
PHYSICAL REVIEW C VOLUME 52, NUMBER 2 AUCxUST 1995

Impact parameter selected excited state populations for 36Ar + 197Au
reactions at E/A = 35 Mev
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Impact parameter selected excited state populations were measured for Ar + Au reactions at
E/A = 35 MeV in order to better understand population inversions observed in a previous measure-
ment of N + Ag reactions at E/A = 35 MeV. The present impact parameter selected measurements
revealed such population inversions to be most prominent in low multiplicity peripheral reactions.
The excited state population for central collisions approach statistical model predictions for T —4
Mev.
PACS number(s): 25.70.Mn, 25.70.Gh

I. INTR.ODUCTION

In energetic nucleus-nucleus collisions, very hot and di-
lute nuclear systems can be created which decay on time
scales commensurate with nuclear relaxation times [1—5].
These transient excitations oKer singular opportunities
for determining the statistical properties of hot nuclei [2,
3] and hot nuclear matter [4—8].

In this paper, we are concerned with questions con-
cerning the validity of the approximation of local thermal
equilibrium for preequilibrium production mechanisms
and with the internal excitation of fragments produced
therein. If local thermal equilibrium is achieved in one
of these transient excitations, the corresponding emis-
sion temperature can be obtained &om measurements of
the population of excited states [1, 5, 9]. While cross
calibrations of this technique have been performed via
measurements of the excited states of fragments emit-
ted &om equilibrated heavy residues [9—14], the major
utility of this technique lies in its ability to provide in-
formation about the internal excitation of &agments pro-
duced via preequilibrium processes for which alternative
measures of the internal excitation do not exist. Such
processes are known to play a major role in the mul-
ti&agment disintegration of highly excited systems pro-
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duced in central collisions between heavy nuclei [4—8];
there, questions concerning the degree of thermalization
have a significant impact upon eAorts to extract infor-
mation about phase transitions in low-density nuclear
matter [3,4]. Systematic studies of emission tempera-
tures for preequilibrium processes indicate a gradual in-
crease in the emission temperature &om T = 3 MeV
to T 6 MeV with incident energy over the energy
range of E/A = 20—200 MeV [1,5,15—24]. A recent test
of this local thermal equilibrium assumption for the N
+ " Ag reaction at E/A = 35 MeV, however, revealed
nonstatistical excited state populations of emitted inter-
mediate mass &agments [(IMF's) Z = 3—20], including
inversions of the populations for specific excited states of

B &agments [22, 23]. Since this latter measurement was
performed without impact parameter selection, there are
some questions whether these observations are related
to the dominance of large impact parameter collisions by
nonequilibrium transport phenomena [25—28]. To explore
this issue further, we measured B and other IMF par-
ticle unbound excited state populations for the Ar +
~ ~Au reaction at E/A = 35 MeV, in conjunction with a
charged-particle multiplicity Alter. Some aspects of this
work were published earlier [24].

This particular Ar + Au system has been ex-
tensively investigated with a low-threshold 4m' charged-
particle detector array covering the angular range of
16 & O~ b ( 160' [29]. In peripheral collisions, &agment
emission is a fairly unlikely process; the average IMF
multiplicity increases from (%1MF) & 0.1 for Nc = 2 to
(KyMF) 1.2 for K~ ) 15 [29]. The elemental distribu-
tions observed for various cuts on charged-particle multi-
plicity exhibit a nearly exponential falloK as a function of
the &agment charge [29] which can easily be reproduced
by statistical calculations [30—33]. The inclusive element
distributions are rather similar to those observed in cen-
tral collisions, and the exponential falloK is only slightly
steeper for &agrnents produced in peripheral collisions
[29]. At forward angles the energy spectra of &agments
produced in peripheral collisions exhibit a high-energy
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shoulder which are reminiscent of damped collisions or
emission from a projectilelike source [29]. This shoulder
was not observed in energy spectra gated on central col-
lisions, for which the spectra exhibit nearly exponential
slopes [29].

Analysis of energy spectra for fragments permitted
estimates of the contributions from preequilibrium and
equilibrium emission mechanisms. At forward angles, the
fragment yields predominantly originate &om preequilib-
rium emission mechanisms even to rather low emission
energies [29]. Average emission time scales of 7. = 100—
200 fm/c were extracted from inclusive mixed fragment
correlation functions constructed for &agments emitted
at angles 16' & 0& b & 31' [29]. Only modest depen-
dences were observed for various cuts on charged-particle
or IMF multiplicity [29]. For the most peripheral colli-
sions with N~ & 7 even shorter time scales were ob-
served that are inconsistent with fragment emission from
an equilibrated projectilelike residue [29]. In this reac-
tion, one observes short breakup time scales at the same
time one observes &agment charge distributions that are
consistent with a phase-space-dominated statistical pro-
cess.

In this paper we test in detail whether the &agment
production mechanisms for this Ar + Au reaction
at E/A = 35 are consistent with the concept of local
thermal equilibrium. The experimental details are given
in Sec. II. Information about the impact parameter se-
lection is discussed in Sec. III and impact-parameter-
selected single-particle data are presented in Sec. IV. Ex-
cited state populations and the emission temperatures
are presented in Sec. V. Sequential decay calculations
are performed in Sec. VI and the calculated temperatures
are compared with data in Sec. VII. Previous results on
~OB excited states measurement [24] will be explored in
greater detail. A summary and conclusions are given in
Sec. VIII.

