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Particle-particle correlations are studied for large- and small-angle separations for the reactions
312 and 680 MeV *°Ar + **Ag. The spectral shapes and angular anisotropies allow a characteri-
zation of the effective temperatures and spin zones of the hot nuclear emission sources. Small-angle
correlations are compared to reaction simulations that employ various parametrizations for the emis-
sion time scales. We conclude that the initial lifetime scale for '>*H particle evaporation is of the
order of 10722 s, These times are so short as to suggest a breakdown of the concept of “sequential

evaporation,” for which a new ansatz is explored.

PACS number(s): 21.10.Tg, 25.70.Pq

I. INTRODUCTION

An important goal of heavy ion reaction studies is to
explore the characteristics of hot nuclei (e.g., [1,2]) and
how they change with excitation energy. For excitations
of say =~ 1 MeV/ emitter nucleon, the compound nucleus
concept is well established, although there are many de-
tails that need clarification. Now the emphasis is on the
evolution of hot nuclei as their excitation energy is in-
creased. In recent years particle-particle correlation mea-
surements have been used much more extensively in stud-
ies of such hot nuclei and in particular have been used
to probe their lifetime scales (e.g., [3-9]). Such studies
are particularly useful if the emission source can be char-
acterized in terms of its initial mass, charge, excitation
energy, and spin zone (e.g., [10]). In 1991 we published
a paper on a study of source characterization along with
lifetime characterization for the systems 7 and 174 MeV
“0Ar + Ag [9]. In this paper we elaborate on more of
these measurements and more aspects of their analyses.

The time scale that describes the fast nuclear reac-
tion processes at impact is very short, on the order of
~ 10722 s; it is defined by the transit time of a nucleon
across the nucleus. Fusion-evaporation reactions are ex-
pected to require a time scale of many such nuclear peri-
ods (> 10722 5) for successive particle decay; the active
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spacial extent or reaction volume for such processes cov-
ers the whole composite system [11]. These composite
nuclei deexcite via evaporation of light charged particles
and neutrons with essentially Maxwellian energy distri-
butions. After a complex decay chain, the cold or stable
nuclei that remain are the evaporation residues (ER’s) or
fission fragments (FF) [12].

One way to identify such fusion reactions, at incident
energies that are not far above the entrance-channel bar-
rier (5-10A MeV), is the measurement of the angular
distributions of evaporated light charged particles (LCP)
(V'23H , “He) and neutrons. These distributions are sym-
metric about 90° in the emitter frame if the emitter is
at thermal equilibrium. They are often nearly isotropic,
providing a good signature for the existence of thermal-
ized emitters [13]. The relative extent of energy depo-
sition in these reactions can be estimated via the num-
ber or multiplicity of LCP’s and neutrons emitted (e.g.,
[14-16)).

In a recent experiment, such multiplicities for light
charged particles (1'*3H and 3%6He) were measured [16]
with large geometrical acceptance (=~ 85%), for *°Ar on
"2t Ag at four bombarding energies [280 (7), 680 (17),
1080 (27) and 1350 (34) MeV (A MeV)]. A sample result
from these experimental observations is shown in Fig. 1,
where the multiplicity distributions for the observed H
and He isotopes are shown as a function of the incident
40Ar beam energy. The first two incident energies (7 and
17A MeV) are of particular interest to us in conjunction
with this study. (A similar study for the higher energies
is now in progress.) The average multiplicity (indicated
by the arrow) shows a strong increase from 7 to 174
MeV, indicating a concomitant increase in the energy
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FIG. 1. Light charged particle multiplicity distributions for
the reaction “°Ar + "**Ag at four incident beam energies. The
arrows indicate the average multiplicity for a given energy
(after [16]).

deposited. For the higher energies (27 and 344 MeV)
the curves become increasingly skewed to lower multi-
plicity values. This can be attributed to an increasing
yield of peripheral reactions with low fractional energy
deposition.

As the bombarding energy is increased, the cross sec-
tions for fusionlike reactions are found to saturate [12]
and the average fractional energy deposition is also found
to decrease (e.g., [17,18]). It appears that the incomplete
fusion mechanism has become the primary route to the
production of the very hot nuclei [15,19,20].

The composite nucleus 47 ~°Tb* formed with temper-
atures of ~ 3 MeV has been studied in great detail [10].
Cross sections, angular distributions, and energy spectra
for light charged particles (especially 'H and *He) have
been measured and compared with great care to calcu-
lated spectra produced by statistical modeling (see, for
example, [21]). Coincidence measurements were made to
evaluate the extent of thermalization in these reactions,
as well as the momentum transfer to the emitter. Invari-
ant cross section maps for particle-particle coincidences,
indicate that the emitter velocity is consistent with the
center-of-mass velocity, i.e., a signature for essentially
complete momentum transfer to the emitter at these en-
ergies (= 6 to 84 MeV). In addition to these observa-
tions, the measured energy spectra were very relaxed.
This confirmed that complete thermalization occurs for
this compound nucleus (CN) with excitation energies up
to ~ 200 MeV [22].

