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Charged-particle correlations were measured for the reactions *N+'°"Au and #N+27Al at
E/A = 75 MeV and for '**Xe+2"Al and '*°Xe+'??Sn at E/A = 31 MeV. Relative populations
of widely separated states in *He, °Li, and ®Be, only weakly affected by side feeding, indicate emis-
sion temperatures of T=4-5 MeV for the '*N-induced reactions and values about 1 MeV lower for

the 29Xe-induced reactions.

PACS number(s): 25.70.Mn, 25.70.Gh

I. INTRODUCTION

Highly excited nuclear matter can be formed in
intermediate-energy heavy-ion reactions. To address
questions concerning the statistical properties of hot nu-
clei, it is important to determine their temperature. Ex-
perimental investigations have found evidence for a sat-
uration in emission temperatures for fragments of T'=4—
6 MeV [1-27] and evidence for a possible limitation on
excitation energy of targetlike residues [28-42]. How-
ever, it is not clear if this saturation of excitation energy
arises from an instability of bulk nuclear matter which
may be related to a phase transition or from dynamical
limitations which may govern the energy dissipation into
internal degrees of freedom. Both statistical [43,44] and
dynamical [45,46] models predict that nuclear matter at
sufficiently high temperatures expands due to the action
of thermal pressure. The rate of this expansion and the
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temperature at which fragments freeze out may depend
on the nuclear equation of state [44,45]. In dynamical
simulations little sensitivity of the energy deposition to
the in-medium nucleon-nucleon cross section [45] is pre-
dicted. In statistical models, emission temperatures of
bound systems appear to be related to the bulk instabil-
ity of nuclear matter at low density and high tempera-
ture. In microcanonical models [43,47,48] this instability
is manifested by the creation of new surfaces between hot
fragments separating as the nuclear system undergoes a
“cracking” phase transition at a characteristic cracking
temperature of about 5 MeV. In another [44] model this
instability is manifested by a rapid massive fragment for-
mation during which the system remains at a constant
temperature of about 5 MeV.

Until now, the relative populations of widely sepa-
rated particle-unbound states have mainly been mea-
sured at forward angles for relatively light projec-
tiles on heavy targets where contributions from the
early nonequilibrated stages of the reaction predomi-
nate [8,10,12-15,18,20,27]. At such angles, the slopes
of inclusive particle-energy spectra show “kinetic” tem-
peratures of about 15-20 MeV [10,13] in the same re-
actions where the populations of excited states corre-
spond to “emission” temperatures of about 3-5 MeV.
Many explanations for these discrepancies have been of-
fered [13,16,18,44,46,49]. Temperatures extracted from
energy spectra for noncompound emission mechanism are
likely to be misleading, however, because of their sen-
sitivity to Coulomb barrier fluctuations [50], sequential
feeding from higher-lying states, and dynamical effects
such as collective motion [49,51-58] and nonequilibrium
emission [59,60]. Sequential decay [5,18,61] and non-
equilibrium phenomena can also influence the excited
state population [17-19,45,46]. One must therefore ex-
tend the limited database upon which our present un-
derstanding is based. In this respect, it is interesting
to extend emission temperature measurements to a va-
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riety of entrance channel mass asymmetries. For com-
parisons with other observables that may be sensitive to
the properties of an equilibrated residue and for compar-
isons with Boltzmann-Uehling-Uhlenbeck (BUU) predic-
tions of the residue temperatures, measurements of emis-
sion temperatures at backward angles in normal kine-
matics are needed. Such measurements are, at present,
scarce, and the relationship between the temperature for
a hot equilibrated residue and the emission temperatures
of fragments emitted from that residue has not been ad-
equately explored.

In this paper, we report measurements of relative pop-
ulations of widely separated states in *He, °Li, and ®Be
nuclei for 14 N+27Al and *N+%7Au collisions at E/A =
75 MeV and for 2°Xe+27Al and 2°Xe+'22Sn collisions
at E/A = 31 MeV using the same detector geometry. Re-
actions induced by *N projectiles give rise to large con-
tributions from the early nonequilibrated stages of the
reactions and should, hence, be compared to previous
measurements. For the 129Xe+27Al reaction, emission
from nearly equilibrated composite systems dominates
and the extraction of unbound state populations will pro-
vide a test case for emission temperatures from equili-
brated systems. The breakup scenario for '2°Xe+122Sn
reactions is, at present, unknown. The present data may
provide constraints on the scope of future measurements
of symmetric collisions between heavy ions.

II. EXPERIMENTAL DETAILS

The experiment was performed using “N and !2°Xe
beams of E/A = 75 MeV and of 31 MeV, respectively,
extracted from the K1200 cyclotron of the NSCL: The
beam intensities were 5 x 10° and 1 x 108 ions per sec-
ond, respectively. For the *N beam we used 27Al and
197 Au targets of areal densities 15 mg/cm? and 15.9
mg/cm?, respectively, and for the 2°Xe beam we used
27Al and '22Sn targets of areal densities 5.6 mg/cm? and
5.3 mg/cm?, respectively. Light charged particles were
detected with two AFE-E detector arrays, consisting of
300-400-pm-thick silicon AFE detectors and 10-cm-long
CsI(T1) or NaI(Tl) E detectors.