II. EXPERIMENTAL DETAILS

In the experiment, a 1.0 mg/cm thick Au target
was bombarded with a 1260 MeV Ar beam produced by
the K500 cyclotron of the National Superconducting Cy-
clotron Laboratory at Michigan State University. A high-
resolution hodoscope was used to measure the excited
state populations for 8 and other particle-unstable in-
termediate mass fragments [34]. The MSU Miniball 4m.

array was used as an impact parameter filter [29,35]. The
high-resolution hodoscope consisted of 13 closely packed
LE-E telescopes, centered at O~ b

——39 . Nine tele-
scopes, each having a solid angle of 3.6 msr, consisted of
a 150 pm surface-barrier silicon AE detector, a 5 mm
lithium-drifted silicon E detector [Si(Li)], and a 400 pm
silicon-surface barrier veto detector. Each 5 rnm Si(Li)
detector was fabricated with a total dead layer less than
15 pm. The dynamic range of these telescopes was op-
timized to isotopically resolve particles with Z &4. The
remaining four telescopes, each having a solid angle of 5.6
msr, consisted of 75 pm and 100 pm thick surface-barrier
silicon AE detectors and a 5 mm lithium-drifted Si(Li)
E detector. Here, the dynamic range was optimized to

isotopically resolve particles with Z &2. The position
information for each individual telescope was obtained
with two single-wire proportional gas counters, placed
at the front of the telescope, each providing one coor-
dinate of the x-y readout. A position resolution better
than 0.3 mm full width at half maximum (FWHM) was
achieved for alpha particles &om a point Cm source
placed at the target position. Energy calibrations were
performed by extrapolating pulses from a Am alpha
source using a precision pulser system. Gain shifts of
the electronics during the experiment were monitored by
pulsers applied to the test inputs of the preamplifiers.

The MSU 4' Miniball array was used in the experiment
to provide an impact parameter filter. Rings 2—ll of the
array [35] were used. These rings, when complete, have
176 detectors and cover an angular range of 16 —160 in
the laboratory with a solid angle coverage of 85% of 4m.
In order to fit the hodoscope into the Miniball array, 27
out of the 176 phoswich detectors in rings 2—11 of the
original array were removed to allow the insertion of the
hodoscope. The remaining Miniball array covered a solid
angle corresponding to 77% of 4'.

Each phoswich detector of the 4' Miniball array con-
sisted of a 40 pm thin fast plastic scintillator foil and a
2 cm CsI crystal and provided charged-particle detection
and particle identi6cation with a low-energy threshold.
Particle identification was achieved by integrating the
photomultiplier signal over several distinct timing gates.
In this experiment, slow moving heavy particles which
stopped in the fast plastic scintillator were not analyzed.
The threshold for particle detection and identification in
the Miniball was about E/A = 2, 3, 4 MeV for Z = 3,
10, 18 &agments, respectively. Further details about the
Miniball 4vr array are given in Refs. [29, 35].

III. IMPACT PARAMETER SELECTION

For ssAr + ~97Au collisions at E/A = 35 MeV, an
impact parameter filter has been constructed using the
total charged-particle multiplicity detected in the orig-
inal 176 detector Miniball which covered a solid angle
corresponding to 85% of 4vr [29]. Such impact parame-
ter filters can provide a moderately accurate impact pa-
rameter selection for small impact parameters with large
associated charged-particle multiplicities but suer some
loss of sensitivity for peripheral collisions at large impact
parameters where the charged-particle multiplicity may
be small or vanishing. The top panel of Fig. 1 was taken
from Ref. [29] and shows the detected total charged-
particle multiplicity distribution for that experiment. A
monotonic relationship has been assumed between the
multiplicity and the impact parameter in order to assign
the impact parameter using the measured total charged-
particle multiplicity. This can be easily expressed as an
integral relationship

(b/b „) = [dP(N,')/dN, ]dN',
Nc

where 6 „corresponds to the maximum impact param-
eter for particles detected in the Miniball (N, & 1).
dP(N, )/dN, is the normalized probability distribution
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for the charged particle multiplicity N, shown in the top
of Fig. 1. It is normalized such that J [dP(K, )/dW, ]

.
dN = 1. The bottom panel of Fig. 1 shows the relation-
ship between the total charged-particle multiplicity and
the impact parameter obtained from Eq. (1). Further
details can be found in Ref. [29].

It is useful to construct an impact parameter filter for
the Miniball-hodoscope coincidence experiment which is
equivalent to the impact parameter filter shown in Fig. l.
To complicate this connection, however, the trigger con-
ditions of the two experiments are different. The multi-
plicity distribution in Fig. 1 was obtained with a trigger
which requires one or more charged particles in the orig-
inal Miniball, while the Miniball-hodoscope coincidence
experiment used a subset of Miniball, and also required
at least one more particle in the hodoscope as well.

Nevertheless, it is straightforward to cross calibrate
the multiplicity filters of the two experiments, using data
taken &om the Miniball stand-alone experiment with the
original array [29]. In this exercise, it is important to
select events from the Miniball stand-alone experiment
which are equivalent to those measured in the Miniball-
hodoscope coincidence experiment. Several steps were
taken to make this correspondence.

(1) For this analysis of the Miniball stand-alone exper-
iment, we removed those detectors which were removed
in the Miniball-hodoscope coincidence experiment.

(2) Some of these detectors (thereafter termed "pseu-
dohodoscope detectors") which were at the appropriate
angles were chosen to mimic the hodoscope telescopes.

(3) We require the detection of at least one particle in
these pseudohodoscope telescopes.

FIG. 1. The Total charged-particle multiplicity distribu-
tion (upper panel) and the extracted impact parameter (lower
panel) and their relationship, from Ar + Au reaction at
E/A = 35 MeV with Miniball as a stand-alone device [29].
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FIG. 2. The cross calibration of the associated and the
total multiplicities and the extracted impact parameter for
the Ar + Au reaction at E/A = 35 MeV.

(4) The resulting associated multiplicity %~ in the
Miniball could then be plotted as a function of the total
charged-particle multiplicity in the total array N to ob-
tain the correspondence between the two quantities. In
this way one could calibrate the impact parameter filter
based upon the associated charged-particle multiplicity
detected in the smaller Miniball array.

In Fig. 2, we show the correlation between the mean to-
tal charged-particle multiplicity (N, ) and associated mul-

tiplicity N~ for events in which a B nucleus is detected
in the pseudohodoscope detectors. On the right hand
side, we show the impact parameter assignment deduced
from the relationship between %, and b/6 „ in Fig. 1.

