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Two-particle correlations at small relative momenta provide information about the space-time ex-
tent and the excitation energy density of the emitting system. Detailed measurements of two-
particle correlations were performed for “°Ar-induced reactions on '“’Au at E/A4=60 MeV. In gen-
eral, more pronounced correlations are measured for particles of higher outgoing energy. From the
relative populations of excited states, a mean emission temperature of T ~5.5 MeV is extracted.
Within the framework of the quantum statistical model, our findings are consistent with an expand-
ing nuclear system which disintegrates at low temperature (7 =~5.5 MeV) and rather low density

I. INTRODUCTION

The formation and decay of highly excited nuclear sys-
tems in intermediate energy nucleus-nucleus collisions
(E/A~=20—-200 MeV) presents a challenging problem.
At these energies, the nuclear mean field as well as indivi-
dual nucleon-nucleon collisions are important for a quan-
titative understanding of the reaction dynamics.!~* Al-
though a detailed dynamical description of the spatial and
temporal evolution of the collision process is still beyond
reach, significant progress has been made by the applica-
tion of quasistatic statistical concepts. Several approaches
are based on the assumption of local statistical equilibri-
um and describe the system in terms of a few state vari-
ables, e.g., temperature, entropy, and density.>~ ! Such
approaches may not be accurate because of the finite spa-
tial size and the finite lifetime of the reaction zone.!' Ad-
ditional complication can arise due to constraints imposed
by conservation laws, fluctuations,!?~ quantum mechan-
ical binding, and long range Coulomb effects.'>!® It is
clearly important to perform experiments which test the
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validity of statistical concepts and which are sensitive to
the space-time evolution of the reaction.

Most attempts to obtain experimental information
about the temperature of highly excited nuclear systems
were based on analyses of the kinetic energy spectra of the
emitted particles.!” For “°Ar induced reactions on !*’Au,
the energy spectra of particles emitted at midrapidities
could be rather well described'® in terms of simple
Maxwellian distributions, characterized by temperature
parameters which were nearly independent of the emitted
fragments. This observation is consistent with the as-
sumption that the velocity distributions of the particles
are close to the equilibrium limit. However, the interpre-
tation of the kinetic energy spectra is complicated by their
sensitivity to the collective motion,'*?° the temporal evo-
lution of the emitting system,®®2!22 the sequential decay
of highly excited primary fragments,®?? and fluctuations
of the Coulomb barrier.'?

An alternative determination of the temperature at the
point at which the particles leave the equilibrated
(sub)system is based on the relative population of states.
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This approach is meaningful if the emitting subsystem is
not only close to kinetic equilibrium but also close to
chemical equilibrium. If the phase space of the decay
configuration is known, this “emission temperature” can
be determined from the relative abundances of different
particle species?>~2° or—more directly and less model
dependent—from the relative populations of states in a
given nucleus.?°~%° Since feeding from higher lying parti-
cle unbound states®*°—34 and neutron induced deexcita-
tions®®> can alter the primary populations, these tempera-
ture measurements can be associated with large uncertain-
ties whenever the level separations are smaller than the
emission temperatures.?”>3¢

Because of their sensitivity to quantum statistics
and final-state interactions,**~* two-particle correlation
functions at small relative momenta contain information
about the space-time characteristics of the emitting sys-
tem. For intermediate energy nucleus-nucleus collisions,
two proton,®~*  two-deuteron,*>*®  two-triton,*46
proton-alpha,** and deuteron-alpha***7*® correlation
functions have been used to explore the space-time evolu-
tion of the emitting system. The interpretation of two-
particle correlations can, however, be complicated by ad-
ditional sensitivities to ensemble averaging,*’ reaction
dynamics,® momentum conservation,*> Coulomb distor-
tions,”"? and higher order decays.’? Since correlations
between different particles are expected to exhibit dif-
ferent sensitivities to these effects, the measurement of
two-particle correlations for several light-particle com-
binations in a given reaction may provide a unique tool
with which one can study these effects and obtain detailed
information about the spatial and temporal evolution of
the emitting system ’>46:47:53

In order to obtain more detailed information about
emission temperatures, sequential decay processes, and the
space-time evolution of the reaction, we have measured
two-particle correlation functions at small relative mo-
menta for *°Ar induced reactions on '’Au at E/A=60
MeV. Some of our results have been reported previous-
ly.?7:2%52 The paper is organized as follows. Experimen-
tal details will be given in the following section. In Sec.

37-39

III single particle inclusive cross sections will be present-
ed. Two-particle correlation functions will be presented in
Sec. IV. Source radii will be extracted and their energy
dependence will be discussed. Distortions of two-particle
correlation functions by the influence of a third unob-
served particle will be discussed. In Sec. V the relative
populations of particle unbound states will be investigated
and emission temperatures will be extracted. The impor-
tance of sequential feeding from the decay of particle un-
bound primary fragments is quantified in Sec. VI. A
summary is given in Sec. VII.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Laboratoire
Grand Accélérateur National d’Ions Lourds (GANIL) at
Caen. A gold target of 10 mg/cm? areal density was irra-
diated by a “°Ar beam of E/A=60 MeV incident energy.
The size of the beam spot on target was approximately
1x2 mm? Light particles (Z <3) were detected by a
close-packed hexagonal array of thirteen AE-E telescopes,
each consisting of a 400 um thick silicon detector and a
10 cm thick Nal(T1) scintillator. With these telescopes, all
particles between protons and 'Li were separated. The
detectors were located at a distance of 61 cm from the tar-
get; the center of the hodoscope was positioned at a labo-
ratory angle of 6,,=30°. The angular separation between
adjacent telescopes was A6=4.2°; the maximum relative
angle was 14.6°. Each telescope subtended a solid angle of
0.46 msr corresponding to a resolution of the relative an-
gle of 8(AO)rwum~1.2° (where FWHM denotes full
width at half maximum). Similar AE-E telescopes, posi-
tioned at laboratory angles of 30°, 70°, 110°, 135°, and 160°,
were used to measure the single particle inclusive cross
sections. In-plane and out-of-plane two-particle correla-
tions at large relative momenta were measured by varying
the azimuthal angle of some of those telescopes between
35° and 180°. In addition, coincident light particles were
detected in a multidetector array>* which covered an an-
gular range of 3°—-30°. A schematic drawing of the setup
is shown in Fig. 1. In this paper we will present two-

‘ HODOSCOPE
“ g = 23°-37° LARGE ANGLE
' ¢ =(-18°)-14° TELESCOPES
N, §=30°,70°,110°,135°, 160°

PLASTIC WAL
8 =(3°),5°-30°
¢ =(-180°) -180°

¢=0°35°-180°

BEAM AXIS

FIG. 1. Schematic view of the experimental setup.
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particle correlations at small relative momenta, measured
with the 13-element hodoscope, and inclusive cross sec-
tions measured with the large angle telescopes. Two-
particle correlations at large relative momenta and the ef-
fects of event selection with the forward angle multidetec-
tor array will be presented elsewhere.>>%¢

Energy calibrations and energy resolutions were estab-
lished by bombarding a thick carbon target with “CAr
ions, and analyzing the reaction products according to
their magnetic rigidity with a 270° beam transport system.
These particles were then injected into the telescopes.
Previous investigations®’ found that the reduced light out-
put of a scintillator, L /4Z?, depends primarily on the re-
duced energy, E/AZ 2 where A and Z denote the mass
and charge of the detected particle. We have, therefore,
adopted the following functional form for our energy cali-
brations:

E/AZ*=a,+ay(L/AZ*) +as(L/AZ?)? . (D

For each element, the coefficients a; (i =1-3) were ad-
justed to provide an optimum fit to the calibration points.
Since individual detectors exhibited different nonlineari-
ties, each detector had to be calibrated separately. The en-
ergy calibration of the silicon detectors was obtained by
injecting a known amount of charge at the detector side of
the preamplifier. The overall energy calibrations are ac-
curate to within 29%. The total energy resolution of the
telescopes varied between about 1% and 2.5%.

Gain shifts of the photomultiplier tubes were monitored
by a light pulser system. As an alternative control of the
gain stability of the Nal detectors, we made use of the
high stability of the AE silicon detectors. To monitor the
gain stability, the raw data were sorted into two-
dimensional AE-E matrices. Several narrow gates were
set on the AE axis. Events which fell into these gates
were projected onto the E axis. Several peaks, corre-
sponding to different types of particles, were obtained for
each gate. Each of these peaks was fitted with a Gaussian

1975 4 (*°Ar,X)

function to determine the peak location, P;. The relative
gain shift with respect to the calibration run was then
determined by minimizing the function f(§),

(&)= 3 (&P, —Py)*/Pf; , (2)

1

with respect to the gain shift parameter, £. Here, the peak
locations determined for the calibration run are denoted
by Py;. With these procedures, gain shifts of the order of
1% could be detected and corrected.

Coincidence and down-scaled singles events were writ-
ten on magnetic tape and analyzed off line. During the
experiment, the energy thresholds were set at a value
equivalent to about 7 MeV protons. In the off-line
analysis, thresholds of 12, 15, 18, 35, 40, 45, 80, and 90
MeV were used for p, d, t, *He, “He, ®*He, °Li, and "Li,
respectively. The correlation data were corrected for ran-
dom coincidences. Absolute cross sections were deter-
mined from the known detector geometry, target thick-
ness, and the integrated beam current. The uncertainty of
the absolute normalization was estimated to be less than
25%.

III. SINGLE PARTICLE INCLUSIVE
CROSS SECTIONS

Figure 2 shows the single particle inclusive cross sec-
tions for protons, deuterons, tritons, and alpha particles.
Consistent with previous measurements at similar ener-
gies,!® the spectra exhibit rather featureless exponential
slopes at higher energies which become steeper at larger
angles. In the center-of-mass system, the cross sections
are peaked at forward angles, indicating emission prior to
the establishment of full statistical equilibrium of the
composite nuclear system. To bring the data into context
with previous measurements!”'®5® and to provide reason-
able extrapolations to unmeasured scattering angles and
particle energies, the data were fitted by a “moving
source” parametrization employing the superposition of

, E/A=60 MeV
T

T
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FIG. 2. Differential cross sections for p, d, t, and a particles. The solid lines correspond to fits with Eq. (3).
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three Maxwellian distributions:

d%o 3
=2 _ S NVE-T,
dQdE Z'I WV E=Uc

Xexp{ —[E—Uc+E;

—2\/ E,(E —Uc)COSG]/T,'} .