The first array consisted of 37 Si-CsI(Tl) [62] tele-
scopes and was centered at polar and azimuthal angles
of ©® = 25° and ® = 0°. Each telescope had a solid angle
of AQ} = 0.37 msr, and the angular spacing between ad-
jacent telescopes was Af = 2.6°. Isotopic identification
was achieved for hydrogen through beryllium isotopes.
The software energy thresholds for p, d, ¢, 3He, “He, ®He,
813, 7Li, 8Li, 9Li, "Be, °Be, °Be, and °B were 10, 12,
15, 30, 35, 40, 60, 65, 70, 80, 90, 100, 110, and 130 MeV,
respectively.

The second array, consisting of 13 Si-NaI(Tl) tele-
scopes, was centered at ® = 25° and & = 90°. Each
telescope in this array covered a solid angle of AQ = 0.5
msr, and the angular spacing between adjacent telescopes
was Af = 4.4°. Isotopically identified p, d, t, 3He, “*He,
SHe, ®Li, and 7Li particles were detected with energy
thresholds of 12, 14, 16, 35, 40, 45, 80, and 90 MeV,
respectively.

Coincidence and downscaled singles data were taken
simultaneously. All data were corrected for random co-
incidences. Energy calibrations for individual detectors
were obtained by elastically scattering « particles of 90,
116, and 160 MeV incident energy from a (CH,),, target
and detecting both the elastically scattered o particles
and the recoil protons at various laboratory angles. This
provided energy calibrations with an accuracy of about
2% for p, d, t, 3He, and *He. Heavier particles are cali-
brated by calculating the energy loss in the corresponding
silicon AE detector. This resulted in calibrations with
accuracies of about 4% for lithium and 9% for boron;
these calibration accuracies were assessed by comparing
peak widths of experimental and calculated correlation
functions (see Sec. IV B). For more details see Ref. [63].

III. INCLUSIVE SPECTRA

Examples of inclusive energy spectra for He, 6Li, and
"Be, detected at ©),, = 18°, 25°, and 33°, are shown
in Figs. 1-3. Spectra for reactions induced by “N and
129X e projectiles are shown in the top and bottom pan-
els, respectively. To determine appropriate input for
Monte Carlo efficiency calculations, the yields for 4N-
induced reactions were fitted with a simple three-source
parametrization similar to that adopted in Ref. [64]:
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FIG. 1. Inclusive *He yields, measured at ©.p = 18°, 25°,
and 33°, for the reactions ?°Xe + 27Al and '*°Xe + '?2Sn
at E/A = 31 MeV (bottom panels) and the reactions *N +
27Al and N + °"Au at E/A = 75 MeV (top panels).
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Here, N;, T;, and © are the relative normalization, the
kinetic temperature parameter, and the azimuthal angle,
respectively. The energy E; is the laboratory kinetic en-
ergy of a particle which is stationary in the rest frame of
the ith source. The Coulomb energy Uc corrects for the
Coulomb repulsion from heavy reaction residues, which
are assumed to be at rest in the laboratory system.

For '29Xe-induced reactions, a constant Coulomb cor-
J

d?c

exp [—(U — Ug)?/2A%

rection Uc [as in Eq. (1)] cannot be applied in the
laboratory frame because the reaction residues have a
large velocity in the laboratory rest frame. This issue
is important because our measurements include particles
with energies near the projectile and compound nucleus
Coulomb barriers. To achieve a reasonable reproduc-
tion of the measured spectra, we employed a two-source
parametrization [65]:

2 U,
—— =SSN dUu
dQl/dE Z; U, AcV2T

which incorporates a Gaussian weighted smoothing of the
Coulomb barrier of a source which is determined in a
frame moving with the velocity of that source. In Eq. (2),
Uc and A¢ are the mean and the standard deviation, re-
spectively, and F¢ . ; = E+ E; —2+/E;E cos ©, where E;
is the kinetic energy of a particle at rest in source i. The
integration limits were chosen as U; = max(0,Uc —5A¢)
and U, = min(E¢.m.;, Uc + 5A¢). Fit parameters used
for the description of the single fragment cross sections
are shown in Table I. It must be stressed that the ex-
tracted source parameters are not uniquely determined
due to the small angular range covered by our detector
array. One has also to be cautious about the physical
interpretation of the source temperatures because such
parameters are known to be sensitive to collective mo-
tion.
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FIG. 2. Inclusive °Li yields, measured at ©),, = 18°, 25°,
and 33°, for the reactions '2°Xe + 27Al and '?°Xe + !?2Sn
at E/A = 31 MeV (bottom panels) and the reactions '*N +
2"Al and N + ®"Au at E/A = 75 MeV (top panels).
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IV. TWO-PARTICLE CORRELATION
FUNCTIONS