For incident energies even up to tens of MeV per nu-
cleon, a metastable CN may still be formed due to the
continuing power of the attractive mean nuclear field (see,

for example, [23,24]). If its lifetime is longer than the
time needed for complete energy mixing, then thermal-
ization of the CN can be said to have been achieved. The
evaluation of the mean lifetime 7 of the CN is, therefore,
very valuable for our understanding of the dynamics of
equilibration processes. In addition, the dependence of
the mean lifetime on excitation energy can be of even
greater value in the search for limiting conditions for an
equilibrated CN [7-11].

To pursue these goals, we have chosen to study the
same reaction system, “°Ar on ***Ag at 312 and 680 MeV.
First we test for consistency with the previous study [10],
using large-angle particle-particle correlations. Then
we use the small-angle correlations to estimate the life-
time and hence to test for the extent of equilibration of
147-9Th*. We also use a beam energy of 680 MeV “CAr to
try to produce a much more highly excited system and
test for its degree of thermalization. A key point here
is the selection of the particular central collisions most
likely to lead to composite nuclei. This source selection
is an important prerequisite to an informative utilization
of lifetime measurements; otherwise a mixing of reaction
mechanisms can lead to misleading interpretations.

From the previous study [10] it has been concluded
that two particles detected in coincidence at side angles
(61ab > 60°) are quite selective for those reactions with
high-energy deposition (central collisions). To confirm
this, more experimental evidence can be found in Refs.
[15,16,20], where a 4m detector [25] was used. In that
work the multiplicity distribution of light charged par-
ticles has been used to distinguish between central and
peripheral collisions. An example of that separation is
shown in Fig. 2, where the multiplicity associated with
two particles detected at 61, =~ 67° indicates that central
collisions of maximum violence have indeed been selected.
Low velocity heavy fragments (i.e., ER’s) are often asso-
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FIG. 2. Gated light charged particle, (*'>*H and 3*°®He),
multiplicity distributions measured for 174 MeV “°Ar in-
duced reactions on ***Ag. Trigger conditions are indicated.
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ciated with such collisions [12,18,19,24]. On the other
hand when a high-velocity heavy fragment is detected in
the forward direction, it is more likely to be associated
with a projectile remnant from a peripheral collision thus
leading to fewer emitted particles.

In the experimental work reported here, we emphasize
detection of particle pairs at a large angle (= 67°). In
this way we select the central-collision reaction class, but
we also use the detailed results of these particle-particle
correlations to study the decay properties of the hot nu-
clei formed. For reactions at much higher energies these
particle correlations give a probe of the size of the colli-
sion zone [3,26]. In this energy domain they give a means
for testing the time scales of the reaction [6-9,11,27].

II. CHARACTERISTICS OF 47.149Tp*
COMPOSITE SYSTEMS

A theme of this work is the selection and characteriza-
tion of a set of hot nuclei in conjunction with a study of
their lifetimes by means of particle-particle correlations.
For both 7 and 174 MeV “°Ar + Ag it has been shown
that the more central collisions lead to fusion, and that
the detection of a pair of charged particles is sufficient
to select these fusing collisions. From the systematics
of linear momentum transfer one can estimate that for
17A MeV %CAr the initial composite nucleus is excited
to = 430 MeV or to a temperature of ~ 5 MeV. We use
the measured energy spectra and large-angle correlations
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FIG. 3. Schematic diagram for emission of a particle (re-
duced mass g, channel energy ¢, orbital angular momentum
1) in the direction n at angle ¢ to the spin J of a spherical
emitter of excitation energy E*. The emission radius is R,
emission barrier is B, and daughter moment of inertia is 4.
Emission width is dI" and anisotropy parameter is 32 after [9].

to rexamine this estimate and to determine additional
properties of the emission source. For this task we follow
the procedure of Refs. [9,10] in using reaction simulation
calculations based on the equilibrium statistical model.

To get a simple feeling for the statistical theory, we
first recall an intuitive description of the classical picture
from the schematic diagram in Fig. 3. Particle emission
from a spinning nucleus can be pictured as emission of a
charged, but sticky granule from the surface of a charged
rotating sphere. Emission probability dI'g ; at a direc-
tion n (or angle ¢) is axially symmetric but anisotropic;
the average energy ()4 also depends on ¢. The strength
of these anisotropies is determined by 3, the ratio of the
rotational energy of the granule on the emission surface
to its temperature T, where p is the reduced mass, J
is the spin of the spherical emitter, 74 is the daughter
moment of inertia, and R is the emission radius. There-
fore, the anisotropy increases with rotational energy of
the emitter and with mass and radius of the granule, but
decreases with increasing temperature or moment of iner-
tia. Of course, the average emission energy (¢), increases
with increasing temperature, but it decreases with radial
expansion due to a concomitant decrease in the energy
of the Coulomb barrier B.