(3)

Here, Uc is the kinetic energy gained by the Coulomb
repulsion from the emitting system, N; is a normalization
constant, and T; is the “temperature” parameter of the
ith source; E; = %mv,-z, where m is the mass of the parti-
cle and v; is the source velocity in the laboratory system.
Because of our relatively high energy thresholds, U; was
kept constant at a value of about one-half of the Coulomb
barrier for surface emission,’®% see Table I. [For our
purposes, the nonrelativistic expression, Eq. (3), is ade-
quate. If one uses the corresponding relativistic expres-
sion!”%® the extracted temperature parameters change by
less than 0.2 MeV and the extracted source velocities
change by less than 5%.] In order to obtain a satisfactory
description of the energy spectra at backward angles
(6>90°), it was necessary to introduce a slow source
(v;=0.02¢) with a relatively low temperature, T, ~6
MeV.%° Contributions of this source at forward angles
(6 < 50°) are negligible. For an improvement of the fits to
the proton and deuteron distributions at the most forward
angles, a fast moving source (v; =~0.3c) was introduced.
Best fits of the three-source parametrization to the data
are shown as solid lines in Fig. 2; the parameters are listed
in Table I. For tritons and alpha particles fits of similar
quality were obtained with two sources. This is expressed
in the similarity of the temperature parameter of the fast
and intermediate rapidity source listed in Table 1. In all
cases, the addition of the “projectile-like” source had little
influence on the temperature parameter, T,, of the inter-
mediate rapidity source [v, ~(0.11—0.16)c]. For a two-
source fit, the temperature parameters of the intermediate
rapidity source are 16.6, 19.2, 19.6, and 14.5 MeV for pro-
tons, deuterons, tritons, and alpha particles, respectively.
The intermediate rapidity source dominates the energy in-
tegrated cross section in the angular range of the hodo-
scope. The parameters extracted for this source are con-
sistent with the systematic trends established previously:'’
At intermediate rapidities, the kinetic energy spectra can

be characterized by a source of temperature T, ~14—18
MeV and mean velocity of one-third to one-half of the
beam velocity.

IV. TWO-PARTICLE CORRELATION FUNCTIONS

A. General considerations

The two-particle correlation function R (q) is defined in
terms of the coincidence yield, Y,(p;,p,), and the single
particle yields, Y(p;) and Y,(p,):

2 YupLp)=Cp[1+R(@QI3Y (p)-Ya(py) . (4

Here, p; and p, are the laboratory momenta of the parti-
cles 1 and 2; q is the momentum of relative motion [non-
relativistically, q is given by u(p,/m, —p;/m,)]; Cy, is a
normalization constant which is determined by the re-
quirement that R (g)=0 for large relative momenta. For
each gating condition, the sums on both sides of Eq. (4)
were extended over all energy and detector combinations
corresponding to the given bins of q; in most cases the
correlation functions were determined as a function of
g=q| only.

Two-particle correlations are sensitive to the space-time
extent of the emitting system. This can be understood
most easily in the thermal model.*> If one assumes that
two particles only interact with each other and not with
the rest of the system, one may approximate the two-
particle density of states as

p(P,q)=py(Plp(q) . (5)

Here, po(P)=VP?/27* denotes the density of states asso-
ciated with the motion of the center of mass of the two
particles, P denotes the total momentum of the two parti-
cles, and ¥ denotes the volume of the system. The density
of states for the relative motion of the two particles can be
approximated as

P(a)=po(q)+Ap(q) . (6)

Here, the plane wave density of states for particles with
spin s; (i=1,2) is given by

2

Ve
i (7)
2

polg)=(2s,+1)(2s,+1)

For nonidentical particles, the interaction term Ap can be
written as®'

TABLE I. Source parameters of three-source fits, Eq. (3), to the single particle inclusive spectra shown in Fig. 2. Uc denotes the
Coulomb respulsion; T;, v;, and N; (in mb/sr MeV!/?) are the temperature, velocity, and normalization constant for the ith source,
when i=1, 2, and 3 denote the slow, intermediate rapidity, and fast sources, respectively.

Uc T, Uy T, U2 T, U3
Particle (MeV) (MeV) (c) N, (MeV) (c) N, (MeV) (¢) Ny
p 5 5.6 0.007 25.33 16.0 0.159 11.52 7.7 0.358 11.93
d 5 6.7 0.018 9.52 18.0 0.150 5.11 10.5 0.314 6.96
t 5 6.9 0.026 7.68 17.0 0.124 3.20 14.7 0.259 3.34
a 10 6.1 0.028 57.79 14.1 0.109 8.40 13.5 0.249 6.13
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1 35, 4 pends only on the emission temperature of the system.
Aplg)= P 2 aqg (8) Historically, the sensitivity of two-particle correlation
J,a

Here, J is the total angular momentum and §;, is the
scattering phase shift for channel a. Contrary to the
plane-wave densities, the interaction term does not depend
on the size of the system. Introducing the plane wave
densities of states for particles 1 and 2,

polpi)=(2s;+ \)Vpi/2m* (i=12), 9)

one obtains

P(P,q) =po(Ppo(@)[1+R ()] =po(p1)po(p2 )1+ R (g)],

where the correlation function is given by

2
(25, +1)(2s,+1)Vq

R(g)= 222J+1) ag - IV

If one assumes that the singles and coincidence yields are
given by the thermal distributions,

—E; /T

Yi(p;) <polpile 7 (i=1,2) (12)

and

le(Pl:Pz)“P(P:q)e“(El+E2)/T, (13)
one can see immediately that R (q) agrees with the defini-
tion of Eq. (4). Within the thermal model, the two-
particle correlation function depends only on the volume
of the emitting system. It is independent of the tempera-
ture of the system.

Information about the temperature of the system can be
obtained by investigating the relative populations of
states. As a function of the excitation energy E, the pop-
ulation of states can be written as

dn(E)
dE
where N is a normalization constant and Ap(E) denotes
the density of states [Eq. (8)]. If the energy dependence of
the phase shifts is dominated by a series of resonances, the
density Ap can be approximated as®!
(2J;+ DT /27

(E—E)?+T}/4 "

=Ne " E/TAp(E) (14)

Ap(E)ec S (15)

and the population of states decaying into the channel ¢

can be written as

dn(E)
dE

(2J;+ 1) /2m T
—E;)’+T}/4 T,

= Ne E/TE

c

, (16)

where T, ;/T'; denotes the branching ratio for the decay
into the channel ¢. In the limit of two nonoverlapping
narrow states separated by an energy AE =E,—E,, the
primary relative population of states, f,, integrated over
the widths of these states is given by

Uyt

TAET 17)
2J, +1° (

f=

In this approximation the relative population of states de-

functions to the space-time extent of the emitting system
was derived from the modifications of the wave functions
of relative motion due to final-state interactions**~*? or
quantum statistics.’’ ~3° If the time dependence of the
emission process is neglected, one can express the two-
particle correlation function in terms of the single particle
source function p(r) and the two-body wave function

\I/(rl,rz):
@)= [ d’rid’r,[ | ¥(r,,5) |2 1]-p(r,)p(r,)

-2
Jarpm | (18)

This formula has recently been shown*? to be consistent
with the thermal model, Eq. (11). For our calculations of
the correlation functions, we have adopted the original
formulation of Koonin, Eq. (18), and assumed a source of
Gaussian spatial density, p(r) « exp( —r2/r}), and negligi-
ble lifetime.

B. Experimental correlation functions

In this subsection we present the two-particle correla-
tion functions measured in this experiment. Apart from
the energy thresholds no constraints were applied. The
normalization constants, C,, [see Eq. (4)], extracted for
the different particle combinations are rather similar; they
do not vary by more than +15% from their average value.
This similarity indicates that different particle pairs have
their origin in similar processes.

The two-proton correlation function, Fig. 3, exhibits a
maximum at g =20 MeV/c which is caused by the attrac-
tive singlet S-wave interaction between the two detected
protons. Loosely speaking, one may also consider this
maximum as due to the emission of particle unstable 2He
nuclej.3>62

The p-t correlation function, Fig. 4, exhibits two maxi-
ma, corresponding to the decay of the J™=0% state® at
20.1 MeV (I',/T'=1.00) and the two overlappmg JT=0"

and 2 statest®® at 21.1 and 22.1 MeV in *He (T,=T,),
1.5 T
|
L '.."'..
— 10 .. ,,_.:.-'-'.! '.an!nu- '-"“"“-’-“'—“—*
+ +‘. /// ////
—~ / g
go L ,’/ /, 197Au(40Ar,pp)X i
o / E/A=60MeV
1 /7
1/ Y 6,,=30°
0.0 - ‘
0 50 100
q (MeV/c)

FIG. 3. Two-proton correlation function. The dashed lines
are extreme bounds for the background correlation function.
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l
+ 1.25 . ..'S“

— ¢ S, 4
Z1.00 [, ,f—~~;::=“sw'w_m,wmfm
o // -
’ 197 40
0.75 —fr’ /! Au(TAr,pt)X b
(/[ E/A=60MeV, 6,,=30°
0.50 l’ ll I l n L i l I L
0 50 100 150 200

q (MeV/c)

FIG. 4. p-t correlation function. Particle unstable states in
“He are marked by the arrows. The dashed lines are extreme
bounds for the background correlation function.

respectively. The d-t correlation function, Fig. 5, exhibits
two maxima corresponding to highly excited levels in *He
at 16.76 and 19.8 MeV excitation energy.®> The slight
shift of the peak corresponding to the 16.76 MeV state to
higher relative momenta is an artifact of our data reduc-
tion in which it is assumed that the particles hit the center
of each detector.

The p-3He correlation function, Fig. 6, exhibits a broad
structure which corresponds to the “ground state” of
4Li.*%7 The increase at small relative momenta, g <15
MeV/c, is probably due to the Coulomb final-state in-
teraction between the residual nuclear system and the
coincident protons and *He nuclei. For short lived states
decaying into particles of different charge-to-mass ratios,
this interaction can cause significant distortions of the
line shape; also see Sec. IV D.

Figure 7 shows the measured p-a and d-*He correlation
functions. The p-a correlation function, shown in Fig.
7(a), exhibits two pronounced peaks. The narrow struc-

2.5 ———y
L | 16.76 MeV ]
&0 i_l+ - Ji
— Y 19.8 MeV ]
/a :_+ ° .". .."'4M
ER ]
os b / 97Au(*PAr,dt)X ]
, ]
Ty E/A=60MeV, 6,,=30° |
O_O'.A'.Jll.‘,lut.l..,.
0 50 100 150 200
g (MeV/c)

FIG. 5. d-t correlation function. Known levels in *He are in-
dicated. The dashed lines are extreme bounds for the back-
ground correlation function.

1.5 T T T

Y7 u(*%Ar,p®He)X

E/A=60MeV, 6,,=30°

W }
0.0 L

0 50 100 150 200
q (MeV/c)

FIG. 6. p-*He correlation function. The location of the
“ground state” of “Li is marked by the arrow. The dashed lines
are extreme bounds for the background correlation function.