A. Background subtraction

Products from the decay of particle-unstable nuclei
were detected as coincident particles, and relative mo-
mentum spectra Yiot(q) were accumulated. The coinci-
dence yield can be decomposed into two parts

Yiot (9) = Ye(q) + Yoack(9), (3)

where Y.(q) results from the decay of particle-unbound
states of excitation energy, E* = ¢?/(2u) + Q (p is the
reduced mass, Q is the Q value). The background yield
Yback(gq) results from coincident particles emitted inde-
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FIG. 3. Inclusive "Be yields measured at ©., = 18°, 25°,
and 33°, for the reactions 2°Xe + 27Al and '?°Xe + !228n
at E/A = 31 MeV (bottom panels) and the reactions *N +
2"Aland N + '°"Au at E/A = 75 MeV (top panels).
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pendently; it is largely determined by the available phase
space. To remove the effects of detector thresholds and
finite angular coverage, which influence Yo and Yp in
similar fashion, we constructed the correlation function
(10]

Ytot(Q)

[1 + R(q)]tot = 0120102

(4)
from the inclusive particle yields o1, 03. The normaliza-
tion constant C;; is determined from the requirement
that [1 + R(g)Jtot = 1 for large values of ¢ at which
no particle-unstable decays contribute. At small relative
momenta there is a minimum in the correlation function
due to the Coulomb final state interaction between the
two coincident particles. To account for this Coulomb
minimum, we have parametrized the background corre-
lation function as

a?/2u )d

[1 + R(q)]back =1- e( 26

()

Here, the parameters A, and d govern the width of the
minimum at ¢ = 0.
For our data analysis, we determined the sensitivity

679

of the extracted coincidence yield Y, to uncertainities of
the background by choosing two extreme assumptions for
this background. (These two choices of background are
indicated by dashed curves in Figs. 4-8.) For a given
background, the yield of particle pairs due to sequential
decay was extracted as

Y.(q) = Yiot(q) — C120102[1 + R(q)]back- (6)

B. Population of states

Information about relative populations of states are
obtained from the relative decay yields. The coincidence
yield Y.(E*) resulting from the decay of particle-unstable
states can be approximated by [10]

dn(E)
B, ")

Y.(E*) = N/dEec(E*,E)

where N is a normalization constant, dn(E)/dE is the
decay sp trum, e.(E*, E) is the efficiency of the exper-
imental apparatus for the detection of particle pairs re-

TABLE I. Fit parameters used for the description of the inclusive single fragment cross sections
shown in Figs. 1-3. The spectra for the *N- and '?°Xe-induced reactions were fitted with Egs. (1)
and (2), respectively. The normalization constants N; are given in units of mb/(sr MeV?/2). Also
given are the velocities Bpro and Bcon of the projectile and the compound nucleus.

Reaction Fragment (pro  fBeonN Uc Ac 1 N; Bi T;
(MeV) (MeV) (MeV)

TIN4+27AL THe 0.40 0.14 5.85 1 0.59 0.340 7.9
2 0.11 0.233 14.1

3 0.25 0.104 9.1

SLi 0.40 0.14 8.01 1 1.8x1072 0.330 10.7

2 53x107% 0.206 15.7

3 35x107%2 0.084 8.3

"Be 0.40 0.14 9.93 1 1.5x1072 0.331 11.1

2 38x107% 0.211 14.3

3 2.93 0.056 7.1

MN+TAu THe 0.40 0.026 17.9 1 1.35 0.334 8.7
2 0.33 0.207 18.2

3 1.38 0.077 10.0

SLi 0.40 0.026 25.8 1 70x107%2 0.352 9.8

2 99x10"% 0.235 21.0

3 29x10"%  0.099 14.8

"Be 0.40 0.026 33.6 1 23x107%2 0.339 12.1

2 4.0x10"% 0.209 20.0

3 7.9x1072 0.058 12.2

129X e+27Al THe 0.26 0.21 13.1 3.5 1 157 0.228 4.4
2 32.6 0.039 25.3

SLi 0.26 0.21 21.5 7 1 1.34 0.220 6.6

2 2.02 0.003 28.5

"Be 0.26 0.21 24.5 6 1 0.27 0.210 10.0

2 4.23 0.004 16.6

T2%Xe+122Sn  *He 0.26 0.13 7.8 7.5 1 210 0.211 6.2
2 42.8 0.048 22.9

SLi 0.26 0.13 15.0 11 1 2.28 0.194 11.2

2 2.33 0.014 17.2

"Be 0.26 0.13 19.6 15 1 0.54 0.189 12.8

2 28.1 0.019 9.9
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sulting from the decay of specific particle-unstable nuclei,
and E and E* denote the actual and measured excitation
energies, respectively. For narrow, thermally populated
states, the decay spectrum can be expressed as

(2J; + )I;/2m T,
(E_E)2+DZ4 T,

dn(E) _ /T Z

B = (8)

%

In Eq. (8), I';,;/T; is the branching ratio for the decay of
state 7 into the channel ¢ and 7 is the emission temper-
ature.