III. EXPERIMENTAL WORK ON
LARGE-ANGLE CORRELATIONS

Our experimental study of the emission source follows
a well-established approach. In Ref. [10] inclusive and
exclusive measurements were made of 'H and *He from
nat Ag irradiations by “°Ar of 6.2 and 8.54 MeV. By using
a statistical model reaction simulation, they extracted
from the large-angle correlations the average excitation
energy (and associated temperature), rms angular mo-
mentum, and effective emission barriers. In this work we
study the same reaction system (“°Ar + "2*Ag) at both
a very similar energy 7.84 MeV, and at a much higher
energy, 174 MeV.

The 16 detector array (EMRIC [28]) used in this study
is shown in Fig. 4 along with the in-plane (IP) and out-
of-plane (OP) trigger detectors centered at i, ~ 68°
or 6..m. =~ 90°. Energy spectra were recorded in these
IP, OP triggers as well as in EMRIC, also centered at
61ap =~ 68°. In Fig. 5 we show four pairs of energy spec-
tra, each recorded in the EMRIC array . Those on the
left (right) result from *He-*He (*H-'H) coincidences;
the solid (open) points are from the reaction with °Ar
of 312 MeV (680 MeV); the circles (squares) are from
IP (OP) coincidences with the single detector shown in
Fig. 4 on the right of (above) the beam axis [both placed
at (fiap = 68°)]. The data in Fig. 5 give a lot of informa-
tion about the reactions.

Let us begin by examining the solid points on the right
for 'H from 312 MeV “°Ar + P2*Ag. They show classic
Maxwellian-like shapes for proton evaporation: a sharp
rise at low energies from =~ 4 to 8 MeV, a maximum at ~
9 MeV, and a straight exponential decline for energies >
12 MeV. The maximum for the IP data is normalized to
6000 per MeV; bin-by-bin ratios of the IP to OP spectra
are shown by triangles on the lower scale. Here these
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FIG. 4. The experimental setup: EMRIC was centered at
68° with respect to the beam; two Csl detectors were placed
at 68° (opposite to EMRIC) in plane and out of plane.

ratios are essentially unity for all proton energies, i.e.,
there is no significant anisotropy.

Let us now compare the data for protons from 312
and 680 MeV %%Ar; we see the same classic evaporation
shapes. The high-energy spectral slope given by

1 o(e)
7 dln P

(3.1)

has changed from T of 2.4 to 5.0 MeV, and the average
proton energy has increased from 10.5 to 11.9 MeV. This
rather small increase in (€) results because the spectrum
has also broadened at low energies to give more parti-
cles of < 10 MeV. Finally, the angular anisotropy has
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FIG. 5. Energy spectra recorded in EMRIC for 'H-'H and
“He-*He pairs; solid points for 312 MeV *Ar; open for 680
MeV; circles for in-plane (IP) coincidences; squares for out
of plane (OP). Triangles show the anisotropy ratios IP/OP.
Emitter frame transformations assumed 100% and 85% mo-
mentum transfer, respectively, for 312 and 680 MeV *°Ar,
after [9].

increased from 0.99 to 1.09 in favor of the IP over the
OP configuration. The same pattern is also exhibited by
the *He-*He data, but each quantity is larger than that
for 'H-'H. Spectral slopes change from 3.6 to 6.8 MeV,
and the average energies from 20.0 to 23.4 MeV.

The angular anisotropy increases with energy from al-
most unity for alphas of ¢ < 10 MeV to IP/OP > 2
for those alphas of ¢ > 30 MeV. Energy integrated
anisotropies for the *He-*He pairs increase with beam
energy from 1.82 to 1.92. Spectral slopes T, average ¢,
and anisotropy ratios are given in Table I for other pairs,
1H-2H, 2H-2H, and 'H-*He, as well.

TABLE L. Spectral slopes T in MeV, average energies (¢)ip (MeV), and anisotropy ratios IP/OP.

312 MeV *°Ar + ™**Ag 680 MeV *°Ar + ™**Ag
Particles T (e)rp IP/OP T (e)rp IP/OP Teso/T's12
Protons
1H-'H 2.4 10.5 0.99 5.0 11.9 1.09 2.1
'H-2H 2.3 10.3 1.04 5.2 11.9 1.13 2.3
Deuterons
2H-'H 2.7 13.7 1.04 6.6 15.2 1.13 2.9
2H-2H 6.1 15.1 1.25
Alphas
‘He-'H 34 19.6 1.17 6.8 22.6 1.27 2.0
‘He-*He 3.6 20.0 1.82 6.8 23.4 1.95 1.9
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A. Temperature, spin zone, and radial extent

The features of the mechanical analog model, described
in Fig. 3, also result from a more complete statistical
model. Therefore, they allow us to make a simple quali-
tative interpretation of the observations given in Fig. 5.
First, the spectral slopes T increase about twofold, a rea-
sonable increase for the expected increase in energy and
spin deposition by fusion reactions of 7.8-174 MeV 4°Ar.
However, there are rather modest increases in the av-
erage energies (€) due to an increase in the abundance
of low- as well as high-energy particles. This increase
in low-energy particles signifies a decrease in the aver-
age Coulomb barrier to particle emission. Finally, the
slight increase in angular anisotropies indicates some-
what larger anisotropy parameters (32). Since the tem-
perature has also increased, this increase in (32 points
toward a significant increase in the emitter spin.

