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Excited state production has been measured for ’Li, 'Be, and !°B fragments emitted in the
4Ar+12C reaction at E/A=8, 10, and 12 MeV. The use of reverse kinematics and a system with
low rotational kinetic energy permitted a more direct test of the excited state method for tempera-
ture determination than had previously been possible. The results show that the population of ex-
cited states reflects the temperature expected from Fermi gas calculations at the appropriate excita-
tion energy for the compound nucleus and is consistent with the temperature determined from the

slope of the fragment spectra.

A key question in the study of nuclear dynamics at
medium and high energies concerns the temperature and
degree of equilibrium reached in collisions between com-
plex nuclei. Until a few years ago the inverse slope pa-
rameter of the light particle spectra was taken to be a
measurement of the temperature reached in the collision.
A perplexing puzzle was that the temperature determined
this way seemed to pass smoothly through and well
beyond the point at which nuclear matter should undergo
a liquid-gas phase transition. An alternate method! for
temperature determination, the excited state population
method, was proposed and gave significantly different
temperatures from those determined from the particle
spectra. One attempt? to establish the reliability of the
new method by studying a compound nuclear system
with a known temperature was hindered by the small mo-
ment of inertia of the system, which permitted a large
fraction of the available energy to go into rotational
motion. In addition, the low bombarding energy led to
laboratory conditions in which a fairly large fraction of
the fragment spectra were obscured by detector thresh-
olds. The present experiment is a new attempt to estab-
lish the excited state population method for nuclear tem-
perature determination for a better choice of system and
experimental situation.

The excited state population method for nuclear tem-
perature measurement relies on the Boltzmann factor for
a system with energy levels in equilibrium at a finite tem-
perature. For example, the ratio of the population of a
state with excitation energy E., and angular momentum
J . to that of the ground state should be given by

(2jex 1) o~ Eaa/kD)
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where j,, is the ground-state angular momentum, and T
is the temperature. It follows that the y fraction f, of
the detected particles that are in the nth excited state is
given by

;= (2j, +1e T o
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where the summation in the denominator extends over all
states that lead to the ground state. In addition if there
are gamma-ray cascades within the nucleus being studied,
the formula has to modified for such feeding as was done
in formula (3) of Ref. 2. Measurements that employed
this method for bound!3 and a variation on it for un-
bound* states produced in reactions in the intermediate
energy (E /A >20 MeV) range yielded temperatures that
seem to be independent of bombarding energy and are
consistently lower than the temperature obtained from
the energy spectra of the emitted light fragments. The
simple explanation for this disagreement could be that
the population method is not applicable to the nuclear
case.” Another explanation is that the difference arises
from preferential feeding of the ground state by sequen-
tial decay.® However, sequential decay only distorts the
measured population of excited states if the temperature
is high enough to excite fragments into states that lie
above their neutron, proton, and alpha separation ener-
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FIG. 1. Doppler shift corrected y-ray energy spectra in coin-
cidence with light fragments at E/ 4 =10 MeV.

gies. Since these nuclei are produced with much more
negative Q values, they are formed weakly and do not
contribute to the feeding to 'Be or "Li appreciably at low
bombarding energies. For example at E/ A =8 MeV, the
yield of 8Li is less than 1% of that for 'Li, and even at
E/A=12MeV, it is less than 4%.

An attempt to test the population method for the
determination of nuclear temperatures was made by Mor-
rissey et al.? who studied '°Be and 'Be fragments from
the '2C+ !N reaction in and just above the compound
nucleus regime, 6 MEV <E /A <20 MeV. At all ener-
gies a very good internal consistency was found for the
four levels of '°B, which have different spins ranging from
0" to 3%. At the lowest beam energies the measured
temperatures from the different transitions in !B agreed
very well with those obtained from 'Be and 'Li. Howev-
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er, in order to bring the population distribution tempera-
ture into agreement with that calculated from the Q value
and center-of-mass energy, a correction had to be made
for the rotational energy of the compound system. Al-
though certainly correct, this procedure has inherent un-
certainties and at the lowest energies is a dominant con-
tribution to the calculation of the available thermal ener-
gy. This problem can be eliminated by the choice of a
compound system that has a moment of inertia appreci-
ably larger than that of 2Al. The present experiment uti-
lized the **Ar+'2C reaction to avoid this problem and in
addition, because of the reverse kinematics, permitted the
detection of many more heavy fragments and, for the
light fragments, a much greater range of energies in the
center-of-mass frame.

