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We present data for small-angle particle-particle correlations from the reactions 80, 140, 215,
and 250 MeV 'O+ ?’Al— p-p or p-d. The main features of these data are anticorrelations for
small relative momenta (<25 MeV/c) that strengthen with increasing bombarding energy. Sta-
tistical model calculations have been performed to predict the mean lifetimes for each step of eva-
porative decay, and then simulate the trajectories of the particle pairs and the resulting particle
correlations. This simulation accounts very well for the trends of the data and can provide an im-
portant new test for the hypothesis of equilibration on which the model is built.

The statistical evaporation model stands as one of the
most widely used tools to describe nuclear reaction pro-
cesses involving composite nuclei with large excitation en-
ergies. The working formulas were originally derived by
reference to the principle of detailed balance:'

PAWab =PBWhq » (1)

where the number of distinguishable states for the initial
(final) system is denoted by p4 (pg) and the transition
rate from a to b (b to a) is we, (wi). With this postulate
the total rate P, of transitions from a to b is given by the
sum

Pv=fwab=prWE';/pA )

over all paths from a to b, where wg;, refers to the time re-
versed transition.

Equation (2) (in various forms) has been implemented
in a number of statistical model codes, and observed parti-
cle spectra and cross sections are often interpreted in
terms of the level densities pg of the residual nuclei and
the inverse reaction probabilities wy, (or the associated
transmission coefficients). Such applications of the model
involve only the relative decay rates. However, if one uses
a particular model for the level densities of both emitter
and residual nuclei p4 and pp (generally the Fermi-gas
model) and another model for the inverse reaction proba-
bilities wyy, then Eq. (2) can predict absolute decay rates
P, or mean lifetimes (P,”'). A test of these predictions is
a test for statistical equilibrium as embodied in Eq. (1).
Therefore, such tests can be of fundamental importance
for our understanding of the extent of equilibration in nu-
clear reactions.

The Ericson fluctuation method can provide widths (or
lifetimes) in the medium excitation energy regime of over-
lapping levels.? At still higher energies, measurements of
small-angle correlations (SAC) between two evaporated
protons have recently been shown to provide lifetime infor-
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mation.® In this work we advance these correlation stud-
ies in a number of ways: first, we make measurements
over a wide incident energy range 80, 140, 215, and 250
MeV '®O+ 27Al; second, we present data for both p-p and
p-d correlations; third, we compare the correlation data to
multistep evaporation calculations.

In a closely related study* we have made symmetry
tests of particle correlations for p-p, p-d, d-d, a-a, a-d,
and d-p pairs from 140 MeV 'O+ ?’Al; the results show
that the p-p, p-d, and d-d pairs are consistent with in-
dependent particle evaporation and are, therefore, good
candidates for tests of evaporation theory. The a-a, a-d,
and a-p pairs do not pass the symmetry test; their correla-
tions are dominated by the decay of particle unstable frag-
ments ®Be, °Li, and °Li.

Measurements for 80 and 140 MeV 'O+ ?’Al were
performed at the Stony Brook Linac; and for 215 and 250
MeV '60 at the ATLAS facility of the Argonne National
Laboratory. The 2’Al targets had areal densities of = 1
mg/cm?. Clusters of seven Nal(TI) detectors were posi-
tioned in a hexagonal array as described in Table I. De-
tails concerning the detector characteristics and calibra-

TABLE 1. Detector geometry and characteristics. Energy
thresholds were 2 and 5 MeV for p and d, respectively, for each
Nal(TI) scintillator. Two seven-member clusters on opposite
sides of the beam were used for 80 and 140 MeV, one cluster for
215 and 250 MeV.

Beam Flight Mean lab Nearest- Collimator
energy path scattering neighbor size
(MeV) (cm) angle separation (cm)

80 69 45° 4.62° 3.18
140 81 50° 3.91° 3.18
215 124 53.5° 3.00° 3.81
250 124 45° 3.00° 3.81
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FIG. 1. The p-p and p-d correlations for 80, 140, 215, and 250 MeV incident energy. For both the data and the calculations there

is no arbitrary normalization.

tion methods are given elsewhere.> ¢ Small-angle coin-
cidence events (intracluster) were summed over energy
and angle and binned in relative momentum P, to form a
spectrum A(P.). A two-particle correlation function is
defined as the ratio A(P.y)/B(P.i) where B(P.y) is a
reference spectrum free from the correlations of interest.
In practice, B(P,) is approximated by false coincidences,
constructed either by mixing true coincidence events or
from inclusive spectra. As in our earlier work, event mix-
ing has been adopted here and the same number of events
is used for both the 4 and B spectra.