] | .

20—
L . (a) .
(°8) SL'g.s. a
oLl . _
- ¢ .: ‘. p
T LA - _
:/C; 1.0 N % .o'/,—— — :_—_—:-'—f’.‘w;’.'d’-
o : ] /‘.-’ ///’ %
. / /
‘P,’ ,/ 970 (*%Ar. pa)X
o5 1/ u - P
Lo/ 4
,/ E/A=60MeV, 6,,=30°
U
/
0 PAN 2 L 1 s L L " 1 . L L "
0 50 100 150
a(Mev/c)
20— r~—rTr T T T T T ]
[ 16.66 Mev (b)
-
I-Sr Q (20 MeV) ]
— ‘ l ]
g +“¢ et * $aeied]
Ry R e LU s
x| . -7 |
L - ]
/
t S ®hu(*Ar, d He)x
O.SL— /
i E/A=60 MeV, Gy, =30°
[/ / 4
/
S L 2 %A E U R B
o) 50 100 150 200

q(Mev/c)
FIG. 7. (a) p-a and (b) d-*He correlation functions. Excited
states in °Li are indicated. The dashed lines are extreme bounds
for the background correlation function.
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ture at g =15 MeV/c is not related to a resonance in the
mass five system. It results®’ from the decay of the parti-
cle unstable ground state of °B, °B—2a + p; also see Sec.
IVD. The broad peak near g =50 MeV/c is related to the
unbound ground state of °Li (J"=<", '=1.5 MeV,
[,/C=1.00). The largest peak in the d-*He correlation
function, Fig. 7(b), corresponds to the decay of the 16.66
MeV state in °Li (J7=2", ['=0.3 MeV, I'y/I" =0.86).

The d-a correlation function, Fig. 8, exhibits two maxi-
ma which correspond to the T=0 state in °Li at 2.186
MeV (J™=3%, =24 keV, I',/T,,;=1.00) and the over-
lapping T=0 states at 4.31 MeV (J"=2%, ’'=1.3 MeV,
I,/T;=0.97) and at 5.65 MeV (J"=1", [ =1.9 MeV,
[/l =0.74).

The t-a correlation function, Fig. 9, is dominated by
the narrow J"=7 state in 'Li at 4.630 MeV (I'=93
keV, I'y /T ,=1.00). In addition, the correlation function
exhibits a broad structure corresponding to overlapping
states in 'Li at 6.68, 7.46, and 9.67 MeV.®> Additional
contributions may be due to a less well established state at
8.81 MeV and several other broad states at about 10 MeV
excitation energy.® %

The 3He-a correlation function, Fig. 10, shows a pro-
nounced peak resulting from the decay of the 4.57 MeV
state in 'Be (J"=< ). The broad maximum at g ~ 125
MeV/c corresponds to broad states®® in Be at 6.73 and
7.21 MeV. The rise at g <40 MeV/c is probably due to a
2% contamination of the coincident *He spectrum by a
particles resulting from the decay of the ®Be ground state;
this region will be excluded from the analysis.

Figure 11 shows the a-a [panel (a)] and p-’Li [panel
(b)] correlation functions. The a-a correlation function is
dominated by the decay of the particle unstable ground
state®® of 8Be (J"=0%, '=6.8 eV, I',/T'=1.00). The
peak at g =105 MeV/c corresponds to the decay of the
3.04 MeV state® in *Be (J"=2%, I'=15 MeV,
I',/T'=1.00). The pronounced structure at g ~50 MeV/c
is not directly associated with a state in ®Be. It is largely

T B e e e e e
12186 Mev 431 Mev
. r ¢ ¢ % |565Mev 1
. i A #]
8 o= 4

— F 40 -
s 6. 06+ Au( Ar,ad)X -
CHE - E/A=60 MeV .
x r - 2o
4 . ” Bqy= 30 |
- : foJ=] I T I N
L 0 50 00 150 ]
2'_ . l4.3|Mev ]
L - | 5.65 Mev ]
L ! ™ PP s
O_K..l....x.,Al...Al..Lf
(e} 100 200 300
g (MeV/c)

FIG. 8. d-a correlation function. Excited states in ®Li are in-
dicated. The curve represents the background correlation func-
tion.

4....,,rrr,.......,..‘..,,,..,..
+ ¢+ |ee8Mev 1

I 4.63 Mev ]
3_

¥

o 2

a
| 90 (%, at)X

E/A=60 MeV, 8, =30°

Obaet i v v Lo v b Lo by u
0 100 200 300

q(MeV/c)

FIG. 9. t-a correlation function. Excited states in "Li are in-
dicated. The curve represents the background correlation func-
tion.

due to the decay’® of the 2.43 MeV state® in *Be; in addi-
tion, it contains contributions from the “ghost peak”’!~73
of the ®Be ground state; see Sec. IVE. The p-"Li correla-
tion function exhibits several sharp structures resulting
from the decay of high lying states in *Be at excitation en-
ergies of 17.64 MeV and higher. For our analysis, we will
use the first two peaks® at 17.64 MeV (J"=1%, ' =0.01
MeV, I',/T\x=100) and at 18.15 MeV (J"=17,
['=0.14 MeV, '}, /T',,=0.96).

An example for the population of particle unbound
states in !'B decaying into the a-’Li channel is shown in
Fig. 12. Although we cannot resolve the individual levels
in "B, the regions of 35<¢ <68 MeV/c and 68 < ¢ <100
MeV/c are clearly dominated by the states® at 9.185 and
9.2744 MeV and 9.876, 10.26, 10.33, and 10.597 MeV,
respectively.
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4.57 MeV
i
b "
- 2 *" 673 MeV
+ W] 7Rl
= *l MeV
— d LA LAY
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FIG. 10. *He-a correlation function. States in 'Be are indi-
cated. The dashed curve represents the background correlation
function.
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Examples for two-particle correlations which are not
dominated by resonant interactions are shown in Fig. 13.
These correlations are dominated by the long-range
Coulomb repulsion. The rise of the p-d correlation func-
tion at small relative momenta, g <15 MeV/c, is caused
by the final-state interaction of the coincident protons and
deuterons with the Coulomb field of the heavy reaction
residue;’* see Sec. IV D.

C. Source radii

In this subsection we extract source dimensions from
the measured two-particle correlation functions using the
final-state interaction model,*>*>*7 Eq. (18). Since dif-
ferent particle pairs and particles of different energies
may be emitted at different stages of the reaction,*>#+48
one may hope to extract detailed information about the
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FIG. 11. (a) a-a and (b) p-"Li correlation functions. Excited
states in ®Be are indicated. The dashed lines are extreme bounds
for the background correlation function.
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FIG. 12. a-'Li correlation function. Excited states in !'B
which decay into the a-’Li channel are indicated.

reaction by exploring the energy dependence of correlation
functions measured for different particle pairs.

Figures 14—16 show examples of two-particle correla-
tion functions for different constraints on the total kinetic
energy, E,+E,, of the coincident particles. The con-
straints are indicated in the figures. The normalization
constants, Ci,, in Eq. (4) were taken as independent of
these constraints. Whenever the interaction between the
two particles is dominated by a resonance, the maxima of
the corresponding correlation functions increase with in-
creasing total kinetic energy; see the examples given in
Figs. 14 and 16. For repulsive interactions, 08/3dq <0, the
correlation functions exhibit more pronounced minima for
increasing total kinetic energies; see the example given in
Fig. 15. This general energy dependence of the two-
particle correlation functions may indicate that more en-
ergetic light particles are emitted from sources which are

| 40 197
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FIG. 13. p-d, d-d, t-t, t-*He, and *He-’He correlation func-
tions.
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FIG. 14. Two-proton correlation functions for different con-
straints on the sum energy, E;+E,. The curves show calcula-
tions with the final state interaction model, Eq. (18).

more localized in space time.

The curves in Figs. 14—16 correspond to theoretical
correlation functions predicted by the final-state interac-
tion model,*>*>47 Eq. (18). The theoretical d-a correla-
tions, Fig. 16, were corrected for the finite resolution of
the hodoscope by folding the calculations with the resolu-
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FIG. 15. Two-deuteron correlation functions for different
constraints on the total kinetic energy, E;+FE,. The curves
show calculations with the final state interaction model, Eq.
(18).
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FIG. 16. d-a correlation functions for different constraints
on the sum energy, E,+E,. The curves show calculations with
the final state interaction model, Eq. (18).

tion function of the hodoscope. The estimated source ra-
dii ry are summarized in Table II. Also included in the
table are the results from similar analyses of the t-t and
p-a correlation functions. The errors include normaliza-
tion uncertainties for the different energy gates which
were evaluated by normalizing the experimental correla-
tion functions to the calculations at large relative momen-
ta. Generally, the extracted radii are larger than the size”
of the target nucleus,

ro(Aw)=Vv2/3r. (Au)~4.4 fm .

The source dimensions approach the size of target nucleus
only for the highest total kinetic energies. The smallest
source radii are extracted from d-a and p-p correlations.
Significantly larger source dimensions are extracted from
two-deuteron correlations, possibly indicating smaller
freeze-out densities for particles with larger interaction
cross sections. 647

Our findings may indicate the sequential freeze-out of
different particle species at different stages of the reac-
tion.*”*® However, several uncertainties remain for the
interpretation of two-particle correlations: (i) Sequential
feeding from highly excited primary fragments may alter
the two-particle correlation function. Because of the fi-
nite lifetime of possible long-lived intermediate reaction
products, sequential decays could lead to a damping of the
experimental correlation functions and simulate large
source dimensions. Sequential feeding could, however,
also increase structures in the correlation functions if the
decays proceed via the corresponding resonance. (ii) Col-
lisions with different impact parameters may correspond
to sources with different space-time dimensions and/or
different relative particle abundances.'* Different energy
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TABLE II. Source radii, ry, for a source of negligible life-
time and Gaussian density distribution, p(r)=p0exp(ﬁr2/ré),
extracted from two-particle correlation functions by using the
final-state interaction model, Eq. (18). The errors include nor-
malization uncertainties for the different energy gates.