The experiment was carried out at the National Super-
conducting Cyclotron Laboratory with the k500 cyclo-
tron. The beams were E/A=38, 10, and 12 MeV *Ar,
and the target was a self-supporting foil of '2C, 490-
ug/cm? thick. The same Nal detector array described in
Ref. 3 was used in the present experiment for y-ray
detection. In addition a pair of Ge y-ray detectors were
employed for resolving levels in the heavier fragments.
Four charged particle detector telescopes were located at
6=11 deg and $=4, 176, 184, and 356 degrees. This an-
gle 0 is greater than the classical grazing angle for this re-
action (6 deg). Each telescope included three elements 3,
75, and 1000 pm thick, respectively. Isotope
identification was obtained up to Z=11 with these detec-
tor telescopes. The 'Li data were corrected for the con-
tamination due to ®Be decays.” Because of the relatively
small solid angle of the particle detectors, this was not a
major correction (4 to 10% depending on beam energy).
Fragments with 4 > 12 have complex decay schemes that
include rotational bands and many unmeasured branch-
ing ratios. The results from these heavier fragments will
appear in a later publication. More details on the experi-
ment can be found in the doctoral dissertation of J. H.
Lee.?

The gamma-ray spectra in coincidence with the various
detected fragments were corrected for Doppler shift on
an event-by-event basis. Figure 1 gives the gamma-ray
spectra in the Nal detectors Doppler shifted and
summed. The background under the gamma-ray peaks of

TABLE 1. Deduced nuclear temperatures from "Li, 'Be, and '°B.

E/A E, kT
(MeV) Isotope (keV) fa(the)? fn(exp) (meV)
8 Li 478 0.260 0.287+0.024 22123
"Be 429 0.266 0.279+0.038 177589
108 718 0.370 0.317+0.054 1.6753
10 "Li 478 0.272 0.291+0.038 2,412
Be 429 0.278 0.290+0.034 2.1%03
108 718 0.400 0.406+0.062 26108
12 Li 478 0.284 0.204+0.016 0.725 1}
"Be 429 0.289 0.238+0.022 0.91%9%
108 718 0.432 0.374+0.046 22104

*Predicted gamma fraction. See the text for details.
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FIG. 2. Observed temperatures from the y-ray transitions in
’Li, "Be, and '°B. The solid and dashed lines are the predictions
of the Fermi gas model with and without correction for the ro-
tational energy as described in the text.

interest is due to the gamma rays emitted by other prod-
ucts of the collision. Its shape was estimated from the
gamma spectra in coincidence with ®Li fragments which
have no excited states which emit gamma rays in this
spectral range. An appreciable portion of the uncertainty
in the population determination derives from this back-
ground subtraction process. The efficiency of the Nal
detectors was determined to within 5% by placing ra-
dioactive sources at the target position.

A summary of the results of the population determina-
tions is given by Table I and in Fig. 2. The uncertainty in
the temperature was calculated by evaluating Eq. (2) for
the range of values given by the population and its uncer-
tainty. This leads to large and rather asymmetric uncer-
tainties for the temperature. The measured values for the
fraction of nuclei in each excited state, however, can be
compared to that calculated with the Fermi gas model for
the compound system. In this case the compound system
was taken to be 32Cr at the scission point for breaking
into two fragments with masses similar to those under
study. Since the system is rotating, not all of the energy
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is thermal. A correction for this can be made by sub-
tracting the calculated rotational energy from the excita-
tion energy. Thus the available thermal energy E} is
given by