Figure 3 illustrates the inHuence of detecting a B nu-
cleus in the hodoscope upon the charged-particle multi-
plicity distribution and on the impact parameter. The
solid squares indicate the probability of observing a
charged-particle multiplicity N~ in the Miniball in co-
incidence with the detection of a B nucleus in the ho-
doscope. The dashed line indicates the corresponding in-
clusive multiplicity distribution obtained from the data
of Ref. [29], arbitrarily normalized, which was obtained
with that part of Miniball which was used as an impact
parameter filter, but without the additional requirement
of the detection of a B nucleus in the hodoscope. In
the case of events triggered with a 8 nucleus, the prob-
ability of having very high-multiplicity events is reduced,
possibly reHecting the fact that B takes away energy,
leaving less excitation energy for particle emission. This
interpretation is supported by the associated multiplicity
distribution corresponding to the detection of one proton
in the hodoscope, shown by the open circles. In this case,
the protons carry away less energy and have an associ-
ated multiplicity distribution which deviates less &om
the inclusive multiplicity distribution (dashed line). For
both events gated on protons and B's, the detection
of one charged particle in the hodoscope suppresses pe-
ripheral reactions greatly. This suppression is stronger
for the B trigger than for the proton trigger, consistent
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FIG. 3. The inclusive associated multiplicity distribution,
arbitrarily normalized, of the Miniball array is shown as a
dashed line for the Ar + Au reaction at E/A = 35 MeV.
The solid squares and open circles depict the distribution
when B nuclei or protons are detected in the hodoscope,
respectively. The solid circles represents the distribution ob-
tained by requiring n and I i detected in coincidence in the
hodoscope.

FIG. 4. Energy spectra for B nuclei detected at 45
in the high-resolution hodoscope, for low-multiplicity (solid
points) and high-multiplicity (solid squares) gates on the
Miniball. The solid lines show moving source fits, used in
the efBciency calculations.

with previous observations [29). The solid circles in Fig. 3
show the corresponding multiplicity d.istribution for cor-
related Li and o. particles detected in the hodoscope.
Both ioB (solid squares) and a- Li (solid circles) trigger
conditions appear to corresponding to equivalent impact
parameters.

The impact parameter selection gates, indicated by the
dash-d. otted lines, were used later on to distinguish pe-
ripheral (K~ & 5) and central collisions (K~ & 10 ) col-
lisions. Also shown at the top of the figure is the impact
parameter scale which was obtained from Fig. 2 using
Eq. (1).

IV. IMPACT-PARAMETER- SELECTED
SINGLE-PARTICLE CROSS SECTION
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As an example, Fig. 4 shows the energy spectra for B
nuclei detected at 45 in the high-resolution hodoscope,
for low-multiplicity (solid points) and high-multiplicity
(solid squares) events in the Miniball. Similar spectra are
shown in Fig. 5 for helium, lithium, and beryllium iso-
topes for peripheral (left panel) and central (right panel)
reactions. The energy spectra for peripheral collisions ex-
tend to higher energies than the energy spectra for central
collisions. This suggests a greater degree of thermaliza-
tion for central collisions.

In order to get a reasonable parametrization for the
cross section for later calculations of the detection eK-
ciency, the energy spectra were fitted with nonrelativistic
Maxwell distributions, assuming three moving sources of
the form

101
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FIG. 5. Single-particle cross sections for He, Li, and Be
particles emitted in the Ar + Au reaction at E/A = 35
MeV. The left and right panels show the results for peripheral
(N~ ( 5) and central (N~ & 10) collision gate, respectively.
The curves show the moving source fits using Eq. (2) with
fitting parameters shown in Table I ~



F. ZHU et al. 52

V. TEMPERATURE MEASUREMENTS
OF EXCITEI3 NUCLEAR SYSTEMS

The population of excited states of &agments are ex-
tracted as follows [17]. Suppose a fragment A in an
excited state with excitation energy E* decays to two
daughter nuclei b and c,

(3)

This decay can be observed by measuring &agments b

and c in coincidence. From the energies and angles of
particle b and c in the laboratory frame, the excitation
energy E* of the parent nucleus in its rest frame can
be deduced, and from many events, a decay spectrum
can be constructed. The experimentally measured decay
spectrum Y,„~&(E*,,) consists of two parts,

Y-v~(E*...) = Y.(E-*...) + Ys(E*-.). (4)

Here, Y,(E*, ,) is the decay spectrum for the correlated
decay products from the particle-unstable parent frag-
ment A, and YI,(E*, ,) is the background from pairs of
particles which do not originate &om parent fragment A.
%'hile the detailed calculation of the background yield-
ing &om first principles requires an extremely detailed

with E„=E —V, + E; —2+E;(E —Vc) cos 0. Here V,
is a Coulomb barrier parameter, T; is the temperature
parameter for the emitting source, E; = &mv;, where m
is the mass of the detected particle, v; is the velocity of
the source in the laboratory &arne, and 0 is the angle of
the emitted particle in the laboratory frame. The solid
lines in Figs. 4 and 5 depict three source fits. The fitting
parameters are listed in Table I. It is important to note
that, due to the limited angular coverage range of the
data in Figs. 4 and 5, the moving source parameters in
Table I are not reliable for extrapolation to scattering
angles which lie outside the angular range covered by the
hodoscope. These parameters are only useful as input
to the eKciency calculations to extract the population
probabilities in Sec. VI.

knowledge of final state interactions, analysis shows that
YI, can be accurately parametrized by [34]

Yi, (E) = Cqz(1 —e ( ')/ )Yj Y2 e(E —Es). (5)

Here, Ep is the threshold for the decay A' ~ b+ c and L
is the width of the suppression of the background corre-
lation function due to Coulomb Anal state interactions.
Y1 and Y2 are the single-particle yields of particles b and
c, respectively. C1~ is a normalization constant.