The efficiency function is obtained from Monte Carlo
simulations, which take into account the kinetic energy
spectra of the particle-unstable fragments, as well as the
precise geometry and detector response and the angu-
lar straggling in the target [10]. Wherever possible, the
kinetic energy spectrum for the particle-unstable frag-
ments is assumed to be the same as the energy spec-
trum of the stable nuclei of the same isotope. For 5Li or
8Be, where there are no particle-stable states, the energy
spectra were assumed to be the same as for °Li and "Be
fragments, respectively. The emission temperature T is
extracted by comparing the calculated yields from the
decay of two widely separated particle-unbound states
with the experimental yields. The comparison can also
involve the yield of particle-stable states 7 of the parent
nucleus, which is given by

Yitanie = Ne Y (2 + 1). (9)

Here, € denotes the (singles) efficiency for detecting the
stable fragments.

For broad states, the assumption of constant decay
width I'c is not valid because penetrability effects have
to be taken into account and the Breit-Wigner expres-
sion in Eq. (8) is not justified. For such states we used
a one-level R-matrix formalism [66]. Here, the formal
width of the level, I'; = 2P;~2, and the resonance energy
E; = Egr + Ayj; are functions of the excitation energy
E. Their energy dependence is expressed in terms of
the penetrability Pj; and shift function A;; for the rel-
ative angular momentum [ between the particles. The
parameters for the R-matrix formalism are taken from
the literature [67-70].

Large distortions of the resonance-line shape can oc-
cur when fragments with different charge to mass ratios
are accelerated in the Coulomb field of a heavy residue.
Dependent on the geometrical decay configuration, this
Coulomb distortion may increase or decrease the relative

momenta [71]. Such effects have been explored previ-
ously for the case of p-a correlations resulting from the
decay of the ground state of *Li (I'c.;n. = 1.5) [72]. Inte-
grating over the relative momentum distributions of the
experimental and calculated peaks [Eq. (7)] reduces the
uncertainty of extracting the resonance yield.

C. Experimental correlation functions

In this subsection we present the two-particle correla-
tion functions measured in this experiment. These cor-
relation functions were normalized at the relative mo-
menta given in Table II. Aside from the detector energy
thresholds, discussed in Sec. II, no further constraints
on the data were applied. Figure 4 shows the correla-
tion functions for p-t pairs. (Note the different vertical
scales for the “N- and !2°Xe-induced reactions.) The
first maximum corresponds to the J™ = 0% state in “He
at 20.21 MeV (¢, = 0.5, I',/T" = 1.00). The second
is due to the two overlapping J™ = 0~ and 2~ states at
21.0 MeV and 21.8 MeV (I'c.;. = 0.84, T, /T = 0.76, and
Fem. = 2.01, T, /T = 0.76, respectively) [73]. Because
of the folding of the decay yield with the detector effi-
ciency [Eq. (7)], the peaks are slightly shifted to lower
relative momenta, as compared to the exact locations of
the states in “He at ¢ = 23,41,53 MeV/c. The magni-
tudes of the peaks of the correlation functions are much
smaller for 129Xe-induced reactions than for *N-induced
reactions, suggesting a significantly larger space time ex-
tent for 129Xe-induced reactions than for *“N-induced re-
actions [65]. These correlation functions also exhibit a
shift of the second peak to lower relative momenta by
Ag =~ 10 MeV/c. This shift may be induced by three-
body Coulomb distortions caused by heavily charged re-
action residues.

The dashed lines in Fig. 4 depict two extreme assump-
tions for the background correlation functions calculated
by Egs. (1) and (2). The minimum background corre-
lation function was found by requiring that the peaks
in the yields still look reasonable. The solid curves show
correlation functions calculated for a background correla-
tion function which is intermediate between the extremes
shown by the dashed curves. In these calculations the in-
dividual states were assumed to be thermally populated
and the overall normalization N was normalized to the
data. Because of the width of the states and proxim-
ity to the decay threshold, an R-matrix parametrization
was taken [67]. The calculated curves agree well with

TABLE II. Correlation functions for different two-particle combinations were normalized to unity
at sufficient high relative momentum. The table shows the relative momentum range in MeV/c
used for this normalization for different particle pairs and target-projectile combinations.

Particle pair MN4+TAu MN427Al 129%e+27Al 129X e4+1228n
p-t 160-300 100-200 100-200 110-200

p-a 130-200 110-160 90-140 110-180
d-*He 150-220 150-220 120-220 120-220
oo 260-330 260-330 260-330 260-330
p-7Li 130-190 130-190 130-190 130-190
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FIG. 4. p-t correlation functions for the reaction systems
1N427Al and *N+'°"Au at E/A = 75 MeV (upper pan-
els), and **°Xe+27Al and '?°Xe+'??Sn at E/A = 31 MeV
(lower panels). The dashed lines are extreme bounds for the
background correlation function. The solid line is a calcu-
lation with T = 5 MeV for the '*N and T' = 3 MeV for the
129X e-induced reactions for a background correlation function
between the two extremes. For normalization see Table II.