These observations have been interpreted more quan-
titatively by use of the statistical-model simulation code
GANES [29]; we have made fits (details discussed in
[10]) to the H and *He data in order to obtain the
parametrizations of average emitter characteristics listed
in Table II. As discussed above, the root-mean-square
emitter spin J,s has increased along with B2, the
anisotropy parameter. The effective temperatures have
also increased, and the emission barriers have decreased
due to charge loss and emitter distention. Such evidence
for radial distention has been previously reported [10]
for “°Ar induced reactions at ~ 84 MeV on "*Ag. The
major point here is that the qualitative role of the effec-
tive Coulomb barriers is quite evident in the low-energy
cutoffs of the spectral shapes. Hence the notion still ob-
tains particles evaporating from a rather compact source,
held together by its mean field even for spectral temper-
atures of > 5 MeV. If the source size were to be greatly
expanded, then the effective barrier would be greatly re-
duced (inversely with the effective radius).

In fact, all of these observations are consistent with a
reasonable picture for the properties of a thermalized, but
very hot and somewhat swollen compound nucleus. Fur-

TABLE II. Statistical properties of

NI et al. 49

thermore, the statistical model provides a formula [11],
simply from phase space considerations, to estimate the
emission lifetimes of such hot compound nuclei. This
formalism was derived by reference to the principle of
detailed balance, for a parent emitter A that decays to a
daughter nucleus B via emission of a particle p, where p
is the level density of the state (A for the initial and B
for the final) and w} 4 represents the transition rate for
the inverse reaction. If one sums over all the available
states, one can deduce the decay rate in a simple form,

(T)—1:// PE UBA ge dp .
PA

We have made such calculations [30,31] for the reac-
tions of interest here, namely the 312 and 680 MeV “CAr
on "*Ag. These calculated partial mean lifetimes for a
pair of evaporated protons are plotted in Fig. 6. In this
figure a main feature is in the overlap of the late decay
steps of the 680 MeV reaction with the very early ones
at 312 MeV. This indicates that the average delay time
between the emission of two protons in the low-energy
reaction should be relatively long, while the same kind
of evaporative emission for the higher energy should also
include pairs with much shorter delays. The results of
these correlations are shown and discussed below in Sec.
IV, where we present measurements and calculations rel-
evant to the decay times for these compound nuclei. First
we summarize the angle-integrated cross sections.

B. Cross sections for particle-particle coincidences

As previously stated, we have made singles and co-
incidence measurements using a substantial number of
detectors placed at various angles. From these measure-
ments, we were able to extract relative cross sections for
many particle-particle pairs as given in Table III. In this
section we explain the method of integration used, as well
as their normalization to obtain absolute cross sections.

the composite nucleus emitters.

312 MeV *°Ar + ™**Ag 680 MeV “°Ar + "=tAg ”
'H-'H “He-*He 'H-'H “He-*He

Jems () 50 50 64 64

B2 0.43 1.7 0.58 1.8

B (MeV) 6.0 13.2 4.5 11.9
Brus (MeV) 8.49 15.9

(FEL) 0.33 0.33 0.4 0.25

(T) (MeV) 2.2 2.2 3.4 4.0
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FIG. 6. Calculated mean lifetimes 7 versus temperature
and evaporation step for the two reactions of interest.

1. Angle-integrated particle-particle cross sections

For the angular integration of the experimental dif-
ferential cross sections we have focused on two trigger
detectors [both placed at =~ 68° in plane (IP) and out of
plane (OP)] and EMRIC as the sweeper. We also include
those coincidences recorded in EMRIC alone. The trans-
formations from laboratory to emitter frame were carried
out on an event by event basis, for both energy and angle,
and then the double integration was performed

TABLE III. Angle integrated particle-particle cross sec-
tions (o in b), including only evaporative components.

d?o
ap1p2 = // mdgpldﬂpz y

where 012 represents the integrated double coincidence
cross section for a pair of particles (p1,p2). We have car-
ried out these integrations for all pairs of LCP’s (23H,
“He) to obtain values of op1p2; for each combination;
appropriate anisotropy correction factors have been em-
ployed [10]. The final cross sections include only the
evaporationlike particle emission.

2. Normalization procedure

The integration procedure described above provided
only relative cross sections 0p1p2 because the Faraday cup
was not absolute. (It was located far downstream from
the target.) We then obtained absolute cross sections by
normalizing to experimental values from Refs. [10] and
[32]. For 312 MeV “°Ar we used the measured cross sec-
tion for coincident a’s o3& = 1.142 £ 0.034 b as the
reference cross section value [10]. And for 680 MeV “°Ar
we used the proton-proton pairs for the absolute value
(32] 0P, = 18.2+ 0.5 b. The resulting cross sections for
particle-particle pairs at both energies are listed in Ta-
ble III. The experimental results are generally consistent
with those from the earlier works but include many more
particle types. They will be used as tests for the statis-
tical model in a future study. We present them here for
completeness.