E, +E, ro
Pair (MeV) (fm)
p+p 25-75 6195
75125 6+0.5
125—175 5.5+0.4
175225 4.6+0.3
d+d 2575 10+3
75125 7+2
125—175 6+2
175225 5+1
225275 4+1
t+ t? 36—100 7.5+1.5
100—180 6+1.5
180—260 6+1.5
p+a 52—125 7.5093
125—200 6.7+0.4
200—300 5.9+0.3
d+a 55—100 5.740.2
100—200 4.8+0.2
200—300 4.3+0.2
300—400 4.4+0.2

*The calculations include a nuclear potential only for the /=0
partial wave; see Ref. 45 for more details.

regions may be biased towards certain reaction mecha-
nisms.”® (iii) The calculations of theoretical two-particle
correlation functions may have non-negligible uncertain-
ties due to uncertainties of the low energy phase
shifts.*>*® (iv) The present calculations are still rather
schematic. Consistent treatments of the temporal and
dynamical evolution of the emitting source would clearly
be desirable. Since finite lifetime effects will lead to re-
duced correlations, the extracted source radii may only es-
tablish upper limits for the spatial extent of the emitting
system. On the other hand, an explosive expansion of the
source could enhance the correlations for more energetic
particles.”®> Moreover, the effects of the (long-range)
Coulomb interaction with the residual nuclear matter
have been neglected.

D. Three-body Coulomb interactions

Two particles with different charge-to-mass ratios ex-
perience different accelerations in the Coulomb field of
the residual nuclear system. For short-lived decays, two-
particle correlations at small relative momenta can, there-
fore, be distorted by the interaction of the coincident par-
ticles with this external field.”>>

Figure 17 illustrates the Coulomb distortions of the p-a
correlation function.’> The open and solid points show
the correlation functions measured for the constraints
vy <Vp and v, > vy, respectively, where v, and v, denote
the laboratory velocities of alpha particles and protons.

Te.m.(MeV)
0] 05 10 20 5 10 15
i T lllllllllTlTl_
1.5+
F!
E o
m .
0.5
[ I s L L | L s " s | s " s s
6} 50 100 150

q (MeV/c)

FIG. 17. p-a correlation functions gated by constraints on v,
and v, the laboratory velocities of the alpha particles and pro-
tons.

While the location of the maximum of the correlation
function at ¢ =15 MeV/c remains constant, the location
of the maximum at g =50 MeV/c is shifted for the two
kinematic branches. The peak near g=15 MeV/c is
due®® to the two-stage decay of °B: ng'SA—+p+8Beg_S.
—p+(a-+a); it results from the small decay energies and
the narrow widths of the ground states of °B and ®Be. Be-
cause of the long lifetime of ng.s_, the Coulomb interac-
tion of its decay products with the heavy reaction residue
is negligible. The broad peak near g =50 MeV/c is due to
the unbound ground state of °Li. Because of the short
mean lifetime of 5Lig_s‘ (r=130 fm/c), its decay takes
place in the Coulomb field of the heavy reaction residue.
Due to their greater charge-to-mass ratio, protons will ex-
perience a greater acceleration in this Coulomb field than
alpha particles. Qualitatively, the velocity difference be-
tween protons and alpha particles will be decreased if
v, <V, at the time of decay, while the difference will be
increased if v, >v,. The curves shown in the figure cor-
respond to calculations which take these final-state
Coulomb interactions into account.’? It was assumed that
the coincidence cross section consists of three terms:
Oap=095+05 ,+0s, where Oog and Osp, denote the contri-

butions from the decay of °B and °Li nuclei and o,
denotes the “background” cross section; details of the cal-
culations were given in Ref. 52. The choices of back-
ground are shown by the dashed curves in Fig. 17. A con-
sistent description of the a-p correlation function could
only be obtained by assuming slightly different back-
ground correlation functions for the two kinematic
branches. These differences, too, could be due to
Coulomb interactions with the field of the heavy reaction
residue.

For the case of nonresonant final-state interactions be-
tween the two coincident particles, no long-lived inter-
mediate states are formed. Therefore, the two-particle
correlation function should be sensitive to the relative lo-
cations of the emitted particles with respect to the heavy
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reaction residue.”® An example of such an effect can be

given for the p-d correlation function. Figure 18(a) shows
a contour diagram of the two-dimensional proton-
deuteron correlation function, R (E,,Ey), defined in anal-
ogy to Eq. (4):

S YpulEp, Eq)=C[14+R (Ep, E)S Y, (E,) Yy(Eq) .
(19)

The indices p and d denote protons and deuterons, respec-
tively; E is the energy of the detected particles. The sum-
mation in Eq. (19) is performed over all angles and ener-
gies corresponding to A§=4.2° and the given bins of E,
and Ey. R(Ep,E4) exhibits a clear minimum for small
relative velocities, v,~vg4, which is caused by the repul-
sive proton-deuteron Coulomb interaction. The exact lo-
cation of the minimum is, however, displaced from the
line of minimum relative velocity, Up &=y, for small rela-
tive angles (A6=4.2°); see dashed line in Fig. 18(a). Fol-
lowing Ref. 74, we introduce new coordinates S and T
measured along axes perpendicular and parallel to the line
Up =Vq4:

S =(aE,—Eq4)/(14+a®)'?,

(20)
T =(E,+aEq)/(14+a»)'?,

where a=mgy/m,. In terms of these coordinates, the line
E =akFE, corresponds to S=0. The displacement of the
minimum of the correlation function from the line S=0
is related to the Coulomb potential at the point of emis-
sion.

For a quantitative determination of this displacement,
we use correlation functions defined in terms of the coor-
dinates S and T:

S Yu(S,T)=C[1+R(S)]DY[E,(S,D]Y,[E,S,T)].
21
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FIG. 18. p-d correlation functions for A6=4.2°. (a) Two-
dimensional correlation matrix. (b) Correlation functions as a
function of the coordinate S [Eq. (20)]. (c) Correlation functions
as a function of the momentum of relative motion, g, with con-
straints on v, and vq.

As before, the summation is performed over all detector
pairs with A6=4.2°. The resulting correlation functions
R (S) are shown in Fig. 18(b). Gates on T, indicated in
the figure, were applied to the summation in Eq. (21).
The location, S,, of the minimum of R (S) exhibits no
significant dependence on 7.

Three-body Coulomb trajectory calculations similar to
those described in Ref. 74 indicate that the average experi-
mental shift, (S,)~1.070:, can be accounted for if the
particles are assumed to be emitted at distances, d < 50
fm, from the heavy reaction residue; within the experi-
mental uncertainty one cannot exclude emission from a
point close to the surface of the composite system. Such
small distances exclude significant contributions to the p-
d coincidence yield from the decay of long-lived projectile
fragments; however, emission from broad states (I"'>2
MeV) cannot be ruled out.

To complete the discussion of proton-deuteron correla-
tions, we show in Fig. 18(c) the correlation function R (q),
Eq. (4), gated on the two kinematic regions v, > vy (open
points) and v, <vq4 (solid points). These correlation func-
tions support our argument concerning Coulomb distor-
tions of the p-a background correlation function, Fig. 17.
At small relative momenta, the correlation functions
suffer particularly pronounced Coulomb distortions due
to the displacement of the minimum of the correlation
function, Fig. 18(a), from the line of minimum relative
velocity. This displacement produces a rise of the correla-
tion function, R (gq), at small relative momenta; see also
Figs. 6 and 13. The distortions are sufficiently large to
preclude the extraction of source radii from the p-d corre-
lation function.

E. Ternary decays

Two particle correlation functions may exhibit spurious
structures due to ternary decays. An example of a narrow
structure which was caused by the two-stage decay of °B
was discussed in connection with the a-p correlation func-
tion; see Fig. 17. As a less trivial example, we discuss the
2a correlation function, shown in Fig. 11(a). This correla-
tion function exhibits a pronounced structure at q=~50
MeV/ ¢ which is not directly related to a state in *Be.

For a quantitative analysis, we assume that the total
coincidence yield, Y,,, can be expressed as Y, ,,=Y.+Y,,
where Y, denotes the coincidence yield resulting from the
decay of particle unbound states. The ‘“background”
yield, Y}, was described in terms of a background correla-
tion function, R,(q):

Y (@)=C,[1+Ry(@)]1Y (p)Yo(py) - (22)

The extracted decay coincidence yield, Y., is shown in the
lower part of Fig. 19 as a function of relative kinetic ener-
gy, Tem =q*/2u. The background was assumed to lie
within the boundaries corresponding to the dashed lines in
Fig. 11(a). The size of the error bars indicates the uncer-
tainty associated with the background function. The two
peaks in the spectrum correspond tc the ®Be ground state
and the structure at 50 MeV/c in Fig. 14(a). The lightly
shaded area bounded by the dashed histogram represents
the theoretical yield, Y,(®Be), resulting from the decay of
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FIG. 19. Two-alpha-particle coincidence yield resulting from
the decay of particle unstable states (lower panel); the dashed
lines (shaded area) show the calculated yield from the decay of
8Begls_; the solid lines (hatched area) show the calculated a-a
yield resulting from the decay of °Bej4;. Details of this decay
are illustrated in the top section of the figure.

8Be. Level parameters from Ref. 73 were used to describe
the line shape of the ®Be ground state and other higher ly-
ing states. The calculations took the exact detector effi-
ciency into account; they were normalzed to the data at
the relative energy of 0.1 MeV. The calculations predict a
weak structure at a relative energy 7., ~0.5 MeV which
is due to the “ghost peak™ of the ®Be ground state. (The
ghost peak is caused’!’’? by the small width of the ®Be
ground state, '=6.8 eV, and the proximity of the a-a
threshold.) The decay of ®Be cannot explain the peak at
T.m ~0.6 MeV. The most likely origin of this peak
is the decay of the 243 MeV state of °Be:
°Be, 43— °He + a—2a +n. The °Be decay probability
can be approximated as’°

dn
dT

(T m )< Py(Tem sy Edy) s (23)

where Tém‘ is the relative kinetic energy (T! ., 0855
MeV), P, is the /=2 Coulomb penetration factor evaluat-

ed for a radius of 4.5 fm, and Py 1 the intrinsic distribu-
tion of the *He, calculated at the energy E3,; =0.886
MeV — T, above the a-n threshold. The line shape of
He was described in terms of the level parameters given
in Ref. 77. Both the ’He line shape and the a-°He
penetration factor are shown in the upper part of Fig. 19;
the product, dn /dTéAm_, is indicated by the dashed area:
The strong variation of the penetrability in the tail region
of the *He ground state produces a relatively narrow win-
dow for this decay.

Assuming isotropic decay for both steps of the decay,
°Be, 43— He + a—2a + n, and including the detector ef-
ficiency of our hodoscope for the detection of the two al-
pha particles we obtained the 2a yield indicated by the
dashed area in the lower part of Fig. 19. The yield was
normalized to the missing yield, Y.—Yj, , integrated
over the range 0.3 7., <1.1 MeV. Not included in our
calculations is the final-state Coulomb interaction between
the two alpha particles’® which will, on average, increase
their relative energy. Considering the neglect of this ef-
fect, the calculation describes the position and shape of
the structure at 7' ,, ~0.6 MeV rather well.