The correlated decay spectrum Y,(E*, ,) of the
particle-unstable nucleus A* can be written as

Y' (E*, ,) = dE*c(E*,E*, ,)
dn(E*)

C

Here, E* is the true excitation energy of nucleus A*,
dn(E')/dE* is the decay spectrum in the rest frame of
nucleus A*, E*,is the measured excitation energy, and
e(E*,E*, ,) is the eKciency function of the device. The
eKciency function e(E*,E*, ,) was calculated by taking
into account the geometry of the hodoscope, the detec-
tor energy resolution, the position resolution, the beam
spot on target, and the constraints on the energy range
of particles detected in the hodoscope. The decay of
the parent nuclei was assumed to be isotropic in its rest
frame. The energy spectrum and angular distribution of
the particle-unstable parent fragments were assumed to
be the same as experimentally measured stable fragments
shown in Figs. 4 and 5. Therefore, the moving source fit-
ting parameters from Table I were used as input to the
eFiciency function calculations. Further details of efB-
ciency function calculations can be found in Ref. [34].
Figure 6 shows the eKciency function calculation for de-
tecting particle-unstable B nuclei for the Ar + Au
reaction at E/A = 35 MeV. The top panel shows the
eKciency of the hodoscope and the bottom panel shows
the excitation energy resolution (rms) of the hodoscope
as the functions of the relative energy between the o. and
Li particles.
If we assume a thermal population for the excited

states of particle unstable fragments and if each state
is described by a R-matrix parametrization, the decay
yield into a specific channel c in the rest &arne of the
particle-unstable nucleus can be given as [23]

TABLE I. The moving source fitting parameters of the energy spectrum of peripheral collision
gate (top panel) and central collision gate (bottom panel) for particles produced in Ar + Au
reactions at E/A = 35 MeV. The cross section unit for 1V, is pb/(srMeV ); the temperature unit
for T,. is MeV.

Part
4He

Li
Be

10B

2942
417.5
111.8
41.99

0.0155
0.0001
0.0435
0.0543

2.81
13.52
3.42
14.74

1875
622.7
90.22
89.25

0.0575
0.1393
0.1056
0.1346

7.43
15.12
19.20
17.98

1248 0.1588

0.2085

12.34

9.27

4He

Li
Be

ioB

1920
403.1
14.19
78.28

0.0001
0.0790
0.0001
0.086

10.72
14.00
26.21
13.67

1351
931.2
53.05
46.77

0.0814
0.1870
0.0826
0.1595

6.14
8.34
15.88
11.40

471.8

170.8

0.1478

0.1759

10.68

9.52
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Ape

A

I p/2 dip Eg + Ap —E' dl'p I'p,
(E, + a, —E*)2+I'„/4 dE r„dE

Here, Jp, E~, I'p, Ag, and I'~ /I'q are the spin, energy,
total width, energy shift, and branching ratio for the de-
cay of resonance A into channel c at excitation energy
E*. dn&(E')/dE' is the excitation energy spectrum for
level A and Np is a constant that is determined by fitting
the excitation energy spectrum and which should be in-
dependent of A for a system in local thermal equilibrium.

For narrow levels, I'p and Lp can be treated as en-
ergy independent, and the R-matrix decay spectra can
be further simplified to the Breit-signer formula

dna(E') - —@ (T'2'+ 1

QE $ Age
7r

A

I x/2
(E„,g —E*)2+ I'~q/4 I'g '

with E„,p ——Ep + Lp . For more complicated cases
involving two overlapping states with the same spin and
parity, a modified R-matrix formula can be obtained [23].

The excitation energy spectrum, after folding with the
efficiency function using Eq. (6), provides a theoretical
expression for the coincidence yields. Combining this
with the background parametrization of Eq. (5), the ex-
perimentally measured decay spectrum can be fitted to

n = Ape
—E /T (1D)

In this case, the Breit-signer formula for a group of
levels can be written as

dn(E') . 2Jg + 1
dEe Ap

7r

r, /2 r„.
(E. ..p —E') 2 + I 2/4 I'p

obtain the population probability np for each level. As-
suming that each m substate of level A is populated
equally, the population probability for each m substate
of level A is obtained by integrating the excitation energy
spectrum for level A over excitation energy [23],

.dn~ ...(E*)
2' + 1 dE*

For most of the excited states considered, the excited
states are sufBciently narrow that the Boltzmann factor
e + / varies little over the resonance and can be ap-
proximated at the resonance energy e -' ~/, and taken
out of the integral. The population probability then be-
comes
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FIG. 6. The eKciency function and energy resolution cal-
culations of detecting 8 nuclei excited states in the Ar +

Au reaction at E/A = 35 MeV.

Light nuclei typically have only a few excited states
which may be used to extract temperature Rom popula-
tion probabilities of excited states. Testing the internal
consistency of such a temperature extraction, however,
requires the exploration of many excited states to see if
they are consistent with a common temperature. For
such purposes, we examined B nuclei for which many
excited states of known spins and parities can be mea-
sured [22]. We examined five excited states which decay
by the ioB ~ Li + o, and B + Be + p channels.
Previous inclusive measurements of B excited states
have revealed nonstatistical population inversions [22].
By allowing an impact parameter selection, we exam-
ined whether these nonstatistical population inversions
are coming &om peripheral collisions [24].

The yields of particle unstable states in B nuclei are
shown as a function of excitation energy for the B M
Li + o. and B ~ Be + p decay channels in the upper

and lower halves of Fig. 7, respectively. Spectra obtained
for peripheral and central collisions are shown in the left
and right sides of the figure, respectively. The separation
energy Eb for each decay channel and the locations and
spins of the relevant particle-unstable excited states of

B nuclei are indicated in the left hand panels of the
figure.
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central collisions are shown on the left and
right hand sides, respectively. The curves are
described in the text.
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The decay spectra for the B + Ii + o. channel are
shown in the upper panels. %'e analyzed four peaks cor-
responding to groups of states centered at about E* =
4.8, 5.15, 6.0, and 6.6 MeV. Spectroscopic information
about the states located in these groups are given in Ta-
ble II. Two excited states of B at E* = 8.889 MeV and
E* = 8.895 MeV, which decay to the 3.563 MeV excited
state of Li by n emission [23], were included in the fit-
ting of the spectrum, but had statistically insignificant
yields and were not analyzed further.

The decay spectra for the B + Be + p decay chan-

nel are shown in the lower panels. Here, we extracted
the yield from the group of four states at about 7.5 MeV.
Other groups of states located at about 6.9, 7.8, and 8.9
MeV were included in the fit, but were not analyzed fur-
ther because the statistics were insignificant to draw any
conclusions. Spectroscopic information about the states
located in these groups are also included in Table II.

