55-MeV 3He1natAg 147.5° 0.0055 2.0 2.2 @24#

95-MeV 3He1natAg 147.5° 0.0071 2.1 2.8 @24#

140-MeV 4He190Zr EQ b 0.017 2.3 3.5 @22#

NEQ b 0.25 5.8 @22#

140-MeV 4He1209Bi EQ b 0.031 3.0 2.3 @22#

NEQ b 0.17 5.2 @22#

40-MeV p1209Bi a 0.05 3.0 1.2 @23#

62-MeV p1120Sn a 0.04 3.2 2.0 @23#

62-MeV p1197Au a 0.06 3.1 1.6 @23#

62-MeV p1209Bi a 0.06 3.3 1.5 @23#

aAngle-integrated yields.
bSource decomposition of angle-integrated yields.
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FIG. 4. Spectra of3He and 4He ions from 55-MeV 3He
1natAg reaction at 147.5°@24#.

FIG. 5. Ratio of3He/4He as a function of He kinetic energy fo
4.8 GeV natAg, 197Au reactions.

FIG. 6. EES predictions of integrated yield for3He ~upper! and
4He ~lower! fragments as function of temperature~left! and time
~right! for a 197Au nucleus heated toT515 MeV. For this system,
the transition from the evaporative to the breakup/volume-emis
regime occurs nearT'6 MeV.
tios for these systems strongly resemble those in Table I
corresponding target and observation angles. In addit
these same experiments measured complete energy sp
for Z-identified fragments over the full angular range. Th

n

FIG. 7. EES predictions of integrated yield for11C ~upper! and
13C ~lower! fragments as a function of temperature for a197Au
nucleus heated toT515 MeV. For this system, the transition from
the evaporative to the breakup/volume-emission regime occurs
T;6 MeV.

FIG. 8. Bombarding-energy dependence for average isoto
ratio temperaturêTiso&, moving-source slope temperatureTMS

EQ for
equilibrium-like IMFs, and Fermi-gas temperatureTFG for E/A
520–100 MeV 14N1natAg, 197Au reactions.
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TABLE V. Values of ^Tiso& for several14N-induced reactions on Ag and Au. Headings are the sam
in Table III.

System N/ZCN uobs ~deg! ^Tiso& ~MeV! TFG
MAX ~MeV! ^TEQ

MS& ~MeV!

280-MeV 14N1natAg 1.26 20–40 3.560.2 4.0 4.4
420-MeV 14N1natAg 20–40 3.760.2 4.9 5.0
560-MeV 14N1natAg 20–40 4.060.2 5.7 5.1
700-MeV 14N1natAg 20–40 4.160.2 6.4 5.3
840-MeV 14N1natAg 50 3.860.3 7.0 5.9
1120-MeV 14N1natAg 20 3.660.3 8.1 6.5
280-MeV 14N1197Au 1.45 30 3.660.2 3.5 3.5
420-MeV 14N1197Au 30 3.560.2 4.1 4.3
560-MeV 14N1197Au 30 3.660.2 4.7 4.3
700-MeV 14N1197Au 30 3.760.2 5.3 4.9
840-MeV 14N1197Au 50 3.460.3 5.7 4.9
1120-MeV 14N1197Au 50 4.060.3 6.6 5.3
1400-MeV 14N1197Au 50 4.160.3 7.0 5.7
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permitted high quality two-component, moving-source fits
the data, from which spectral slope temperatures could
determined for the equilibrium-like sourceTMS

EQ and nonequi-
librium sourceTMS

NEQ @4,34#. The moving-source temperature
were strongly constrained by the backward-angle spec
which exhibited the isotropy expected of a thermaliz
source.

Average temperatures^Tiso&EQ are plotted along withTMS
EQ

values in Fig. 8 as a function of bombarding energy/nucle
for these systems. In calculatinĝTiso&, only 11C/12C and
15O/16O ratios were employed for the pair withN,Z. The
13N yield was too low to obtain results. The average isoto
ratio temperatures for all systems fall in the rangeTiso
53.4–4.1 MeV. These values are similar to those for n
equilibrium emission observed with light ions in Sec.
Also shown in Fig. 8 are predictions of a simple Fermi-g
model TFG with level-density parametera5A/8 MeV21.