3. Average particle energies

In Sec. II and [8,9], data from large-angle correlations
have been used to characterize the initial excitation en-
ergies and spins of the emitting nuclei. The average en-
ergies of the light particles, listed in Tables IV and V
also give an interesting impression of the emitter systems.
These values for each particle do not change for different
coincident partners; hence these changes do not appear to

TABLE IV. Average energies (¢) for coincident particles
(p,d,t, ) in the emitter frame. Measurements were made in
the EMRIC array at =~ 90° in the emitter frame for 312 MeV
4°Ar+"**Ag. We assume full momentum transfer [4].

P,-P; 312 MeV *°Ar+™®*Ag 680 MeV *°Ar+=tAg P,-P; (ep) (€q) (€s) (€a)
oPP 1.660 18.20 p-p 10.45
aP? 0.186 5.903 p-d 10.28 13.68
ot 0.058 2.730 p-t 10.32 14.11
oP* 2.120 27.74 P 10.35 19.68
g 0.004 0.443 d-d 13.48
ot 0.420 d-t 13.24 14.53
ae 0.126 5.786 d-a 13.63 19.61
o't 0.070 t-t 13.50
ot 0.032 2.076 ta 14.30 19.67
oo 1.142 17.83 a-a 19.83
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TABLE V. Average energies (¢) for coincident particles
(p,d,t,a) in the emitter frame. Measurements were made
in the EMRIC array at ~ 90° in the emitter frame for 680
MeV *°Ar+"**Ag. We assume 85% momentum, mass, and
energy transfer [30].

P;-pP; (€p) (€a) (€t) (€a)
p-p 11.93
p-d 11.88 16.87
p-t 11.85 17.43
pa 11.87 22.73
d-d 16.75
d-t 17.10 17.45
da 16.93 22.83
t-t 17.30
ta 17.63 22.85
a-a 23.05

make any special selections of emitter properties. In the
most rough approximation the average energy is given
by the (the average or) effective barrier and temperature
averaged over the emitter chain

(&) ~ (B + 2T).

For each particle the values of (¢) change only modestly
with incident energy from 312 to 680 MeV. This indicates
that there is no massive temperature change as would be
expected for particle emission before thermalization for
the 680 MeV beam. The average energies for a particles
are roughly twice those for protons, reflecting the larger
Coulomb barrier for charge two versus charge one. The
steady increase of (¢) with mass for the hydrogen isotopes
partly reflects biases of the rare particles (*H and 2H)
toward the higher temperatures of the early members of
the emission chain [33]. Of course, many other properties
of the emitter, e.g., angular momentum, are important
as well. Nevertheless we get a sense from these average
values, and the other results, that this study has indeed
selected particle emission from thermalized nuclear emit-
ters.

IV. TESTS OF THE PATTERN OF EMITTER
LIFETIMES

A. Lifetime study via particle-particle correlations
at small relative angles

In previous work, studies of the lifetime scale for parti-
cle emission have involved light nuclei [7,8], namely reac-
tions of 160 + 27 Al with incident energies from 80 to 250
MeV. In this work the objective is to extend the study
of particle emission time scales to reactions of heavier
nuclei at higher energies. For these reactions we focus

mainly on the processes that form composite nuclei with
initial excitation energies up to =~ 400 MeV and initial
temperatures up to =~ 4.5 MeV.

We now turn to the small-angle particle-particle corre-
lations for identical particles, i.e., p-p, d-d, and t-t, and
make comparisons to reaction simulations in two ways:
first the simple approximation of two-step emission with
the mean lifetime as a free parameter, then the more
elaborate multistep simulations with the level parameter
fixed by the energy spectra and the lifetimes calculated
from a statistical model formula. Both of these simula-
tion calculations use the code MENEKA [30,31] in which
the lifetimes of the emitting sources are the main drivers
for the small-angle correlations [34].

B. Experimental small-angle correlations for
identical particles

In this section we focus on the like particle pairs 'H-'H,
2H-2H, and 3H-3H. For the case of 'H-'H a substantial
number of proton pairs has been recorded at both en-
ergies. Hence we are in a position to test for the role
of excitation energy. (Unfortunately this is not the case
for deuteron and triton pairs since the cross sections de-
crease dramatically with decreasing energy.) We initially
consider the simplified approach of two-step emission to
fit the experimental data. In the first step of this pro-
cedure we adjust the spectral parameters to describe the
energy spectra of the coincident particles, using

P(e) = (e~ V)? x exp —¢/T (4.1)
where T and V are the effective nuclear temperature and
barrier, respectively. Then from the best fit to the corre-
lation function we obtain an average emission time delay
for the whole emission chain.

In a second procedure, we extend the simulation calcu-
lations to include a more elaborate description of sequen-
tial emission in the evaporation chain. This second ap-
proach is handled by a multistep simulation (option 2 in
Ref. [31]) that takes into account the changes in temper-
ature and lifetime that occur along the emission cascade
[33]. In both cases three body trajectory calculations are
carried out using the best fits to the energy spectra for
the particle pairs, and the geometrical acceptances, etc.,
are applied to reproduce experimental conditions.