14N data. For '?2°Xe-induced reactions, the location of
the second peak is not well described.

The p-a correlation functions, shown in Fig. 5, exhibit
two maxima. The broad maximum at ¢ =~ 50 MeV/c
corresponds to the decay of the “ground state” of °Li
(Jm=3/27,Tem. = 1.5, ,/T = 1.00 [72]). The peak at
g =~ 15 MeV/c is due to the three-body decay °B— 2a+p
[71]. For the calculation of the efficiency function, the
parent °Li distribution was parametrized with Egs. (1)
and (2) using the source parameters extracted for °Li.
This assumption was motivated by the work of Chen et
al. [12] who have shown that uncertainties due to the
unknown energy spectra of the particle-unstable parent
nuclei are much smaller than the uncertainities due to
different assumptions regarding the background.

Similar to the p-t correlation, the 5Li “ground state”
peak for the 129Xe-induced reactions is about 8-10 times
lower than for the 1*N-induced reactions. In both cases,
the line shape of the 5Li ground state is distorted by the
presence of the emitting source described by Eq. (8). This
distortion must be considered in the analysis. The solid
lines in Fig. 5 show calculations for the #N-induced re-
actions assuming T = 4 MeV and for the '?°Xe-induced
reactions assuming T' = 3 MeV, respectively. The R-
matrix parameters were taken from Stammbach and Wal-
ter [68]. The resonance energy for the calculated 3/2~
state was shifted to lower relative energy by 200 keV, an
effect which may be caused by three-body Coulomb dis-
tortions caused by targetlike residues [71]. Except for the
case of 129Xe+27Al, where the °B decay is most signifi-
cant, the curves in Fig. 5 agree very well with the data.
For the yields given by the solid curves, the background
was assumed to be given by the upper dashed curve in
Fig. 5.

The largest peak in the d->He correlation, Fig. 6, orig-
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FIG. 5. p-a correlation functions for different reaction sys-
tems. The dashed lines are extreme bounds for the back-
ground correlation function. The solid line is a calculation
with T = 4 MeV for the N and T = 3 MeV for the
129X e-induced reactions assuming the maximum background
correlation function. The peak at ¢ &~ 15 MeV /q corresponds
to a three-body decay °B— 2a + p and not to a decay of an
A = 5 system. For normalization see Table II.
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inates from the 16.7 MeV state in °Li (J™ = 3/27,
Fem = 0.2,T4/T" = 0.86 [72]). The R-matrix parameters
were taken from Kunz [69]. For the 1*N-induced reactions
one observes a broad maximum at ¢ = 90 MeV /c which
results from the decay of the 1/27% state in °Li. The re-
gion of the correlation function in the neighborhood of
this peak was not fit because the R-matrix parametriza-
tion for this state is not known [69] (solid lines in Fig. 6).
Because the correlation for the 12°Xe-induced reactions
is close to 1, it can be described by Yo =0 if one assumes
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FIG. 6. d-®He correlation functions for different reaction
systems. The dashed lines are extreme bounds for the back-
ground correlation function. The solid line is a calculation
with T = 4 MeV for the N and T = 3 MeV for the
129X e-induced reactions assuming a background correlation
function between the two extremes. For normalization see

Table II.
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the maximum background correlation function shown by
the upper dashed curve. It can also be somewhat bet-
ter described by a nonzero resonance yield depicted by
the calculated correlation function (solid curve) which
assumes a background correlation function between the
two extremes (depicted by the dashed lines).

Figure 7 shows a-a correlation functions. The peak at
g =~ 105 MeV/c results from the decay of the 3.04 MeV
state in 8Be (J™ = 2+, I'c ;. = 1.5, I'y/T = 1.00 [72]).
For the present investigation, the structures at lower rela-
tive momenta are not of interest; for a detailed discussion
see Refs. [10,70]. To improve the agreement between cal-
culated line shapes (solid lines in Fig. 7) and the data
we have allowed the maximum background correlation,
shown as the upper dashed line, to exceed unity. For
129X e-induced reactions the peaks of the correlation func-
tion due to the 2% state are only significantly smaller
than for the *N-induced reactions. For the calculation
of the efficiency function, the ¥Be parent distribution was
assumed to be given by the parameters in Table I that
were used to describe the "Be cross sections shown in Fig.
3.

The p-"Li correlation functions are shown in Fig. 8.
The first maximum at ¢ = 25 MeV /c corresponds to the
17.64 MeV state in 8Be (J™ = 1%, I, = 10.7 keV,
I'p,/T = 1.00 [72]), the second to the 18.15 MeV state
(J© = 1%, Tem. = 138 keV). This state decays with
I',/T' = 0.04 to the 0.48 MeV state in “Li and with
I',/T' = 0.96 to the ground state of "Li [72]. The third
peak consists of a group of states at 18.9 MeV (J™ =27,
Fem =122 keV, I, /T = 0.86 [74]), 19.1 MeV (J™ = 31,
Tem = 270 keV, I, /T = 1.00 [72]), 19.2 MeV (J™ = 3t
Fem =230 keV, ', /T = 0.5 [72]), 19.4 MeV (J™ =17,