V. POPULATIONS OF PARTICLE
UNSTABLE STATES

A. Response of the hodoscope

Information about the excitation energy density or
“emission temperature” of highly excited nuclear systems
can be extracted from the relative populations of excited
states, see Eqgs. (14)—(16). In this section we will describe
and justify the procedure which we have adopted to quan-
titatively determine the production of nuclei in particle
unstable states.

The coincidence yield, Y,, resulting from the decay of
particle unstable states is assumed to be given by
Y.=Y;,—C,Y Y,[14+R,(q)], where R,(q) denotes the
background correlation function, Eq. (22). Since there is
no unique description for calculating the background
correlation function, we have chosen empirical back-
ground correlation functions. To estimate the errors due
to uncertainties of the background, we varied R;(q)
within reasonable limits and calculated the effects on the
final results. The extremes within which the background
functions were assumed to lie are indicated in Figs. 4—11.
(When the choice of the background is not very crucial,
only the “most likely” shape is shown.)

As an example, Fig. 20 shows the coincidence yields ex-
tracted for the decay of particle unstable °Li nuclei as a
fuction of the relative kinetic energy, T, , in the °Li rest
frame; only statistical errors are shown. For orientation,
the excitation energy in ®Li is given by the upper scale.

The experimental yield Y, is related to the excitation

energy spectrum decaying into the channel ¢,
[dn (E)/dE]., by the relation
dn(E)
Y.(E')= EE) | —— 24
(E)= [dE |e(ELE) | (24)

Here, €.(E',E), is the efficiency function of the hodo-
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FIG. 20. Energy spectrum resulting from the decay of
particle-unstable states in °Li. The curves correspond to
thermal distributions, Eq. (25), with T=1, 2.5, 5, 10, and 20
MeV.

scope; E and E' are the actual and measured excitation
energies, respectively. (The excitation energy E and the
relative kinetic energy, T . , are related to the separation
energy, Q,, via E=T_., +Q,.) The efficiency functions
for our hodoscope were determined by detailed Monte
Carlo calculations. These calculations take into account
the precise geometry of the hodoscope, the angular strag-
gling in the target, the measured detector energy resolu-
tions, and the constraints on the particle energies. The de-
cays of the parent nuclei were assumed to be isotropic in
their center-of-mass frames. The laboratory energy spec-
tra and angular distributions of the parent nuclei were
described by simple moving-source parametrizations, Eq.
(3). When stable parent nuclei exist (e.g., a particles and
®Li nuclei) these parametrizations were constrainted to
reproduce the experimental distributions. In order to ob-
tain an optimum analytical description of the spectral
shape, only the angular range covered by the hodoscope

1707

(6~22.7°—37.3°) was included in the fits. The resulting
parameters for the three “moving sources” are listed in
Table III. (Because of the limited angular range, the pa-
rameters of these fits are not equivalent to the parameters
given in Table I.) For parent nuclei with particle unstable
ground states (e.g., SHe, °Li, and ®Be) source parameters
of neighboring stable nuclei (a, ®He, °Li, and "Li) were
used. This procedure may be justified by the similarity of
the source parameters for different fragments;'® see also
Table I. Since emission temperatures are determined from
the relative populations of states, only relative efficiencies
need to be known. The extracted emission temperatures
are, therefore, not very sensitive to details of the parent
distributions.

For illustration, Fig. 21 shows calculations for the in-
tegral efficiency, €(E)= de’e(E’,E), and the rms resolu-
tion, 8T ., , for the decay of ®Li—a + d. The efficiency
(upper part) is normalized to 1 at the relative kinetic ener-
gy, Tem =0.711 MeV, which corresponds to the first ex-
cited state in °Li. Monte Carlo calculations of the resolu-
tion function, which disregard angular straggling of the
decay products in the target, are shown by the dashed line.
The resolution of the present hodoscope is mainly limited
by the finite opening angles of the individual telescopes;
angular straggling in the target is less important. The cal-
culations are in good agreement with the experimental
width for the 2.186 MeV state in °Li, 87, ~95 keV.
For this narrow state (I'=24 keV) the observed width is
determined by the instrumental resolution.

Integrated efficiencies and population ratios are not
sensitive to angular straggling in the target. Therefore,
most of our efficiency functions were determined without
CPU-time intensive angular straggling calculations. It
was verified that this omission does not affect the final re-
sults.

To test the assumptions of our Monte Carlo calcula-
tions, we examined the decay °Li} ;s6—a + d. Figure 22
shows the total kinetic energy distribution,
dY,/d(E,+E,), integrated over the first peak in the °Li
excitation energy spectrum, 7., =0.3—1.2 MeV. The
yields predicted by the Monte Carlo calculations are
shown by the solid histogram. Within the uncertainties of
the primary energy distributions?’ of stable °Li nuclei at
energies below =~80 MeV and above =350 MeV, the data
are consistent with our assumptions of the parent energy
distribution.

TABLE III. Parameters for the three-source fits, Eq. (3), of the single particle inclusive spectra over the angular range covered by

the hodoscope. N;,N,,N; in arbitrary units.

Uc T, vy T, v, 75 V3
Particle (MeV) (MeV) (c) N, (MeV) (c) N, (MeV) (c) N;
p 5 5.0 0.013 6422 11.4 0.261 1394 114 0.265 803
d 5 5.3 0.023 768 20.4 0.115 557 10.0 0.273 1252
t 5 9.5 0.001 1179 17.5 0.163 524 8.2 0.289 1159
‘He 10 8.9 0.002 563 16.5 0.219 307 6.7 0.328 910
a 10 9.2 0.064 1057 17.2 0.132 1979 11.2 0.266 757
‘He 10 15.5 0.071 87 16.9 0.181 32 14.1 0.264 27
SLi 15 23.2 0.065 71 23.0 0.108 16 18.3 0.228 53
"Li 15 20.4 0.109 148 17.7 0.204 63 11.3 0.275 206
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FIG. 21. Calculated integral efficiency (upper part) and rms
resolution (lower part) for the detection of d-a pairs resulting
from the decay of particle unstable °Li. The efficiency has been
normalized to 1 for the decay of °LiY 5. The point shows the
experimental width for this decay.
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FIG. 22. Observed coincidence yield resulting from the decay
9Li¥ 56—d + o as a function of the total kinetic energy E,+ Eq.
The histogram is the result of the Monte Carlo calculations
described in the text.

Angular distributions, dY,./d6g and dY,/ddg, of the
decay yields from the 2.186 MeV state in °Li are shown in
Fig. 23. Here, 03 is defined by

cos(Og)=(P-q)/(|P|-|q|),
where P=p,+p; is the total momentum; ¢ is defined by

cos(ég)=[(n, XP)-q]/(|ny XP|-[q]),

where n, is a unit vector parallel to the beam direction.
The histograms show the results of our Monte Carlo cal-
culations. (The asymmetry of dY,/d¢r with respect to
¢r =90° is caused by the binning during the analysis of
the experimental and as well as the simulated data.) De-
tails of the 6y distribution are sensitive to uncertainties in
the absolute energy calibration. Within these uncertain-
ties, the data are consistent with the assumption of isotro-
pic decay.

We also investigated angular distributions for the de-
cays 5Lig‘slﬂoz—f—p, ng,S_HZa—f—p, and 8Beg_s_—>2a.
Each of these was consistent with the assumption of iso-
tropic decay. No evidence could be established for signifi-
cant spin alignments.

B. Mean emission temperatures

Within the thermal model, the relative populations of
particle unstable states can be used to determine the tem-
perature at the point at which the particles leave the
equilibrated system. The equilibrium distribution of par-
ticle unbound states is given by Eqgs. (14)—(16). Using Eq.
(24), the coincidence yield due to the decay of thermally
populated particle unstable states is obtained as
Y(E")= [dE €.(E',E)

>< N _E/TE (N,+1)(r,/2) l"c‘,-
—e
™ ~ | (E—E;*+T}/4 T;

(25)

In principle, the formal width of the level, T'; =2P;y7,
and the resonance energy, E; =Eg + A, are functions’® of
the excitation energy E. Their energy dependence is ex-
pressed in terms of the penetrability P;; and shift function
Aj;. We will extract the populations of particle unstable
states by integrating the experimental yield over the range
of energies dominated by the corresponding resonances.
Therefore, our results do not depend on a detailed descrip-
tion of the spectral shape. Unless stated otherwise, we set
A; =0 and disregard the energy dependence of T';; in all
cases the branching ratio, I', ; /T';, was assumed to be en-
ergy independent.

We will use Eq. (25) as an operational definition of the
apparent ‘“emission temperature” T this definition is use-
ful to characterize the excitation energy densities of both
equilibrium and nonequilibrium systems. It should be
stressed, however, that the (unknown) effects of feeding
from higher lying states are ignored. With this definition,
one can only expect to measure the temperature of the
emitting system if it is significantly smaller than the ener-
gy separation of the states investigated.?’” The use of the
Maxwell-Boltzmann factor should be understood as part
of this operational definition. Maxwell-Boltzmann distri-



35 TWO-PARTICLE CORRELATIONS AT SMALL RELATIVE . ..

1709

3000

LI B DL B B AL I B LS B B
i T 1974 (4%, da) X 1
: T E/A=60MeV, 8, =30° 1
- 0.3 MeVs Tem < 1.2 MeV
2000
> F
(5]
E -
(2] L
=
2 L
S
1000—
Or 1 I 1 1 14 1 I 1 l 1 l I\L‘

0 30 60 90 lIZO ‘ISO
6 (deg)

0 30 60 90 120 150

¢g (deq)

FIG. 23. Angular distributions of the decay yields from the first particle-unstable state in °Li. The angles 6z and ¢ are defined in
the text and depicted in the inset. The histograms are results of Monte Carlo calculations assuming isotropic decay of the °Li nuclei.

butions can be used if exp(u/7T)<<1, where u is the
chemical potential (see Ref. 61, pp. 162ff). Quantum sta-
tistical model calculations® indicate that exp(u/T) <0.05
for the range of particles, breakup densities, and emission
temperatures of interest.

In Fig. 20 the experimental yields are compared to cal-
culations based on Eq. (25) for a variety of emission tem-
peratures. The sum in Eq. (25) included the three T=0
excited states of °Li below 10 MeV excitation energy.®’
The calculations were normalized to reproduce the experi-
mental yield over the energy range of T, =0.3—1.2
MeV. For the quantitative determination of the mean
emission temperature, we have integrated the decay yields
over the energy ranges of 7., =0.2—1.5 and 1.5-5.0
MeV and compared the ratio of these yields to the corre-
sponding ratios calculated from Eq. (25). The value ex-
tracted from the relative populations of particle unbound
states of °Liis T =4.8%]3 MeV.