1. First approzimation: Two-step emission

(1) Proton-proton correlations from reactions at 7.84
MeV: Figures 7 and 8 show results of the fits obtained
from two-step emission calculations. First Fig. 7(a) gives
the proton energy spectrum as described by the indicated
spectral temperature T, and barrier V,, given in MeV.
This set of parameters does indeed give a reasonable fit
to the observed spectrum in Fig. 7(a). Furthermore they
also produce a very satisfying match to the observed rela-
tive momentum distribution of Fig. 7(b). The calculated
correlation function shown in Fig. 8 was obtained using
a mean lifetime 7,, = 1 x 1072% 5. For such a long mean
lifetime the correlation function does not deviate much
from unity, since the emission time delays between two
successive protons is large enough for the first to almost
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FIG. 7. Fits of the energy spectrum (a) and the result-
ing relative momentum spectrum (b) for *H-'H particle pairs
(7.84 MeV “°Ar + "**Ag). The detector thresholds and res-
olution were 4.5 and 0.5 MeV, respectively.

escape from the force field of the second. Indeed both
experimental and calculated correlation functions are al-
most flat over the whole range of P,. This result gives a
strong indication for adequate time to achieve complete
thermalization of the 47149Tb* compound nucleus.

(2) Proton-proton correlations from reactions at 174
MeV: Using the same framework, we now turn to the p-
p pairs evaporated from more excited nuclei, formed in
the 174 MeV reactions. Again we begin the analysis by
a fit to the proton energy spectrum measured in coinci-
dence using the set of parameters that are indicated in
Fig. 9(a). The calculated relative momentum distribu-
tion also fits the experimental distribution as shown in
Fig. 9(b). Finally experimental and calculated correla-
tion functions are compared after adjustments are made
in the mean lifetime 7,,. In Fig. 10 we show the result of
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FIG. 8. Experimental correlation functions (squares) for
'H-'H pairs from the reaction 7.84 MeV *°Ar + "**Ag. The
points for the calculated correlation function are shown by
crosses and joined by a line to guide the eye.

680 MeV “Ar + "™Ag->'H+'H+ X

T T T 1 17 ML B B |
r 7
‘ | Y

107, @ 1 10p ® 3
T 1 F E
= R 1w d .
° sl % N I
£10F % IS0 2
\t_ﬁ, r '.‘{- I E i E
= C 1 = - .
I Y128 % ]

o .
S10E $ 3 12102:' K 3
- = 4 9 c *0 3
st NIEF v g
~ i J i i

=) T _=3.08 MeV

il E * 3 10¢ 3
- VP =3.05 MeV . F « experiment 3
- H - 'y pairs 1 I x simulation
T TP B P B B I I SV PP B

10 20 30 40 50

Ejap (MeV)

FIG. 9. Fits of energy spectrum (a) and the resulting rel-
ative momentum spectrum (b) for 'H-'H particle pairs (174
MeV %°Ar + "**Ag). The detector thresholds and resolution
were 4.5 and 0.5 MeV, respectively.

30 60 90 120
P, MeV/Q)

the comparison for an average emission time delay (7,p)
of 5 x 10721 5. This best fit value of 7,, ~ 5 x 1072 s
was obtained after many such comparisons, in which the
value of 7,, was varied from 10722 to 1072 s.

(3) Small-angle correlations for 2H-2H and 3H-°H :
As previously stated, the double coincidence cross sec-
tions for deuteron and triton pairs are very small com-
pared to that for protons. For the 174 MeV reactions
we obtain P, = 18.2 + 0.5 b,of% = 0.443 £ 0.012 b,
and oo = 0.070 + 0.002 b. Nevertheless we have con-
structed correlation functions for both d-d and t-t pairs.
We follow the same approach as before to fit the en-
ergy spectra with spectral parameters for 2H-2H pairs
and 3H-3H pairs. For both the deuterons and tritons,
the fits to the correlation functions are again achieved

680 MeV “Ar + ™Ag > 'H + 'H
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FIG. 10. Experimental correlation function (squares) for
'H-'H pairs from the reaction of 174 MeV *°Ar + "*'Ag.

The points for the calculated correlation function are shown
by crosses and joined by a line to guide the eye.
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FIG. 11. Experimental correlation function (squares) for
2H-?H pairs from the reaction of 174 MeV *°Ar 4+ ™**Ag.
The points for the calculated correlation function are shown
by crosses and joined by a line to guide the eye.

by variation of the mean lifetimes as shown for 2H-2H
in Fig. 11 and for 3H-3H in Fig. 12. Even with more
limited statistics it is clear that the anticorrelations for
small P are stronger for ¢t-t than for d-d than for p-p.
This trend is indicated by the mean lifetimes that give
the best fits for 7y = 20 x 10722 5,755 = 30 x 10722 s,
and 7p, = 50 x 10722 5. We estimate that relative un-
certainties are ~ 15% and absolute uncertainties are ~
30%. (See [31].) This trend of shorter mean lifetime for
t-t compared to d-d compared to p-p is consistent with
the expected biasing for the emission of unfavored par-
ticles (deuterons and tritons) toward the early emission
steps in the chain [33].