T T T
N+Au, E/A=75 MeV

«®Be-sa+a+n

T T T
N+Al, E/A=75 MeV

1 + R(q)

15f

1.0

0.5
0 50 100 150 0 50 100 150 200

q (MeV/c)

FIG. 7. a-a correlation functions for different reaction sys-
tems. The dashed lines are extreme bounds for the back-
ground correlation function. The solid line is a calculation
with T = 4 MeV for the "N and T = 3 MeV for the
129X e-induced reactions assuming the minimum background
correlation function. The peak at q=45 MeV /c is largely due
to the decay of the 2.43 MeV state in °Be (°Be— 2a + n);
in addition, it contains contributions from the “ghost peak”
of the ®Be ground state (see Ref. [10] and references therein).
For normalization see Table II.

T T T T T T T
N+Al, E/A=75 MeV N+Au, E/A=75 MeV

p+ "L

1 + R(q)

100 0 25 50 75 100 125
q (MeV/c)

FIG. 8. p-"Li correlation functions for different reaction
systems. The dashed lines are extreme bounds for the back-
ground correlation function. The solid line is a calculation
with T = 4 MeV for the *N and T = 3 MeV for the
129X e-induced reactions assuming the maximum background
correlation function. For normalization see Table II.

Fem. =~ 650 keV; we assumed I',/T" = 0.5 [72]), and
19.9 MeV (J™ = 4%, Ty = 700 keV, T,/T = 0.04
[72]). We could not describe all these states assuming a
thermal population of excited states in ®Be and a back-
ground correlation function which increases monotoni-
cally with ¢ according to Eq. (5). This may indicate a
nonstatistical population of states. On the other hand,
structures could occur in the correlation function due to
three-body decays or decays to excited states in “Li. To
explore this as a possible upper limit of the experimental
background, we have explored hand-drawn dashed lines,
shown in Fig. 8, as extreme limits to the background.

V. RESULTS

In general, sequential feeding from particle decays of
heavier nuclei will influence the ratios of the yields of
particle-unstable excited states for specific fragments.
For ratios involving the particular excited states of “He,
5Li, and ®Be discussed in this paper, detailed calcula-
tions have shown that they are rather insensitive to se-
quential feeding corrections. Therefore emission temper-
ature can be described by comparing the experimental
yields to yields calculated by Egs. (7) and (8). Fig-
ure 9 shows measured ratios of the p-t coincidence yield
from the J™ = 0% state at 20.21 MeV to the measured
particle-stable yield of *He. For this comparison, the
yield from J™ = 0% state was integrated over the inter-
val ¢ = 10-30 MeV/c. The calculated resonances, given
by the solid curves in Fig. 4, were integrated over the
same relative momentum range as in the data. Ratios
calculated as function of the temperature parameter T'
are shown in Fig. 9 as solid lines. The uncertainties
for the experimental ratios (shaded areas in Fig. 9) are
given by the uncertainties in the subtraction of the back-
ground function of the measured p-t yields. (This uncer-
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FIG. 9. Ratios between the (J™ = 0") state at 20.21 MeV
and the total yield of *He. The upper panels show *N+27Al

(left) and '*N+'°"Au (right) at E/A = 75 MeV, the
lower panel '*Xe+27Al (left) and '*°Xe+'??Sn (right) at
E/A = 31 MeV, respectively.

tainty has been estimated from the dashed lines in Fig. 4.)
These bounds determine the corresponding uncertain-
ties of the extracted temperatures. For the *N-induced
reactions, which are dominated by preequilibrium pro-
cesses, apparent temperatures of 7' = 4.840.3 MeV
(T = 4.740.3 MeV) for the 27Al (1°7Au) target, re-
spectively, were found. For the 2°Xe-induced reactions,
which are more sensitive to equilibrium emission mech-
anisms, distinctly lower apparent temperatures of T' =
3.1£0.2 MeV (T = 3.5+£0.3 MeV) for the 27Al (}228n)
target, respectively, were observed. Lower temperatures
(T = 2.2%33 MeV) were measured by Dabrowski et al.
[75] in *°Ar + Ag collisions at E/A=44 MeV for “He
fragments emitted at backward angles. This difference
between our temperatures for the 122Sn target and those
of Dabrowski et al. are surprising and not understood.

To obtain the population ratios for states in °Li, we
used the particle-unstable “ground state” (J™ = 3/27),
which decays into p-a pairs, and integrated the p-« yield
from ¢ = 25 MeV/c to ¢ = 100 MeV/c (Fig. 5). The
yield of the high-lying (J™ = 3/2%) state at 16.7 MeV,
which decays preferentially into d-3He pairs, was inte-
grated from ¢ = 10 MeV/c to ¢ = 60 MeV/c (Fig. 6).
Ratios calculated as a function of emission temperature
are shown in Fig. 10 as solid lines. Again the “N-
induced reactions reveal higher temperatures than those
with 12°Xe as projectiles. For the latter only upper lim-
its could be estimated because the d-3He correlations
(Fig. 6) were consistent with the maximum bound of the
background correlation. Here, we found temperatures of
T =3.9+0.3 MeV (T = 3.74+0.2 MeV) for the *4N+27Al
(**N+1%7Au) reaction and temperatures of 7<3.0 MeV
(T<3.5 MeV) for the 12°Xe+27Al (12°Xe+1%2Sn) reac-
tion, respectively.