The population probabilities np were extracted by
fitting the coincidence yield, for difFerent assumptions
about the background. Reasonable fits were obtained
for backgrounds lying within the values bounded by the

TABLE II. Spectroscopic information for ' Li, Be, and B isotopes that was used to extract excited state populations.
Branching ratios are given in percentage. The group structure and population probabilities np are explained in the text. The
np(P) are for peripheral collisions and the np(C) are for central collisions.

'Li

Li
Be

E* (MeV)

g.s.
16.66
2.186
4.57
7.21

3
23+
2

7
2
5
2

l, (MeV)

1.5
0.20
0.024
0.175
0.5

Decay

Cl-p

He-p
CI-d

He-n
Li-p

100
86
100
100
97

np(P)

0.325 + 0.041
(6.25 + 2.55) x 10

0.173 + 0.0044
0.0497 + 0.0016
0.0134 + 0.0042

0.212 + 0.085
(3.93 + 3.77) x 10

0.152 + 0.0063
0.0364 + 0.0011
0.0237 + 0.0028

1GB

E' (MeV)

4.774
5.1103
5.1639
5 ~ 180
5.9195
6.0250
6.1272
6.56
7.430
7.467
7.478
7.5599

3+
2—
2+
1+
2+
4+
3—

2—
1+
2+
0+

r, (keV)

0.0084
0.98

0.00176
110
6

0.05
2.36
25.1
100
65
74

2.65

Decay

'Li-o.
Li-o.
Li-o.
Li-u
Ll-&
Li-n

'Li-o.
Li-~
Be-p

'Be-p
'Be-p
'Be-p

r, ir
100
100
13
100
100
100
97
100
70
100
65
100

ng(P)
(14.4 + 0.66) x 10
(12.2 6 0.66) x 10

(17.7 + 1.1) x 10

(9.24 + 1.2) x 10
(7.26 + 0.96) x 10

np(C)

(14.8 + 1.1) x 10
(13.2 + 1.1) x 10

(13.3 + 0.99) x 10

(8.14 + 1.21) x 10
(6.93 + 0.99) x 10
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dashed lines in Fig. 7. The normalization parameters Cq~
in Eq. (5) for the backgrounds shown in Fig. 7 (and Figs.
8—12) are extremely well constrained by the yields at
larger relative energies where coincidence yields are com-
pletely dominated by the background. The differences
between the two background curves in Fig. 7 (and Figs.
8—12) represent difFerent assumptions about the correc-
tion for Coulomb final state interactions approximated
here by the parameter L. Larger values of L than the
one used for the lower curve result in a gross underpre-
diction of the yields between peaks corresponding to the
groups of excited states at low relative energies wherein
the calculated yields lie well outside the error bars of the
experimental yields. Smaller values of 4 than the one
used for the upper curve result in a gross overprediction
of the yields between peaks corresponding to the groups
of excited states at low relative energies wherein the cal-
culated yields lie well outside the error bars of the ex-
perirnental yields. The population probabilities np were
assumed to be the same within those groups of states
in Fig. 7, which were not resolved experimentally. The
best fits to the coincidence yields are shown by the solid
curves in Fig. 7 and the extracted values for np are given
in Table II.

B. Excited state populations for
Li, Li, and Be fragments

In addition to B &agments, we analyzed several ex-
cited states of Li, Li, and Be nuclei to test whether
their population probabilities are consistent with local
thermal equilibrium. Although each of these nuclei has
only one or two excited states which can be analyzed, the
overall trends were examined for a global comparison.

The ground state of Li is not particle stable; it decays
to a proton and an alpha particle, Li—+ p + o.. For
such light nuclei system, one can better distinguish the
combinatorial background &om the resonance peaks by
constructing a correlation function

aE —C E Yi(»)Y2(») (12)

Here, Yi2(pi, p2) is the coincidence yield of particles 1
and 2 at momenta pi and p2, respectively; Y;(p;) is the
single-particle yield for the ith particle of momenta p,
E, ~ is the relative energy between the two particles. The
suminations in Eq. (12) are performed over all momenta
consistent with a fixed relative energy E„~ and subject
to a common multiplicity selection. The constant Cq2 is
determined such that B(E„~)vanishes at large values of
E, ~ where resonances are not observed.

The p-o; correlation function is shown in Fig. 8. The
left panel shows the results for peripheral collisions and
the right panel shows the results for central collisions.
The broad peak at E, ~

—2 MeV is &om the decay
of the Li ground state with spectroscopic parameters

= 2, 1 = 1.5 MeV, I' /I' = 1.0. At low relative en-
ergies, there is a narrow peak at E, ~ 0.19 MeV, which
is attributed to the decay of ground state of B, Bg,~ p + Bes, -+ p + n + n [17, 23]. When we fit the
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FIG. 8. The p-o. correlation function measured in the Ar
+ Au reaction at E'/A = 35 MeV. The spectra obtained
for peripheral and central collisions are shown on the left and
right hand sides, respectively. The curves are described in the
text.

data using the Breit-Wigner formula, a second resonance
is included at E, ~

——0.19 MeV with a decay width of
I' = 0.055 MeV to accommodate this process. Because
the state at E, ~ 2 MeV is very broad, we include the
line shape distortions caused by the Boltzmann factor
exp( —E/T), with T = 4 MeV, in the fit. The best fit
is shown as the solid line in the figure. The two dashed
lines shows the upper and lower extremes of the estimated
background, which were used to estimate the systematic
uncertainty in the background subtraction. Since there is
no stable Li ground state, the energy spectra for stable
Li were used as input to the efBciency function calcu-

lation. Therefore, the extracted population probability
in Table II is relative to the Li stable yield and has no
meaning by itself. It is meaningful only when it is corn-
pared to the population probability for the Li excited
state at E* = 16.66 MeV. By constructing the ratio of
ground and excited state population probabilities, the
uncertainty of the eKciency calculation due to lack of
stable Li energy spectra largely cancels out.