FIG. 9. Plot of^Tiso& as a function of (E/A) IMF measured in the
angular range 20° –40° for 280-MeV and 700-MeV14N1natAg re-
actions.
e

a,

n

-

-

s

Two assumptions about the reaction dynamics are mad
calculating the excitation energy: one assuming complete
sion and a second that includes corrections for incomp
linear momentum transfer@36#. The Fermi-gas predictions
that account for incomplete linear momentum transfer are
relatively good agreement with the spectral slope tempe
tures, but well above the isotope-ratio temperatures at
higher bombarding energies. The difference between
slope and isotope-ratio temperatures suggests that the fo
values reflect the earlier stages of the cooling proce
whereas the latter are more representative of later stage
the cooling of the fragments themselves.

Similar differences between isotope-ratio and slope te
peratures are also observed in the data for the4He 1 Sn
reactions, summarized in Table III. Most relevant is theTiso

vs TMS
EQ temperature comparison at backward angles—wh

equilibrated emission should dominate the complex fragm
yield. Here we assume full-momentum-transfer collisio
and a level density parametera5A/8 MeV21 in the calcu-
lation of TFG. The assumption that complex fragments em
ted at backward angles originate from an equilibra
complete-fusion residue is based on the observation of
tropic angular distributions in the backward hemisphe
@3,4,18#, the sharply-rising nature of the complex fragme
excitation functions in this projectileE/A range @37#, and
IMF-fission-fission correlation studies on heavier targ
@21,34#. Possible contributions from incomplete momentu
transfer processes will lower theTFG values systematically
this precludes the listing of similar values for the proto
induced reactions. The results show significantly lower v
ues for the isotope-ratio thermometer compared to
moving-source fit temperatures and the Fermi-gas pre
tions. Thus, these light-ion systems, where equilibrated em
sion can be isolated, yield the same conclusions as thos
14N.

V. CONCLUSIONS

In summary, isotope-ratios have been examined for s
eral light-ion and14N-induced reactions where both nonequ
librium and equilibrium fragment emission can be isolate
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Ratios for a given pair of adjacent isotopes, both withN
>Z, show a uniform behavior for all systems, with a we
dependence on target-projectileN/Z. HigherN/Z composite
systems produce a higher yield of neutron-excess isoto
When empirically corrected for secondary decay effec
double isotope-ratio temperatures for inclusive light-io
induced reactions below about 1 GeV show consistent va
of Tiso'4 MeV for forward-angle-emission~nonequilibri-
um!, independentof bombarding energy, colliding system o
reaction dynamics. At extreme backward angles, wh
equilibrated emission dominates, lower temperatures are
tained,Tiso'2.5 MeV. Thus, the results are consistent with
picture in which nonequilibrium emission occurs from a h
localized system, whereas equilibrium emission originate
cooler, fully thermalized sources.

We point out that nonequilibrium processes favorN,Z
products, an effect that contributes to strong variations
3He/4He ratios with He energy. This dependence on fra
ment kinetic energy can produce significant variations in c
culated isotope-ratio temperatures, depending on experim
tal thresholds and energy acceptance windows. We also
the isotope-thermometer temperatures to be nearly inde
dent of bombarding energy over a 1 GeV bombarding energ
range for 14N-induced reactions on Ag and Au, where
slope temperatures increase consistent with Fermi gas ex
tations, corrected for linear momentum transfer.

The results of EES calculations suggest the importanc
emission time scale in the cooling of hot nuclei—which a
pears to be quite different for neutron-deficient and neut
excess isotopes. The EES model predicts that tempera
derived from IMF ratios reflect later, lower excitation-ener
d
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stages of the cooling/disassembly process, whereas tem
tures based on3He/4He are more sensitive to the earlie
stages. The time dependence of statistical emission, as
as feeding contributions as the emitted fragments cool, m
also be folded into any interpretation of nuclear temperatu
based on the double-isotope-ratio thermometer.

This analysis points to an evolutionary scenario for t
deexcitation of hot nuclei@14,38,39#. The continuum of
mechanisms that produces the final fragment observables
gins with nonequilibrium emission processes that occur d
ing the multiple-scattering stages between impact and eq
bration. This is followed by the time-dependent cooling
the thermalized system, and in the case of the hottest
tems, expansion and multifragmentation of the final resid
For the most highly-excited systems, the time scales for
of these stages: relaxation, thermal fluctuations and di
sembly@39#, occur on comparable time scales—preventin
clearcut separation in time. Finally, at every stage the
mary fragment yields are pertrubed by the secondary de
of the hot fragments.
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