2. Second approxzimation: multistep emission

In a second approach for the reaction model calcula-
tions, we use a more detailed description of the evapora-
tion chain to compare with experimental data. The cal-
culation allows for a series of emission steps from emitters
of successively lower temperatures and longer lifetimes.
The first calculations of this type were described in [7] for
comparisons to data for 180 +27 Al reactions. Here we use
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FIG. 12. Experimental correlation function (squares) for
3H-3He pairs from the reaction of 174 MeV *°Ar + ™**Ag.
The points for the calculated correlation function are shown
by crosses and joined by a line to guide the eye.

option 2 in MENEKA [31] in conjunction with the (Hauser-
Feshbach) statistical-model code MODGAN [31,33]. Our
purpose (as in [7]) is to see if the equilibrium statisical
model can give a reasonable first approximation for the
reaction time scales as reflected in the correlation func-
tions.

In this approach we first choose a value for the level
density parameter a that gives the best overall descrip-
tion of the energy spectra for the particle, in this case
a = A/8. The effective barrier parameters are simply
taken from the spectral fits as shown above. Since these
parameters have already been fixed by consideration of
the energy spectra, the calculated correlation functions
become a direct test of the lifetime predictions. The only
additional inputs needed are the branching ratios for neu-
tron and proton emission at each step in the evaporation
chain. This was supplied by an ancillary model calcula-
tion in which we used the code MODGAN [33]. With these
input quantities MENEKA [31] carries out the multistep
emission simulation taking account of stepwise emitter
cooling and lifetime growth in an average way.

We begin these multistep calculations and comparisons
for the case of 'H-'H pairs produced at 7.84 MeV. In Fig.
13 the information relative to this comparison is shown
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in the four panels. Figure 13(a) shows the experimental
data (squares) and calculated points (crosses) for the pro-
ton energy spectra. We see that the spectral shape used
in MENEKA does not allow for a perfect fit; the deviations
for large proton energies carry over to deviations in the
P, spectrum shown in Fig. 13(b). In separate calcula-
tions we have shown that such deviations in the spectral
shapes have rather little impact on the correlation func-
tion since they are carried into both the numerator and
the denominator. It is mainly the time delay spectrum
that matters. The calculated time delay spectrum that
results from the multistep evaporation model is shown in
the inset, Fig. 13(d); it gives an initial half-life ¢, ,; ~ 70
x 10722 5 or mean life of 7 &~ 100 x 10722 5. In Fig. 13(c)
we see that the model description of the data is not un-
reasonable. The major point here is that the correlations
are weak and the effective mean lifetime is correspond-
ingly rather long.

The calculated correlation functions are quite weak,
in agreement with the data. These weak correlations
result from an accumulation of time intervals over the
randomly selected steps. The average number (Ngtep) of
evaporated light particles (n,p,d,t,a), predicted for an
equilibrated 48Tb (with an average spin Jym,s &~ 504), is
calculated [31] to be (Ngiep) =~ 8.6. Although the initial
mean lifetime is calculated to be close to 1 x 1072 s, it
is relatively rare that one selects particles from steps 1
and 2. More often, at least one of the particles is chosen
later in the chain, thus giving a much greater average
time interval, especially for protons since their emission
probability is quite uniform over all the cascade.

For the 680 MeV “4°Ar reaction, similar comparisons
are shown for *H-'H pairs in Fig. 14. For this case the
calculated anticorrelations are much stronger. The rea-
son for this is clear from the trend of calculated lifetimes;
we see in Fig. 6 that the average statistical-model life-
times are < 5 x 10722 s for each of the first seven emission
steps while the latter steps follow rather closely the trend
for the 312 MeV reaction. This calculated result is also
shown in the difference between the time delay curves ob-
tained for each energy as shown in Figs. 13(d) and 14(d).

In the framework of the statistical model the selection
of the rare d-d pairs or even more rare t-t pairs would
bias the probability for emission toward the earlier and
hotter emitters. This bias of emission probabilities [33]
is shown in Fig. 15 for 'H versus 2H versus 3H; with
these input probabilities the statistical-model predictions
can be expected to give stronger anticorrelations for 2H-
2H and 3H-3H compared to 'H-'H. This arises from the
respective relative yields of these hydrogen isotopes; for
1H the emission yield is rather uniformly spread over 14
steps, whereas the 2H yields are heavily weighted toward
the first half of the chain where the time delays are short.
This bias is even stronger for tritons, since their relative
emission probabilities drop even faster after the tenth
step of the cascade.

The statistical model predictions for 2H-2H and 3H-
3H pairs are shown to be in good agreement with the
observed correlation functions. These comparisons are
shown in Figs. 16 and 17, respectively, for the 2H-2H and
3H-3H cases. First we see from these figures that the 2H
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and 3H energy spectra are well reproduced with a value
for the level density parameter a = A/8.0.

These energy spectra do subsequently lead to a good
representation of the associated Py spectra. Comparison
of the correlation functions shown in Figs. 16(c) and 17(c)
does indicate that the sequential emission approach
seems to be acceptable for these processes. Evidence
for average delay time as the major driving force can
be based on the slopes of the time distributions shown in
Figs. 16(d) and 17(d). The calculated average value for
the emission time delays are (td%) ~ 20 x 10722 s, and
(th) =~ 10 x 10722 5.