The excited state of Li nuclei at 16.66 MeV decays to
a deuteron and a He nucleus. The impact-parameter-
selected d- He correlation functions are shown in Fig. 9.
The left panel shows the spectrum for peripheral colli-
sions and the right panel shows the spectrum for central
collisions. The peak near the threshold is &om the de-
cay of the 16.66 MeV excited state with spectroscopic
parameters 2 = 2, I' = 0.20 MeV, I' /I' = 0.86. The
B-matrix formalism is used to fit the excited state yield
and extract the population probability. The related B-
matrix parameters were taken from Refs. [23, 36]. In
order to fit the excitation energy spectrum, it is neces-
sary to shift the peak 150 KeV higher in excitation en-
ergy. This shift may reQect three-body distortions of the
line shape due to Coulomb final state interaction with
the target residue [37]. Another wide excited' state at
E* = 20 MeV was also included in the fit, but was not
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FIG. 9. The d- He correlation function measured in the
Ar + Au reaction at E/A = 35 MeV. The spectra ob-

tained for peripheral and central collisions are shown on the
left and right hand sides, respectively. The curves are de-
scribed in the text.

analyzed further. The extracted population probability
in Table II for the 16.66 MeV excited state can then be
compared to the population probability for the ground
state of Li to extract an apparent temperature. This
procedure is discussed later in this paper.

The impact-parameter-selected correlation functions
for the decay of Li + d+ o. is shown in Fig. 10. The
left panel is the data gated on peripheral collisions and
the right panel is the data gated on the central collisions.
The peak at E„~ = 0.71 MeV is from the decay of the
Li excited state at E* = 2.186 MeV with spectroscopic

parameters J = 3+, I' = 0.024 MeV, I', /I' = 1.0. Also
included in the fit is the broad peak at E„l = 3 MeV,

which is &om the overlap of two resonances at 4.31 MeV
(I' = l.7 MeV, J = 2+, I', /F = 0.97) and 5.65 MeV
(I' = 1.5 MeV, J = 1+, I', /I' = 0.74). We include the
line shape distortions caused by the Boltzmann factor
exp( —E/T), with T = 4 MeV, in the fitting procedure
to fit the broad peak better. The solid line depicts the
best fit to the data using the Breit-Wigner formalism.
The two dashed lines indicate two extreme assumptions
for the background which are used to estimate the sys-
tematic uncertainty in the Bt. The energy spectra for
stable Li &agments are used for the eKciency calcula-
tion. The population probability in Table II is defined
relative to the yield of stable Li nuclei. The population
probabilities for the pair of states at E, l 3 MeV were
statistically insignificant compared to the combinatorial
background and were not analyzed further.

The impact-parameter-selected correlation function for
the decay of Be ~ He+ o. are shown in Fig. 11. The left
panel is gated on peripheral collisions and the right panel
is gated on central collisions. The peak at E, l

—3 MeV is
&om the decay of the "Beexcited state at E* = 4.57 MeV
with spectroscopic information J = 2, I' = 0.175 MeV,
I', /I' = 1.0. The peak is fitted with an B-matrix formula
with the relevant B-matrix parameters from Refs. [23,36,
38, 39]. At slightly higher energies, there are two peaks
at E' = 6.73 MeV, and E' = 7.21 MeV. These two peaks
are included in the fit with the two-level B-matrix for-
mula [23]. But the population probabilities for the pair
of states were statistically insignificant and were not an-
alyzed further. The energy spectra for stable Be nuclei
were used to calculate the eKciency functions. The popu-
lation probabilities for the Be excited state at E' = 4.57
in Table II are defined relative to the yield of stable Be
nuclei.

The impact-parameter-selected correlation functions
for the decay of Be + p + Ii are shown in Fig. 12.
The left panel is the data gated on peripheral collisions
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FIG. 10. The correlation function of d-n measured in the
Ar + Au reaction at E'/A = 35 MeV. The spectra ob-

tained for peripheral and central collisions are shown on the
left and right hand sides, respectively. The curves are de-
scribed in the text.

FIG. 11. The He-o. correlation function measured for the
Ar + Au reaction at R/A = 35 MeV. The spectra ob-

tained for peripheral and central collisions are shown on the
left and right hand sides, respectively. The curves are de-
scribed in the text.
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as by the spins, parities, excitation energies of their low-
lying discrete states, level densities in the continuum, and
the binding energies. Taking these eKects into considera-
tion, the primary populations of excited states of emitted
&agments can be obtained. These populations are sub-
sequently altered by considering the sequential decay of
the initial fragments using the formalism of Hauser and
Feshbach [41].

For simplicity, the initial population of a particular
excited state at excitation energy E* and spin J of a
nucleus with mass number A and charge number Z can
be written as

0.0
0

I. . . , I. . . , I

2 4 6 80 2 4 6

E„„(MeV)

I s ~ & I & a I e ~ e ~ I I

B

FIG. 12. The p- Li correlation function measured for the
Ar + Au reaction at E'/A = 35 MeV. The spectra ob-

tained for peripheral and central collisions are shown on the
left and right hand sides, respectively. The curves are de-
scribed in the text.

P (A, Z, .E*) oc Pp(A, Z)p(E, J) exp( —E*/T ), (13)

where Po(A, Z) is the probability of populating the nu-
cleus with mass number A and charge number Z at its
ground state. p(E*, 1) is the density of levels of that nu-
cleus with excitation energy E and spin J. T is the
emission temperature of the excited system [23, 40].

The population probability of ground state nuclei with
charge number Z and mass number A can be parameter-
ized by

and the right panel is the data gated on central collisions.
The peak at E, ~ 1.6 MeV is &om the decay of the 7Be
excited state at E* = 7.21 MeV with the spectroscopic
parameters 1 = 2, I' = O.S MeV, I' /I' = 0.97. The
Breit-Wigner formula is used to fit the energy spectrum
and the extracted population probabilities are given in
Table II.

Po(A, Z) oc exp( fV, /T, —+ Q/T, ).
The Coulomb barrier is parametrized by

Z(Z„—Z) e2

ra[A & + (Ap —A) & ]'

(i4)

(is)

VI. SEQUENTIAL DECAY CALCULATIONS

While temperatures deduced &om excited state pop-
ulations are not affected by the collective motion of the
colliding system, they are sensitive to sequential feeding
from higher-lying heavier particle-unstable nuclei [40].
For example, B-particle-unstable excited states can
particle decay to Li and o., i.e. , B* ~ Li+o.. Both
Li and o. can be in a ground state or in an excited state.