Population ratios of widely separated states in ®Be
fragments (Figs. 7 and 8) give similar results. Here,
we analyzed the ratio between the (J™ = 11) state at
17.64 MeV, which decays in p and "Li, and the (J™ = 27)

1.00 T T T

N+Al, E/A=75 MeV N+Au, E/A=75 MeV

\
\

5 2
T (MeV)

FIG. 10. Ratios between the (J™ = 3/2%) state at
16.7 MeV in °Li and the (J™ = 3/27) particle-unstable
“ground state.” The upper panels show *N+427Al (left)
and *N+'°"Au (right) at E/A = 75 MeV, the lower panel
129%e+27 Al (left) and *2°Xe+'?2Sn (right) at E/A = 31 MeV,
respectively.

state at 3.04 MeV, which decays into two « particles.
Yields of the p-"Li and o-a decay channels were in-
tegrated from ¢ = 18 MeV/c to 32 MeV/c and from
g = 65 MeV/c to 160 MeV/c, respectively. Consistent
with the results for “He and ®Li fragments, higher tem-
peratures are observed (Fig. 11) for *N-induced reac-
tions at the higher incident energy of E/A = 75 MeV
(T =4.94£0.9 MeV for 1*N+2"Aland T = 4.5+0.9 MeV
for N+197 Au, respectively) and lower temperatures for
129X e-induced reactions at the lower incident energy of
E/A =31 MeV (T = 3.3+ 0.5 MeV for 12°Xe+27Al and
T = 3.9+ 1.0 MeV for 129Xe+1228n, respectively).

A summary of all extracted emission temperatures is
shown in Fig. 12. The uncertainties are due to extreme

0.001

B Y B
= b\ W\ ]
T

3 5 6
T (MeV)

FIG. 11. Ratios between the (J™ = 17) state in ®Be at
17.64 MeV and the (J™ = 27%) state at 3.04 MeV. The
upper panels show *N+27Al (left) and *N+'°"Au (right)

at E/A = 75 MeV, the lower panel 2°Xe+27Al (left) and
129X e+1229n (right) at E/A = 31 MeV, respectively.



684 C. SCHWARZ et al. 48

T T T
N+Al, E/A=75 MeV

——t—fF—— ®Be

| ; —O— JHe
8 Li
g Be
} I{ 1 | {
Xe+Al, E/A=31 MeV
e ‘He
k—@ SLi
H—E'-—'*I : 8Be
II 1 } | ’
Xe+Sn, E/A=31 MeV
"—9—': ‘He
@ | °Li
e 8Be
1 E .: 1 1 1
3 4 5 6

T (MeV)

FIG. 12. Extracted apparent temperatures from widely
spaced levels of the fragments *He, °Li, and ®Be. The uncer-
tainties are due to the extreme assumptions of the background
correlation functions indicated in Figs. 4-8. The fragment av-
eraged temperature bounds are marked by dashed lines. (For
129 e-induced reactions the average was taken over the *He
and ®Be fragments.)

assumptions of the background correlation functions. Es-
timates of the range of emission temperatures consistent
with these measurements are indicated by the dashed
lines; for '2°Xe-induced reactions the average was taken
over the “He and ®Be fragments. Emission temperatures
from the states discussed in this paper are expected to
be robust with respect to distortions due to sequential
feeding from heavier particle-unstable nuclei for temper-
atures less than 5 MeV [61]. The largest distortions were
predicted for “He for which calculations at T = 5 MeV
predict populations corresponding to extracted temper-
atures which are about 0.5 MeV lower due to sequential
decay.

The extracted temperatures fall into the established
systematics for light projectiles impinging on heavier tar-
gets. Figure 13 shows a comparision of the extracted
temperatures for a variety of incident energies. The
solid diamonds provide the results for normal kinemat-
ics (preequilibrium emission) and the solid circles provide
the results for reverse kinematics (emission from target-
like residues) obtained in the present work.