We also investigated the relative population between the
2.186 MeV state in °Li and particle-stable °Li nuclei
(ground state + 3.563 MeV state). If one ignored the
complications resulting from the sequential decay of
higher lying states, the (efficiency corrected) ratio of the
experimental cross sections, o((’Lig,S, )/0(®Liy 136)=0.8
+0.2, would indicate an apparent temperature of
T =2.2737 MeV. (For the discussion of the complica-
tions which arise from sequential feeding from higher ly-
ing states, see Sec. VI.)

The experimental t-a coincidence yield resulting from
the particle decay of excited Li nuclei is shown in Fig. 24
as a function of excitation energy above particle threshold,
T m.- Due to uncertainties of the background correlation
function below ¢ <50 MeV/c (see Fig. 9), the spectral
shape below T ,, <1 MeV is not well established; the er-
ror bars in the figure represent only statistical uncertain-

ties. For our calculations, we adopted the level scheme of
Ref. 68; the locations of particle unstable states are indi-
cated by arrows. Because of the large widths of the
higher lying states, the calculations took penetrability ef-
fects into account; level parameters and branching ratios
were taken from Ref. 65 for the two particle unstable
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FIG. 24. Energy spectrum resulting from the decay of
particle-unstable states in 'Li. Positions of states in 'Li are
marked by the arrows. The curves correspond to thermal distri-
butions, Eq. (25), for T=1, 2.5, 5, 10, and 20 MeV. Inset: Cal-
culated ratios of the integrated yields between 1.5—3 MeV and
3—9 MeV as a function of the temperature. The hatched area
indicates the range of values consistent with the experimental
spectrum.
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states below the neutron emission threshold and from Ref.
68 for the remaining levels. The calculations were nor-
malized to the experimental yield in the energy range
T.m =1.5-3.0 MeV. Although the calculations describe
the overall shape of the excitation spectrum, the predicted
peaks due to the 7.46 and 9.67 MeV states are not ob-
served experimentally. The broad shoulder observed at
T.m ~1.5 MeV might be an indication, that additional
two-step decays,’! e.g., ]Li*—t+ °He—t+a +n, or
Coulomb distortions affect the t-a coincidence cross sec-
tion. An extrapolation of the bump at 7., ~1—1.5
MeV indicates that up to 20% of the yield in the region of
the 4.63 MeV state may be due to this background.
(Misidentified d-a coincidences contribute less than 300
counts/MeV to the coincidence yield for T, <4 MeV.
For higher T, values this contamination is negligible.)

In order to determine the apparent emission tempera-
ture of "Li, we have integrated the decay yields over the
energy ranges of T, =1.5-3.0 and 3.0-9.0 MeV. In
the inset of Fig. 24 we compare this ratio to the ratio cal-
culated as a function of temperature. Estimated uncer-
tainties of these calculations due to insufficient informa-
tion about the line shapes correspond to the band between
the two solid curves. Within the experimental uncertain-
ties (hatched region), we can only establish a lower limit
of T'>4.5 MeV.

One can extract an emission temperature from the pop-
ulation ratio 0,/0,=0.29+0.05, where o, denotes the in-
tegrated cross section for particle-stable "Li nuclei (ground
state + 0.478 MeV state) and o, denotes the integrated
cross section of Li nuclei emitted in the 4.63 MeV state.
[The integrated yield of stable "Li nuclei has been correct-
ed for a (1.5+0.5)% contamination due to the pileup of
two coincident « particles arising from the decay of ®Be
nuclei in their ground states;®? the calculation of this
background is a trivial by-product of the calculations
described in Sec. IV E.] If one ignored the feeding of the
"Li ground state through sequential decay, this ratio
would indicate an apparent temperature of T=29%03%
MeV. The quoted errors do not include the uncertainty
from a possible background in the region of the 4.63 MeV
state; a 20% background would reduce the apparent tem-
perature by about 0.4 MeV.

We give a final example for the relative populations of
states with level separations which are small as compared
to temperatures of about 5 MeV by integrating the cross
sections resulting from the a-"Li decay of particle unsta-
ble nuclei over the regions ¢ =35—68 and 68—100 MeV/c
(Fig. 12). These regions are populated by known®® states
at 9.185 and 9.2744 MeV and 9.876, 10.26, 10.33, and
10.597 MeV, respectively. From the ratios of the cross
sections,

o(35—68 MeV /c)/0(68—100 MeV /c)=1.7+0.4,

we obtain a lower limit 7 >4.5 MeV. Because of a lack
of spectroscopic information, this analysis did not include
possible contributions from higher lying broad states; we
estimate that such contributions could reduce this limit by
as much as 2 MeV. Because of the small level spacing,
this temperature determination is less meaningful.

The apparent emission temperatures are sensitive to dis-

tortions of the primary population ratios whenever the
level separations are smaller or comparable in magnitude
to the actual temperature.”’” More accurate determina-
tions of the emission temperatures can be made from the
relative populations of widely separated states. Suitable
decays of such highly excited states exist in *He, °Li, and
¥Be nuclei.

To determine the emission temperature of ®Be, the de-
cay yields were integrated over the range of excitation en-
ergy for which the coincidence yields are dominated by
the decay of the 3.04 MeV state in the a-a channel [Fig.
11(a)] and the 17.64 MeV state in the p-’Li channel [Fig.
11(b)]. The corresponding integrals were performed for
the calculated decay yields. For the efficiency calcula-
tions, the energy and angular distributions of the ®Be
parent nuclei were parametrized in terms of simple mov-
ing sources, Eq. (3). Except for a 30% higher Coulomb
repulsion, the parameters were chosen to be identical to
those which fit the cross sections of stable "Li nuclei; see
Table III. For the spectral distribution in the a-a chan-
nel, the ®Be ground state, the 3.04 MeV state and the
broad 11.4 MeV state were included in the sum of Eq.
(25). Level parameters were taken from Ref. 73; they in-
clude penetrability effects. The calculations of the emis-
sion spectrum in the p-’Li channel covered the 17.64 MeV
state, the 18.15 MeV state (I';/I"=1.00), and the 18.91,
19.07, 19.24, and 19.4 MeV levels (I',/T'=0.5, 1.0, 0.5,
and 0.5; see Ref. 83). They included a 4% decay probabil-
ity®® of the 18.15 MeV state to the first excited state in 'Li
at 0.478 MeV which contaminates the peak at 17.64 MeV;
see Fig. 11(b).

The functional dependence of the calculated yield ratio
N /Ny is shown by the solid line in the right-hand part
of Fig. 25. Here, N; and Ny denote the integrated yields
of the states at lower and higher excitation energy, respec-
tively. The hatched region in the figure indicates the
range of yield ratios and temperatures which are con-
sistent with the extreme background assumptions shown
in Fig. 11. Statistical errors or errors introduced by un-

100 Frlvl|rlri|_llll‘|lllrirll|!||1‘l
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FIG. 25. Yield ratios N, /Ny corresponding to states in “He,
SLi, and ®Be. The solid curves show the calculated ratios as a
function of the emission temperature. The hatched regions indi-
cate the range of values consistent with our assumptions for the
background correlation functions in Figs. 4, 7, and 11.
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certainties in the Monte Carlo calculations are insignifi-
cant. Variations of the source parameters [ T; and E; in
Eq. (3)] of the ®Be parent nuclei by 30% change the calcu-
lated yield ratios by less than 5% and the extracted tem-
perature by about 0.1 MeV. The relative populations of
the 3.04 and the 17.64 MeV states in ®Be indicate an emis-
sion temperature of T =4.2+0.5 MeV. Because of the
large energy spacing between the two levels, significantly
different emission temperatures can be excluded.

For the sake of completeness, we also extracted the
yields of ®Be, ;. It was assumed that the main peak of the
8Be ground state [located at g <30 MeV/c; see Fig. 11(a)]
contains 95% of the total ground state strength; the
remaining 5% were assumed to be distributed over the
ghost state;’3 see Sec. IVE. The deduced population ratio
01/03=1.15+0.50 between the 3.04 MeV state and the
ground state corresponds to an apparent emission tem-
perature of 2.0+0.7 MeV, indicating the importance of
sequential decay processes.

In order to extract an emission temperature for SLi, we
investigated the population of the Li ground and 16.66
MeV states which decay via the p-a [Fig. 7(a)] and the d-
3He [Fig. 7(b)] channels, respectively. For the description
of the line shape of the ground state, R-matrix parameters
from Ref. 77 were used. Because of the vicinity of the
particle threshold to the 16.66 MeV state, level parameters
from Ref. 65 were used to take care of penetrability ef-
fects. As before, the experimental and calculated decay
yields were integrated over energy ranges dominated
by the relevant states (22=¢,,=<100 MeV/c and
10=5¢q d_,ﬂe§50 MeV/c). The background correlation

functions were assumed to lie within limits given by the
dashed lines in Fig. 7.

Contaminations from misidentified d-a pairs resulting
from decays of ®Li* were estimated to be less than 10%.
The relative populations of the two widely separated
states in °Li are shown in the center part of Fig. 25; they
indicate emission temperatures of 7'=4.6+0.7 MeV.

The emission temperature of “He nuclei was determined
from the population of the well known state at 20.1 MeV
(g £30 MeV/c, Fig. 4) and the total yield of a particles.
Energy and angular distributions of particle unstable *He
nuclei were assumed to be identical to those of particle
stable alpha particles. The calculation of the excitation
energy spectrum included the states at 20.1, 21.1, and 22.1
MeV. Penetrability effects were included by means of the
level parameters given in Ref. 64. The calculated tem-
perature dependence of the decay yields is shown by the
solid line in the left-hand part of Fig. 25; the extracted
emission temperatures is T:4.2f8;3 MeV. We have
presented several examples of the feeding of a particles by
the decay of unstable nuclei (e.g., °Li, °Li*, 'Li*, and ®Be).
Because of the large level separation, AE /T =5, the ex-
tracted temperature is less sensitive to the effects of
sequential feeding: a 50% variation of the primary popu-
lation ratio changes the apparent temperature by less than
1 MeV.

The energy averaged apparent emission temperatures
discussed in this subsection are summarized in Fig. 26.
Temperatures between 4 and 5 MeV were extracted from
the relative population of two widely separated levels or

T T
*Ar+'*"Au, E/A=60MeV, 8,,—=30°

- -
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FIG. 26. Apparent emission temperatures for “°Ar induced
reactions on '”Au at E/4=60 MeV. The histogram shows the
results of a quantum statistical calculation which includes the
feeding by sequential decay; an initial temperature of T=5.5
MeV and a density of p/p,=0.04 were assumed.