In this case, these daughter &agments Li and o, will
increase the total populations of the respective Li and
o. states, thus altering these populations &om their ini-
tial values. Experimental measurements cannot exclude
these additional contributions from sequential feeding.
Thus the experimentally measured temperature, derived
&om the population ratio of excited state yields to their
ground state yields, is affected by the sequential feed-
ing &om such higher-lying states. In this section, we will
address this issue and discuss calculations to take this se-
quential feeding into account and make the corresponding
corrections when extracting the temperature.

Following procedures outlined in Ref. [23], we have es-
timated the corrections via sequential decay calculations.
In this approach, the ensemble of emitted &agments is
assumed to be described by local thermal equilibrium
at a freeze out time after w-hich all the fragments cease
to interact with each other. In this case, the yields of
&agments and the detected populations of their excited
states are dictated by the &eezeout temperature as well

where A„, Z„are the total mass and charge number of
the fragmenting system and ro ——1.2 fm. Q is the sepa-
ration energy calculated via the Weizacker formula [42].
The constant f is adjusted to provide an optimal agree-
ment between the calculated Anal charge distribution and
the measured charge distribution. Clearly, Eq. (14) rep-
resents a simplification of the emission mechanism. For
example, in a real statistical model calculation, one has
to consider the &ee energy besides the Coulomb energy
and binding energy [30]. The adjustment of f could par-
tially be regarded as a compensation for the neglect of
such eR'ects.

An important prerequisite for these calculations is that
the observed elemental distributions for the fragments in
their ground state are reproduced. Otherwise the cal-
culation of sequential feeding corrections can be grossly
incorrect. To achieve reasonable agreements between the
calculated ground state populations and the experimen-
tal measurements, the constant f in. Eq. (14) which mul-
tiplies the Coulomb barrier was varied.

Figure 13 provides the corresponding charge distribu-
tions measured for the Ar + ~s Au reaction at E/A =
35 MeV. In order to reduce the eKect of the detector
threshold, a common threshold of E/A ) S MeV is used
for all particles in this plot. Sequential decay calculations
for the stable fragment yield at various initial tempera-
tures are plotted as histograms. The optimal adjustment
constants f for each temperature are given in the figure
as well.
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FIG. 14. The solid points designate population probabili-
ties for the excited states of B nuclei measured for peripheral
(left side) and central (right side) collisions. The open bars
indicate the results of the sequential decay calculations. The
dashed 'ines denote exponential exp( —EjT) with T = 4 MeV.

FIG. 13. The charged-particle yield distribution com-
pared vrith the sequential decay calculations for Ar + Au
reactions at E/A = 35 MeV.

VII. COMPAB. ISONS BETVfEEN CALCULATED
AND MEASUH, ED POPULATION

PKOBABILITIES

Figure 14 shows the measured B population proba-
bilities (solid points) as a function of excitation energy
for peripheral (left side) and central (right side) colli-
sions [24]. The error bars include the uncertainties in
the background. subtraction bound. ed by the two assumed
background coincidence yields displayed in Fig. 7. In the
absence of sequential feeding corrections, thermal models
predict that the excited state population probabilities of
intermediate mass &agments should be proportional to a
Boltzmann factor exp( —E*/T,~), where T,~ is the effec-
tive temperature of the system at breakup. The dashed
lines in Fig. 14 show the exponential dependence dictated
by the Boltzmann factor for T ~ ——4 MeV. For periph-
eral collisions, the measured relative populations deviate
significantly &om the expected monotonic behavior and
a population inversion is observed; the group of states
at E 6.0 MeV is populated much more strongly than
the lower-lying states at 5.2 and 4.8 MeV. Such efI'ects
were also observed in the inclusive measurements of Ref.
[22]. The population inversion disappears for central col-
lisions. The population probabilities, however, do not
fall ofI' exponentially as expected from the Boltzmann
factor; instead, one observes an approximately constant
population probability for the 5.2 and 6.0 MeV levels.

Recent shell model calculations [43] which reproduce
many of the properties of B excited states predict the
existence of an additional 2hu excited state near 6 MeV
with J = 3+. While the existence of this state has

not been experimentally confirmed, we have estimated
the efI'ect on the population probability with this state
included. The open points depict the experimental pop-
ulations for the group of excited states at E* 6 MeV,
assuming that this state adds to the experimentally ob-
served peak with 100% branching ratio to the n + sLi
channel. Taking this state into account lessens the popu-
lation inversion for peripheral collisions and makes the
population probabilities observed for central collisions
decrease monotonically with excitation energy. This hy-
pothetical 3+ state was only included in the analysis for
the construction of this figure. In subsequent figures and
analyses, this state was not included because its existence
has not, until now, been confirmed.

In order to provide an overall comparison between the
calculated. and measured population probabilities, a least
squares analysis was performed by computing y2 (T) for
a range of initial emission temperatures:

Here, n, „z~, and n, ~, ,,(T) are the measured and calcu-
ated population probabilities and oe~pp z and u, &, , are

the corresponding uncertainties. The resulting values of
y (T) are shown in Fig. 15 as open points. The upper
panel is for central collisions and the lower panel is for
peripheral collisions. Optimal agreement between calcu-
lated and measured population probabilities is obtained
for both central and peripheral collisions at temperatures
of about; T —3—5 MeV. Similar resjdue temperatures
have been obtained in dynamical [44, 45] and in statisti-
cal [31—33, 46) calculations.