VI. SUMMARY AND CONCLUSION

We have measured the relative populations of widely
separated states in “He, °Li, and ®Be fragments. We
studied '*N-induced reactions at E/A = 75 MeV for
which emission is dominated by the early nonequilibrated
stages of the reaction and !?°Xe-induced reactions at
E/A = 31 MeV for which emission is dominated by the

8¢ — T ]
o *He(20.1)/*He(gs) b
6 N+Au% Ar+Au %—:
E ¢ |-

4 Xe+A!’__'—§”’0—+Au

[ --87 Ar+Au

2F — +]
o YR SN %;
o 6 F Ar+Au Ar+Au |-
= r N % -7 ’E
& N ,Mj cm {Mu | ]
E eBe(17>64)/aBe(3,04) ]
6 - N+Au —:
o Xetar é/,%»@"’_” ]
4» ,—i"/’uuu O+Au ?
2t — - :
20 30 50 70 100 200

Ep/A (MeV)

FIG. 13. Systematics of emission temperature parameters
extracted for light projectiles impinging on heavy targets.
The upper, middle, and lower panels show temperatures ex-
tracted from relative populations of unbound states for *He,
5Li, and ®Be fragments, respectively. We included temper-
ature parameters from [20] (crosses), [10,18,26] (open dia-
monds), [27] (star), and data (**N+'°"Au) from this work
(solid diamonds). Additional temperatures from the reaction
129X e+27Al (this work) are plotted at E/A = 31 MeV (solid
circles). The dashed lines show a least-squares fit to the full
set of data.

later equilibrated stages of the reaction.

Average emission temperatures extracted from the rel-
ative populations of widely separated states are T =
4.3+0.2 MeV for “N+27Al and T = 4.1+0.2 MeV for
14N4197 Au. These values are significantly smaller than
the values of “kinetic temperature” parameters (7' ~18-
20 MeV) which characterize the slopes of the kinetic en-
ergy spectra of protons emitted at 61,5, ~25° [65]. The
extracted emission temperatures are consistent with pre-
vious measurements (Fig. 13). Their low values may be
related to cooling due to expansion [43,44,48], to pre-
equilibrium effects [20,45,55-58,76,77], or both.

Average emission temperatures extracted for the
129X e-induced reactions were lower by about 1 MeV,
T = 3.1+0.2 MeV for ?°Xe+27Al and T = 3.5+0.3 MeV
for 129Xe+1228p (Fig. 12). For the 129X 427 Al reaction,
these temperatures are slightly smaller than the kinetic
temperature parameters T' =~4—-6 MeV which characterize
the energy spectra for protons [65]. The same is true for
the 129Xe+122Sn reaction for which the extracted tem-
perature is slightly smaller than the kinetic temperature
(T ~4 MeV) which characterizes the emission of protons
[65] from the projectilelike source which dominates emis-
sion at the angles of the present measurement. Previous
investigations [78] have reported that the apparent tem-
peratures of such spectra are considerably larger than the
temperature of compound systems. These studies sug-
gest that such backward angle proton spectra may still
be contaminated by preequilibrium emission.

Within experimental errors, the emission temperatures
extracted for the ?°Xe-induced reactions are comparable
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(though slightly smaller in magnitude) to temperatures
previously extracted from other reactions at comparable
incident energies per nucleon in which large nonequilib-
rium contributions could not be excluded (Fig. 13). For
example, average emission temperatures of T=3-4 MeV
were determined from the population of particle-unbound
states of particles emitted at 8),, ~38° in the 4N4"2tAg
reaction at E/A=35 MeV [18] and from the relative
populations of particle-stable states in 32S+"2tAg (and
Blab ~20°-50°) [5].

The emission temperatures determined for 129Xe+27Al
are also smaller than temperatures expected for equi-
librated fusionlike residues. Linear momentum trans-
fer (LMT) systematics [79] predict a ratio of the linear
momentum transfer to the initial beam momentum of
P||/Pbeam = 0.73 and, as determined from an incomplete
fusion scenario for the 129Xe+27 Al reaction, an excitation
energy of E*/A = 3.4 MeV. Assuming a level density pa-
rameter of a = A/8 MeV ™!, this provides a compound
nucleus temperature of 5.2 MeV, which is significantly
larger than the observed emission temperature. This es-
timate of excitation energy from an incomplete fusion
ansatz is an upper limit, however, since all the missing
beam momentum is assumed to be carried away by parti-
cles moving with the beam velocity and with zero trans-
verse momenta.

BUU transport equations calculations, which do ac-
count for particle emission at nonzero emission angles,
predict residue temperatures of about 3 MeV for calcu-
lations of the similar 4°Ar + !24Sn system, assuming a
soft equation of state at low density [45]. Further mea-
surements are needed to determine whether such calcu-
lations can also reproduce the energy spectra or other
observables in this reaction.

While emission temperatures extracted for preequilib-
rium processes are distinguished from emission tempera-
tures extracted for long time scale evaporation processes,
we should emphasize that the present inclusive measure-
ments cannot provide an unambiguous characterization
of the emitting system (or systems). More specificity can
only be obtained by measurements with full event charac-
terization. Until now, only few such measurements have
been performed [12,15,19]. These measurements reveal
an increased degree of equilibration for central collisions
[19], but otherwise rather similar [12,15,19] average emis-
sion temperatures for central and peripheral collisions.
All existing experimental data on the relative populations
of states indicate that fragment emission is favored when
the emitting system (or systems) reaches temperatures
of the order of 3-6 MeV. The present data indicate that
the observed weak energy dependence [20] persists over a
broad range of energies and reaction mechanisms, includ-
ing emission from near-equilibrated heavy residues. The
interpretation of this experimental observation, however,
is still uncertain.
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