EL=E*—(E,), 3)
where
E*=E&yst+0Q 4)

and E gy is the kinetic energy available in the center-of-
mass system (CMS), and Q is the Q value for formation of
the compound nucleus system. In this case the Q value is
that for '2C+%Ar leading to >?Cr but corrected by 31.1
MeYV for the surface energy difference between a spherical
compound nucleus and one at the scission point. The
quantity (E ) is the average rotational energy which is
taken to be

(E)=11+1)/2¢ . (5)

The moment of inertia { was assumed to be that of a rigid
sphere, and the average value of the angular momentum
of the rotating compound nucleus, T, was calculated from
estimates of the critical angular momentum for fusion of
the system. The relation between the excitation energy
and the temperature was taken to be

*=gq(kT)*. ©6)

The parameter a was taken from the prescription of Toke
and Swiatecki.” The resulting calculated temperatures
(kT) are given in Table II and in Fig. 2 by the dashed
line. The solid curve indicates the nuclear temperature,
in the column labeled kT in Table II, before the removal
of the rotational energy. For the most part, the measure-
ments are in good agreement with the predictions of sta-
tistical equilibrium at the lower two beam energies. The
population temperature drops significantly below the cal-
culated values at E/A=12 MeV because of the onset of
sequential feeding to the ground state by particle un-
bound states of heavier fragments. This can be seen in
Fig. 3, which shows the calculated effect of this feeding
according to the quantum statistical model.® This result
is in good agreement with the conclusions of Gomez del
Campo et al.'® who studied the *Ni+°Ni system at
E/A=11 MeV.

The singles kinetic-energy spectra of the emitted parti-
cles in the center-of-mass frame were fit by a chi-squared
minimization procedure using a Maxwell-Boltzmann
function

N(E)x<(E —C)e E-OV/kT (7

TABLE II. Nuclear temperatures in the Fermi gas model (units in MeV) as compared to the slope

temperatures.
E/A E* kT (Er) E*—(E.) (kT)? KT giope
8 63.2 2.82 334 29.8 1.93 3.28+0.14
10 81.7 3.23 36.1 45.6 2.39 3.98+0.28
12 100.1 3.55 36.1 74.0 3.04 4.04+0.18

?Average temperature with rotational energy taken into account.
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FIG. 3. The effect of sequential feeding on the fraction of nu-
clei in excited states. The solid line is the fraction calculated
from the nuclear temperature according to the Fermi gas mod-
el. The solid line has been omitted from the first two panels
since it lies very close to the dashed line which is the fraction
corrected for rotational energy. The dot-dashed line is correct-
ed for both sequential decay according to Ref. 6 and the rota-
tional energy as described in the text.

where kT is the slope parameter, called kT, in Table
II, and C is the Coulomb barrier correction. Complete
moving source fits, as normally carried out at higher en-
ergies, were not possible because the data were taken at
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one fixed angle. Table II gives the average slope parame-
ters obtained for the three isotopes and three beams ener-
gies described in the present paper. The slope tempera-
ture should reflect the available thermal energy E*, un-
corrected for the rotational energy.!! The agreement of
the slope temperatures with the calculated nuclear tem-
perature is fair and not as good as the population temper-
atures. However, it has been suggested that the spectra
should be fitted with Gaussians in this energy domain.®
However, a comparison to methods used at higher beam
energies (Boltzmann distributions) is more meaningful if
identical techniques are used as much as possible.

The main conclusion of the present work is that excit-
ed state populations give a good measure of the tempera-
ture of the emitting system provided the fragments are
the primary ones produced by a system in statistical equi-
librium. At beam energies above E/A=10 MeV, the
effects of sequential feeding must either be measured (as
was done by Bloch et al.!?) or calculated to be able to
make an accurate temperature determination. Alternate-
ly the effects of sequential feeding can be minimized by
comparison of high-lying excited state populations or by
comparisons of states which do not include ground states.
The disagreement between the slope and population tem-
peratures at higher beam energies is therefore a serious
problem, the solution of which may lie in the time evolu-
tion of the system as pointed out by Boal'* and Fried-
man.'*
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