For T = 4 MeV, the population probabilities obtained
by the sequential decay calculations are indicated by the
open bars in Fig. 14; the vertical extent of the bars graph-
ically demonstrates the range of theoretical values ob-
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tained. for ten randomly chosen assumptions about the
unknown spins and parities of excited states included in
the calculation. Rotational eKects were explored in Ref.
[23]. Those studies indicated that rotational efFects may
add uncertainties to the calculated population probabil-
ities that are comparable to the above mentioned un-
certainties due to incomplete spectroscopic information.
Rotational effects cannot enhance the populations of the
group of states at 6.0 MeV without similarly enhanc-
ing the populations of the state at 6.56 MeV. The lack
of a comparable enhancement in the population of the
state at 6.56 MeV therefore places a constraint upon the
Inagnitude of possible rotational corrections to the ex-
tent that rotational efFects cannot be the sole explanation
for the observed enhancement of the group at 6.0 MeV.
The population probabilities obtained from the sequen-
tial decay calculations cannot be reconciled with the pop-
ulation inversions observed for peripheral collisions. For
central collisions, on the other hand, the discrepancies be-
tween calculated and measured population probabilities
are much smaller, but still too large for a purely thermal
interpretation. Inclusion of the predicted 3+ state near
E* = 6 MeV, however, makes the data consistent with a
thermal interpretation.

FIG. 15. The open points are y (T) values as a function
of T calculated from Eq. (16) for B excited states; the solid
squares are y (T) values as a function of T calculated from
Eq. (18) for ' Li, and Be excited states in the reaction of

Ar + Au at E/A = 35 MeV. The upper panel is for
central collision gate and the lower panel is for peripheral
collision gate, respectively. The lines are drawn to guide the
eye.

where T pp is the apparent temperature at break up.
In the event of large sequential decay corrections, us-
ing Eq. (17) to describe the experimental data has the
consequence that T p& becomes an apparent temperature
that can vary &om state to state.

In Fig. 16, we plot the compilation of extracted appar-
ent temperatures of Li, Li, and Be nuclei with periph-
eral (lower) and central (upper) collision gates. The solid
points are experimental measurements with the error
bars mainly &om the uncertainty of background subtrac-
tion. Using the sequential decay calculations, the same
ratios of population probabilities can be calculated and
a theoretical apparent temperature can be obtained. To
illustrate the effects of sequential decay, the predictions
of the sequential decay calculations for the apparent tem-
peratures of an initial temperature T = 4 MeV are plot-
ted as open points (note that this is not a fit). The error
bars for the calculations correspond to a range of calcu-
lated values for 12 calculations for diBerent assumptions
about the unknown spins and parities of excited states
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FIG. 16. The compilation of extracted apparent tempera-
tures of ' Li, and Be nuclei in the reactions of Ar + Au
at R/A = 35 MeV with peripheral (lower) and central (up-
per) collisions gate. The solid points are experimental mea-
surements and the open points are the results of sequential
decay calculation for an initial temperature of T = 4 MeV.



796 F. ZHU et aI. 52

included in the calculation. Additional uncertainties in
the calculated population probabilities due to the small
observed impact parameter depend. ence of the elemental
distributions [29] are smaller than the uncertainties asso-
ciated with these spectroscopic uncertainties. Obviously,
the apparent temperatures shown in Fig. 16 are not all
equal. The fl.uctuations in the predicted apparent tem-
peratures are due to the sequential feeding of these states
by the decays of heavier particle-unstable fragments. To
see what value of the initial temperature of the sequential
decay calculation will best fit the overall measurement,
we calculated the y (T) defined by

2 / $
I ~ [Texpt, i &calc, i (T)]

t, +o, i0

Here the summation is over the five measured apparent
temperatures for Li, Li, and Be nuclei. T,„pq, is the
apparent temperature calculated from the experimental
data and shown as the solid points in Fig. 16. Further-
more, T is the initial temperature of the sequential de-
cay calculation and T, i, ;(T) is the apparent tempera-
ture calculated in analogy to the experimental apparent
temperature T ~q „using the final calculated population
probabilities. Finally, o t, is the experimental uncer-

tainty, and 0, &, , is the theoretical uncertainty due to the
unknown spin and parities. The solid squares in Fig. 15
show the plot of y (T) &om Eq. (18) as a function of T,
the initial freeze-out temperature assumed in the sequen-
tial decay calculations. The upper panel is for central col-
lision gate and the lower panel is for peripheral collision
gate. The y (T) has its minimum between 4 and 5 MeV
for central collision gate. The minimum for peripheral
collision gate is at 3—4 MeV. The minimum of the y (T)
function for the central collision gate is smaller than that
for peripheral collision gate, meaning that the measured
data from central collisions deviates less from an initially
equilibrated system than that from peripheral collisions.
A greater degree of equilibration for central collisions is in
agreement with the conclusions derived from the excited
states of B nuclei discussed in this section.

Figure 15 summarizes both y analyses for B excited
states (open circles) and for Li and Be excited states
(solid squares). For central collisions, both y2 analyses
yield minima for T =4—5 MeV. The overall values for

y„are close to 1, indicating that the experimental and
theoretical excited state populations are close to being
in statistical agreement. In contrast, the minimum for

B excited state populations in peripheral collisions oc-
curs at T 5 MeV; for ' Li and Be excited states,
the minimum occurs at 3—4 MeV. The overall y 's for
peripheral collisions are rather large, indicating a signifi-
cant disagreement between theoretical and experimental
population probabilities. Thus the additional informa-
tion provided by the ' Li and "Be excited state popula-
tions provides a strong confirmation of the observations
of nonstatistical populations for peripheral collisions and
nearly statistical populations for central collisions d.erived
from the B excited states.

VIII. SUMMARY

To summarize, the impact parameter dependence of
excited state populations of intermediate mass fragments
has been investigated with a high-resolution hodoscope
and a 4' charged-particle array. Nonstatistical popula-
tions, indicative of nonthermal excitation mechanisms,
are observed in peripheral collisions characterized by low
associated charged-particle multiplicities. These efFects
largely disappear for central collisions, consistent with a
trend towards greater thermalization as the complexity
of the breakup configuration is increased. The remaining
discrepancies observed in central collisions, however, in-
dicate that the limit of local equilibrium has not yet been
observed. If one includes a predicted B 3+ state at E*
= 6 MeV, which has not been observed experimentally so
far, the data for central collisions become consistent with
the statistical equilibrium distribution. However, for pe-
ripheral collisions, calculated and measured populations
remain in disagreement.
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