These (t4e1) values do agree with the statistical model
predictions for the expected decrease in the time scales
for the emission of tritons versus deuterons versus pro-
tons and thus give support to the model. However, one
must point out that the stepwise values of 7 as shown in
Fig. 6 descend to the incredibly short times of ~ 10722 s
for T =~ 4.2 MeV. It seems likely that dynamical limits
may come into play and override the phase space consid-
erations that give the statistical-model predictions.
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V. MULTISTEP EMISSION WITH A DIFFERENT
APPROACH TO THE TIME SEQUENCE

In the last section we showed that correlation func-
tions for several particle pairs can be accounted for by
sequential particle evaporation. The problem with this
approach is the fact that one is ascribing incredibly short
mean lifetimes (=~ 10722 s) to the first several steps of
the evaporation chain. These calculated lifetimes were
derived from a formula based only on the available phase
space. No dynamical constraints were imposed relative
to intrinsic signal velocities and nuclear dimensions. As
a rule of thumb it is often said that the nuclear “traver-
sal time” (radius-velocity) will limit the applicability of
such a phase space formulation. For the reaction 680
MeV 4°Ar + ™@tAg the traversal time is ~ 5 x 10722 s
which is longer than the calculated evaporation time for
the first six emission steps. This then presents us with a
dilemma, in spite of the relatively good fit of the data by
the model calculation.

As a start on the consideration of possible dynamical
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effects, we impose a new parametrization for the emis-
sion time sequence. The assumption is that a composite
system requires a certain minimum time interval Ty, to
reset its clock between emission steps. For all steps hav-
ing calculated mean lifetimes 7; greater than 7Tpyin, Do
alteration is made in the calculational procedure. How-
ever, we make two major changes for all steps calculated
to have T; < Tmin. First these steps are all assigned mean
lifetimes 7; = Timin; second the emission times for these
steps are all calculated from a common time zero. In
other words these emission steps are all said to be taking
place concurrently with no summation of times (or reset
of the clock to zero).

Figure 18 shows two such calculations for 7n;, values
of 1 x 10729 s and 5 x 1022 5. The value Tpyin = 10720 s
leads to long delay times and weaker anticorrelations
than those observed. However for Tpmin = 5 x 10722 s the
decay curve is much steeper and the calculation gives a
good fit to the data. The decay curve in Fig. 16(d) is very
similar to that of Fig. 18(d) even though the associated
calculational rules are very different.

In Fig. 19 one can follow more closely the relationship
between the calculated decay curves 19(a) and their asso-
ciated correlation functions 19(b). It is clear that values
of Tmin > 5 x 1072 s do not give strong enough anticor-
relations to fit the data. For these large values of T,
the decay curves are much flatter than that for 7, = 5
x 10722 s; this latter value does provide a good fit to the
data.
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A reasonable conclusion is that it is only the decay
curve that matters to the calculated correlation func-
tions, not the rules for its formulation. As for the physics
of the time scale selection, this comparison seems to sug-
gest that these excited nuclei are at or near the limits for
validity of the concept of simple sequential emission. The
notion of concurrent evaporationlike emission is therefore
suggested. It is interesting that particle and fragment
emission times [35] both seem to be =~ 5 x 1072% s; could
this be the dynamical limit for hot composite nuclear
decay?

VI. SUMMARY

The main goal of this work has been the study of hot
composite nuclear systems first by selecting a reasonably
homogeneous set, then by determining their characteris-
tics, and finally by testing their pattern of decay lifetimes.

For “°Ar induced reactions with "*tAg at two different
excitation energies, we characterize the hot composite
nuclear emitters via large-angle particle-particle correla-
tions. Evidence is presented for essentially complete en-
ergy thermalization, even for composite systems formed
at 17A MeV with high initial spin Jyys = 64/ and intial
temperature T = 4.5 MeV.

For these selected emitters we used small-angle
particle-particle correlations to probe the decay lifetimes.
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These correlation measurements for 'H-'H for both 312
and 680 MeV reactions show consistency with phase
space, statistical-model predictions of the evaporation
lifetimes. This result implies that evaporative particle
emission steps occur with intervals of order 10722 s, a
time period comparable to the traversal time for a pro-
jectile velocity of 174 MeV. The statistical model pre-
dicts even shorter lifetimes as the excitation energy is in-
creased, and indeed we observed stronger correlations for
evaporated 'H-'H pairs from composite systems formed
in the reaction at 174 MeV compared to 7.84 MeV.
The rare particle pairs, 2H-2H and 3H-3H, were studied
for the reaction 174 MeV 4CAr + "3t Ag: these two parti-
cle pairs should produce stronger correlations, since they

are expected to be preferentially emitted at the earlier
steps of the sequential decay cascade. Their small-angle
correlations do indeed show stronger correlations com-
pared to the 'H-'H case, and comparisons to multistep
emission calculations allow assignment of numerical val-
ues for the effective average emission time delays.
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