1

1

two excited states. On the the other hand, significantly
lower temperatures were deduced from the relative popu-
lations of the ground state and a low lying excited state.
Different temperatures for the same nucleus (see °Li and
¥Be) could be due to the breakdown of the assumption of
local statistical equilibrium for the primary emission pro-
cess or, alternatively, due to perturbations of the primary
distributions after emission from the reaction zone. We
will discuss the effects of sequential decays more quanti-
tatively in Sec. VI.

C. Energy dependence of emission temperatures

In this section we discuss the dependence of the relative
populations of excited states on the kinetic energy of the
detected particles. Figure 27 shows the a-a and p-’Li
correlation functions for different constraints on the
summed kinetic energy, E; +E,, of the two coincident
particles. The gates are indicated in the figure. The nor-
malization constants C;,, Eq. (4), are identical to those
used for the correlations shown in Figs. 11(a) and 11(b),
respectively. For the extraction of the emission tempera-
tures we used the states at 3.04 MeV (65=¢g <140
MeV/c) and 17.64 MeV (18<q <32 MeV/c). In addi-
tion, we extracted the population of the 18.15 MeV state
in the range 32 <9 <45 MeV/c. The same constraints on
the kinetic energies and relative momenta of the coin-
cident particles were used in the Monte Carlo calculations
which determine the theoretical yields as a function of
temperature. The energy dependence of the relative popu-
lations of a, ;, a3 1, 5Lig,s., and °Li,¢ ¢¢ was determined in
a similar fashion.

The dependence of the extracted emission temper-
atures on the total kinetic energy per nucleon,
(E,+E;)/(A;+A,), is shown in Fig. 28. The horizontal
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FIG. 27. Correlation functions measured for two coincident
alpha particles (left-hand panel) and coincident protons and "Li
nuclei (right-hand panel) for different constraints on the total ki-
netic energy, E; + E,. The dashed lines show the limits for the
background correlation functions used to extract the decay
yields. Locations of excited states in ®Be are marked by the ar-
rows.

dashed lines indicate the energy range over which the pop-
ulation yields were integrated. The vertical error bars re-
flect uncertainties in the choice of the background correla-
tion function. The errors for different energy cuts are not
completely uncorrelated, since the background functions
for different energy cuts are not independent of each oth-
er. Statistical uncertainties are of the order of AT 0.5
MeV. No clear energy dependence of the emission tem-
perature can be established from the present data.

For the case of !“N induced reactions on '"Au at
E /A=35 MeV, the relative populations of particle unsta-
ble states in °Li* nuclei indicated*® higher emission tem-
peratures for higher particle energies, E,+E4. For the
present reaction, we do not find such an energy depen-
dence. Within experimental errors, the relative popula-
tions of states in ®Li* are consistent with an emission tem-
perature of T =4.5 MeV, independent of the energy of the
emitted particles.

An energy dependence of the level populations can be
caused by energy dependent contributions from sequential
feeding. Such effects were already discussed in the litera-
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FIG. 28. Apparent emission temperatures from the relative
populations of widely separated states in *He, °Li, and ®Be as a
function of the total kinetic energy per nucleon,
(Ey+E;)/(A,+ A,). The horizontal dashed lines indicate the
range over which the coincidence yields were summed to obtain
the population of states.

ture for the explanation of the low energy portions of the
kinetic energy spectra®® and of the different slopes of the
energy spectra of pions and protons emitted in high ener-
gy nucleus-nucleus collisions.?* The effect is illustrated in
Fig. 29. Here, inclusive deuteron kinetic energy spectra
are compared to the spectra of deuterons which originate
from the sequential decay of particle unstable °Li nuclei.
Deuterons produced via the sequential decay of heavier,
particle unstable fragments have lower kinetic energies be-
cause their kinetic energy spectra are dominated by the
lower velocities of the heavier parent nuclei. As a conse-
quence, contaminations from sequential decays may be
particularly serious at low kinetic energies. The ratio of
the deuteron spectrum due to the decay of °Li* and the
inclusive spectrum illustrates this point very clearly; see
upper part of Fig. 29.

VI. SEQUENTIAL DECAY
A. Feeding from sequential decays

We determined the contributions from decays of parti-
cle unstable fragments, by inverting Eq. (24). In cases
where the integrated efficiency, €(E)= fe(E’,E)dE’, or
the excitation spectrum, dn (E)/dE, varied only little over
a region 8E of the order of the hodoscope resolution,
we approximated the total sequential feeding, {do/dQ),,
resulting from the decay channel ¢—1+2 by
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Here, f denotes the fraction of the cross section which has
not been detected due to the low energy cuts in the kinetic
energy distributions. Moving source parametrizations
(Table III) were used to determine this efficiency factor;
typically, f was of the order of 0.1. The integral in Eq.
(26) was performed over the range of relative energies
which showed clear contributions from sequential decay.
For narrow states (e.g., 8Beg_s_ ), Eq. (24) was solved by an
iterative procedure. Uncertainties involved with these
evaluations were estimated to be less than 5%. Main er-
rors are due to uncertainties of the background correlation
functions and extrapolations of the kinetic energy distri-
butions to low energies.

We have also extracted the contributions from the de-

cay 4Li—»p + 3He, which was not used for the extraction
of an emission temperature. Figure 30 shows the efficien-
cy corrected emission spectrum of *Li—p + *He. Open
and solid points correspond to the extreme background
correlation functions (see dashed lines in Fig. 6). Excita-
tion energy spectra for thermally emitted “Li nuclei are
given by the lines. For these calculations level parameters
from Ref. 67 were used for the four overlapping states in
“Li. The calculations were normalized to the average
integral of the experimental spectrum. (Although we
cannot establish an emission temperature from the data,
the shape of the experimental emission spectrum is not in-
consistent with a thermal distribution with T'~5 MeV.)

The relative contributions, {(do/dQ)y_ 4.5/
(do/dQ) 4, from the various measured decay channels
are summarized in Fig. 31. In some instances, more than
10% of the inclusive cross section of a particle stable nu-
cleus can be traced back to a single decay channel: about
16% of all stable "Li nuclei originate from decays of ex-
cited ''B nuclei. Figure 32 shows the relative feeding of
nucleus A, summed over all experimentally observed
channels. Between 10% and 30% of the inclusive yield of
stable hydrogen and helium isotopes and 'Li is generated
in secondary decay processes in which two charged parti-
cles are emitted. Quantitative descriptions of particle
emission from highly excited nuclear systems must ad-
dress the important questions of secondary decays.
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FIG. 30. Emission spectrum of (*‘Li—p + *He) as a function
of relative energy after correcting the decay yield for the effi-
ciency of the hodoscope. The open and solid symbols corre-
spond to the two extreme background correlation functions in
Fig. 6. The location of the ground state of *Li and its uncertain-
ty are indicated by the horizontal bar. The dashed, solid, and
dotted lines represent emission spectra of *Li for different tem-
peratures using the level parameters of Ref. 67.
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B. Quantum statistical model calculations

Our measurements provide only limited information
about the decays of primary nuclei with 4 > 8; more im-
portantly, we have no experimental information about
neutron decays. In order to assess the importance of
sequential decay processes in a more quantitative fashion
and evaluate the resulting uncertainties for the deduced
emission temperatures, we performed calculations with
the quantum statistical model of Hahn and Stdcker.®
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FIG. 31. Relative contributions to the average single particle
inclusive cross sections of particle A4 from the decay channel
Y—>A+B. The histograms show calculations with the quan-
tum statistical model using p/po=0.04 and T=5.5 MeV.
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FIG. 32. Relative feeding of the inclusive cross section of nu-
cleus A at 6,,=30° summed over measured decay channels. The
solid histogram represents the fit to the data by the quantum
statistical model. The dashed histogram indicates the total feed-
ing predicted by the quantum statistical model; neutron decays
account for the major part of the missing yield.

The calculations proceed in two stages. In the first stage
the relative population of stable and unstable states are
calculated assuming an infinite system in chemical equi-
librium which is characterized by a temperature 7, a uni-
form density p, and a neutron-to-proton ratio (N/Z).
Only known® asymptotic states are taken into considera-
tion. In the subsequent stage, the excited states decay sta-
tistically to stable or long-lived (7> 100 ns) final nuclei
which are detected experimentally. Whenever possible,
the sequential decays were determined using existing spec-
troscopic information®® concerning spins and branching
ratios.

In order to determine the parameters 7, p, and N/Z,
we performed a X?-minimizing fit to the measured popu-
lation ratios (expressed in terms of apparent emission tem-
peratures, Fig. 26), the relative feeding contributions via
the various decay channels (Fig. 31), and the averaged
yields of stable fragments (p, d, t, *He, a, ®He, ®Li, and
"Li) and unstable nuclei in their ground states (Fig. 33).
The calculations were found to be rather insensitive to the
neutron-to-proton ratio. Variations of N /Z between
(N/Z)p,=12 and (N/Z)s,=1.5 changed the final re-
sults by less than 10%. For the calculations presented
here, we fixed the neutron-to-proton ratio at a value
N /Z=1.35, assuming equal contributions from projectile
and target.

Figure 34 shows a contour plot of the X2 per degree of
freedom in the temperature-density plane. Generally, the
calculations are more sensitive to the breakup temperature
than to the breakup density. Temperatures lower than
about 4 MeV are clearly excluded; on the other hand, the
X? distribution rises rather slowly for temperatures, T>6
MeV. If one fits only population ratios and relative feed-
ing contributions and disregards the inclusive cross sec-
tions, the X? distribution increases more steeply towards
higher temperatures and clearly constrains the tempera-
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FIG. 33. Average single particle inclusive cross sections at
6,,=30° for stable fragments relative to the proton cross section.
The histograms show calculations with the quantum statistical
model using T=5.5 MeV and p/py=0.04, 0.2, and 0.5.

ture to a value of about 5 MeV. Since we are interested in
the absolute contributions by sequential decay, we require
an approximate description of the single particle inclusive
cross sections; see Fig. 33. The best agreement with our
data was obtained with a breakup density of p/py=0.04
and T=5.5 MeV. Results of this best fit are shown as
histograms in Figs. 26, 31, and 33.

In Fig. 35 the calculations are compared to the relative
cross sections of complex particles, 4 <14, measured for

40y +'97Ay, E/A =60 MeV, 6,, = 30°
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FIG. 34. Contours of constant X? per degree of freedom in
the density-temperature plane for fits with the quantum statisti-
cal model to the observed population ratios, relative feeding con-
tributions, and single particle inclusive cross sections using
N/Z=1.35.
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FIG. 35. Heavy fragment yields observed (Ref. 18) in the re-
action “Ar + '"Au at E/A=42 and 92 MeV. The histogram
shows predictions of the quantum statistical model using T=5.5
MeV, p/pp=0.04, and N/Z=1.35.

“Ar induced reactions on 'Au at E/A4=42 and 92
MeV.!"® The agreement is good. For the present experi-
ment the calculated feeding from all decay channels is
shown by the dashed histogram in Fig. 32. The model
predicts that up to 50% of the inclusive light fragment
yields may be due to the sequential decay of highly excit-
ed primary reaction products. The inclusion of sequential
decay processes can also explain the variation of the ap-
parent emission temperatures extracted via Eq. (25). In
Fig. 26 the solid histogram shows the apparent emission
temperatures, defined in terms of Eq. (25) from the final
population ratios, which are predicted by the quantum
statistical model for a system of uniform temperature
T=35.5 MeV and density p=0.04p,. The agreement with
the measured values is striking. Low apparent tempera-
tures are observed and predicted for population ratios for
which a particle stable ground state is compared to a low
lying excited state. These low apparent temperatures are
quantitatively understood in terms of the sequential feed-
ing from particle unstable primary fragments.

Surprisingly low emission temperatures of 7'=~0.3—0.5
MeV were recently extracted from the populations of low
lying particle stable states in "Li, ®Li, and "Be which de-
cay by y emission.?®*?® The quantum statistical model
predicts population ratios for the ground and first excited
states in 'Li, 'Be, and °Li which correspond to apparent
“emission temperatures” of 0.5, 0.6, and 1.2 MeV, respec-
tively, when no corrections for sequential feeding are
made. The calculations suggest that the population ratios
of these states are dominated by sequential feeding from
higher lying states and that they are rather insensitive to
the temperature of the emitting system once it exceeds
about 2—3 MeV; also see Ref. 36.

The extracted breakup density, p,,~0.04p,, is consider-
ably smaller than commonly accepted values,!>*8586
Pou=(0.25—0.5)py. Whether such a low breakup density
can be reconciled with the basic assumption of chemical
and thermal equilibrium at the point of freeze-out will re-
quire further detailed theoretical investigations. Esti-
mates of hadronic reaction rates during the disassembly
phase® indicate that rearrangement collisions may play an
important role up to densities as low as 55p0. On the oth-
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er hand, the entropy per nucleon extracted from the model
fit, S/A=2.8, is in the range of other experimental obser-
vations.!®8’

During the later stages of the reaction, the system is ex-
pected to expand nearly isentropically. The entropy is
predicted® % to increase by about AS/A4~0.3—0.6. If
the reaction trajectory passes through the region of
mechanical instability, the entropy might increase’>®! by
an additional amount of AS/A4 =0.5—1.0. In order to es-
timate the breakup density, ps, one may use the relation
between temperature, density, and entropy for a
Maxwell-Boltzmann gas (Ref. 61, pp. 125ff),

pr/pi=(Typ/T;)* % —45/4. 27

For T; =16 MeV, p;=p,, and AS/A=1.2, one obtains a
breakup density of p;=p,~0.06p,. This value is con-
sistent with the breakup density which has been deduced
from the quantum statistical model calculations. If, on
the other hand, the expansion is nearly adiabatic, one
would obtain p s ~0.2p,.

Clearly, one cannot expect agreement in every detail.
Both the calculation of the primary distribution and of
the sequential decay involve considerable uncertainties.
Only known states with their asymptotic spectroscopic
parameters were included and possible in-medium effects
were neglected. Another outstanding problem concerns
the consistent treatment of the nuclear continuum and the
timescales of emission. Qualitatively, the inclusion of ad-
ditional states will increase contributions from sequential
feeding. Inertial effects (which have received increasing
attention for the case of low energy fission®>?) are com-
pletely neglected; such effects may play a decisive role
during the expansion phase of the system.

Within statistical evaporation models,?>33 the fragment
yields are strongly influenced by the Coulomb barrier of
the emitting nucleus.?* Since the quantum statistical cal-
culations are based on the assumption of infinite nuclear
matter, Coulomb barrier penetrabilities are not incor-
porated. In this model, the relative fragment yields de-
pend strongly on the breakup density; see Fig. 33. (Both
approaches are, of course, sensitive to binding energies.)
However, Coulomb barrier penetrabilities must clearly be
important for finite nuclei and their neglect could be a
serious deficiency of the quantum statistical model. In
fact, quantum statistical calculations predict too large
yields for proton-rich isotopes (e.g., “He and °Li) and too
small yields for neutron-rich isotopes (e.g., He). This
discrepancy remains even if the N /Z ratio is increased to
1.5 and could be due to the neglect of Coulomb barrier ef-
fects.

Considerable uncertainties remain for the treatment of
the sequential decay problem because of limited spectro-
scopic information for many of the included states. The
present calculations®® may be expected to provide a
reasonable treatment of the average decay properties of
the system even when the spins or branching ratios of par-
ticular states are not known. (This was checked by using
statistical decay parameters for all states and comparing
the results to calculations for which all known experimen-
tal information was used.) Since nuclear structure effects
dominate the decay properties of many light nuclei, con-

siderable uncertainties may exist for specific states.

Improvements of the experimental techniques are also
desirable. Our measurements do not select specific ranges
of impact parameters or specific classes of reactions. Up
to now, measurements exist only over a limited range of
angles. It remains to be investigated, whether different re-
action mechanisms are associated with different primary
distributions.

With these reservations in mind, we may summarize
that our data are rather well described by an equilibrium
model. Each resonance which could be detected by our
apparatus was, indeed, observed experimentally. Of
course, these findings do not constitute a proof for the es-
tablishment of local equilibrium in intermediate energy
nuclear collisions. They do, however, indicate that statist-
ical approaches provide a useful tool for the understand-
ing of these reactions for which large portions of the
available phase space appear to be populated. The incor-
poration of dynamical and nonequilibrium statistical as-
pects in a consistent theoretical framework remains a
challenging problem.

VII. DISCUSSION AND SUMMARY

In this paper we have presented a detailed investigation
of two-particle correlations at small relative momenta for
the reaction “°Ar + 7Au at E/4=60 MeV. The sensi-
tivity of the correlation functions to final-state interac-
tions of the emitted particles offers the possibility for a
simultaneous study of the space-time distribution of the
nuclear system and the source temperature at the point of
emission.

The space-time extent of the emitting source was found
to depend on the particle species and to decrease with in-
creasing kinetic energies of the particle pairs. Particle
pairs whose interactions are essentially nonresonant (d-d
and t-t) show the largest source parameters. Particle pairs
which experience resonant interactions exhibit significant-
ly smaller source dimensions. A similar sequence of
source radii was observed* for '*N induced reactions on
97Au at E/A=235 MeV. The present observations might
provide a first hint that different particle species decouple
at different average densities. The observed energy depen-
dence of the correlation functions might be caused by a
collective radial expansion® of the interaction zone; alter-
natively, it might reflect the temporal evolution of the
equilibrating system, indicating the emission of more en-
ergetic particles at earlier stages of the reaction. (Sequen-
tial decays of excited primary fragments may be con-
sidered as an extreme example for reactions which
proceed via longer emission timescales.) More sophisti-
cated theoretical treatments of two-particle correlations
which include the temporal and dynamical aspects of the
reaction are needed before these questions can be ad-
dressed quantitatively.

Most of the correlation functions discussed in this pa-
per are dominated by resonant final-state interactions of
the two coincident particles, i.e., by the emission of parti-
cle unstable nuclei. Sequential decay contributions to the
inclusive spectra of the order of 20% were determined by
integrating the measured yields from the decay of particle
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unstable resonances. Quantum statistical model calcula-
tions were utilized to extrapolate to contributions from
decay channels not measured in the present experiment.
For certain particles, up to 3 of the yield could be due to
sequential feeding from particle unbound states.

Different apparent emission temperatures were extract-
ed from the relative populations of different pairs of
states when the effects of sequential feeding from higher
lying particle unstable states were neglected. The in-
clusion of sequential feeding from particle unbound states
within the quantum statistical model®® made it possible to
describe the measured level populations in terms of a
thermal distribution characterized by a common tempera-
ture, T=5.5 MeV, and density, p=0.04p,, at the point of
emission. Whether such low densities are realistic or
whether they are an artifact of the approximations of the
model remains to be investigated in the future.

Whereas the extracted source radii depend on the
summed kinetic energy of the coincident particles, no evi-
dence was found for such an energy dependence of the rel-
ative level populations or emission temperatures. This ob-
servation is different from the results of Ref. 48, where
smaller source radii and higher emission temperatures
were extracted for more energetic a-d pairs.

The emission temperature, T ~5.5 MeV, is about a fac-
tor of 3 lower than the temperature parameter, 7, ~16
MeV, which characterizes the kinetic energy spectra at in-
termediate rapidities. This might be an indication that
the degrees of freedom associated with the translational
motion and the internal excitation go out of equilibrium
at different stages of the reaction.® Furthermore, distor-
tions of the kinetic energy spectra due to possible collec-
tive flow effects or due to the expansion of the system
may render the extraction of temperatures from the kinet-
ic energy spectra ambiguous, if not impossible. Fluid
dynamical calculations®""®® indicate that the slope parame-
ter of the kinetic energy spectra should be close to the ini-
tial temperature of the system even if collective flow sets
in during the expansion phase of the reaction. Tempera-
tures extracted from the relative populations of states, on
the other hand, correspond to the temperature of the sys-
tem at the point of emission. It remains to be investigated
whether our observations can be understood quantitatively
in terms of an expanding and cooling system. The ob-

served energy dependence of the source radii could be the
signature of an (explosive) expansion of the system.*®> It
may, however, also reflect the temporal evolution of high-
ly excited nuclear systems, since the timescales for particle
emission are expected to increase as the system cools by
particle emission.”*

Emission temperatures similar to the one extracted in
this experiment have been inferred for several other sys-
tems. For *N induced reactions on '°’Au, mean emission
temperatures of T'=~4—5 MeV were extracted from the
relative populations of particle unbound states in °Li and
°Li nuclei.** Finite-temperature Hartree-Fock calcula-
tions have presented that excited nuclei should only exist
below a “limiting temperature.” This limiting tempera-
ture should depend on the mass of the excited nucleus;
typical values are predicted to be of the order of T ~5—10
MeV.!® Limiting compound nucleus temperatures of the
order of 5 MeV were inferred from the disappearance of
fusion-like reactions at incident energies above E /A4 ~30
MeV.%>% Temperatures of the order of 5 MeV were also
deduced® from the relative abundances of heavy frag-
ments observed in proton, carbon, and neon induced reac-
tions in the energy range 1—300 GeV. Future experi-
ments will have to clarify whether, indeed, the emission of
complex fragments is limited to systems with tempera-
tures below 5 MeV, or whether this value will find its ulti-
mate explanation in extended chains of secondary and ter-
nary disintegration processes.
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