In Fig. 1 we show the observed correlation functions
(data points) for p-p and p-d pairs. The calculated curves
will be described and discussed below. First, let us note
some general features of the data: (a) The major aspect is
an anticorrelation for small values of P, (=< 25 MeV/c).
(b) The strength of this anticorrelation grows with in-
creasing incident energy. (c) Results from p-p and p-d

pairs are very similar, except for p-p from 215 (and possi-
bly 250) MeV '%0 where there is a semblance of a broad
peak at = 15-35 MeV/c. In the discussion below we use
these results to test predictions of the evaporation model.

To obtain predictions from the statistical model we
have used two separate computer programs in conjunc-
tion. The first is a Monte Carlo version of the code
CASCADE (Ref. 7), which has been modified to calculate
the mean lifetime 7 [or P,”' from the equivalent to Eq.
(2)] for each particle at each stage (or step) of the eva-
poration chain. In addition, we sort the output from this
CASCADE calculation to obtain the predicted frequency,
and the energy spectrum for protons and deuterons at
each decay stage. The calculated energy spectra are well
described by the function

P(E)=(E—V;)*exp(—E/T;) (3)
with separate values of V; and T; for each state i. (These

TABLE II. Stepwise description of proton evaporation (140 MeV '°O+ ?’Al). For protons we used a
Monte Carlo version of the code CASCADE.” This version does not yet treat deuterons so we used the
standard CASCADE code to approximate these energy spectra. It also indicates that deuteron emission is
essentially confined to the first two steps with equal probability.

a=A/8 a=A/10
Stage Vi T, T v, T, T

) Frequency (MeV) (MeV) (107%2s) Frequency (MeV) (MeV) (1072 5)
1 0.19 1.66 2.96 5.4 0.20 1.66 3.18 3.1

2 0.18 1.65 2.72 7.8 0.19 1.65 2.88 45

3 0.17 1.56 2.46 11.3 0.18 1.51 2.62 6.6

4 0.16 1.41 2.20 22.3 0.17 1.38 2.30 12.1

5 0.15 1.26 1.88 1.4x10? 0.14 1.07 2.24 5.7%10?
6 0.11 0.17 1.63 2.9%10* 0.09 —0.35 1.65 4.1%x10*
7 0.04 —0.12 1.07 1.6x10° 0.02 —0.09 0.94 1.9%x10°
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values of ¥; and T; are purely empirical and have no role
in the interpretations.) In Table II a set of calculated re-
sults (140 MeV 'O+ ?7Al) is given for two separate
values of the level density parameter, a=A4/8 and A4/10.
Results also have been calculated for the other bombard-
ing energies.

To obtain correlation functions for p-p or p-d pairs, we
use a separate simulation program to follow the Coulomb
trajectories of each particle.>®* The simulation program is
based on the classical idea of evaporative emission. The
three basic elements of the model are as follows: (a) Par-
ticles are evaporated radially from the surface of a com-
pound nucleus at randomly chosen angles. (b) The parti-
cle energies are selected from the distribution functions in
Eq. (3). (c) The distribution of time delays between two
particles is given by the standard exponential relation
characterized by mean times 1; (see, e.g., Table II). Indi-
vidual events are generated by a Monte Carlo method.
Once the angles of emission, the energies, and the time de-
lay have been chosen, the program calculates the
Coulomb trajectory of each, and then tests to see if both
particles have hit separate members of a detector pair to
give a valid coincidence. For convenience the simulation
is done with three “detectors” positioned at the appropri-
ate mean scattering angle (Table I) whose angular sepa-
rations closely approximate the actual separations of the
array.

The input parameters include the numbers needed to
define the velocity, charge, and mass of each detected par-
ticle, as well as the threshold energy, direction, and open-
ing angle for each detector. The evaporation chain is
characterized by “stages” where the energy distribution is
described by Eq. (3) with input values of V;, T;, and t;
along with the probability of evaporation for each stage i.
Table II gives one example. For each trial event the code
proceeds as follows: (1) The particle emission stage for
each of the two particles is chosen. (2) The angles of
emission are randomly chosen in the angular range where
particles can possibly be accepted by the two detectors.
(3) The energies are chosen from the appropriate weight-
ing function [Eq. (3)]. (4) The time delay is determined
by taking the time difference between the time to emit the
second and first particle. For example, if the first particle
is emitted in stage i and the second in stage j, then fgclay
=t(i+1)+ --- +1(j), where in each step (k) is chosen
from the distribution ¢ (k) =exp(—1t/7;).

In the computation the first particle moves radially dur-
ing the time taken to give birth to the second. Then the
relative velocity and position of the two particles are cal-
culated. The direction of the two-particle center-of-mass
(c.m.) velocity is checked to see if it lies in the acceptance
range of the detectors. If it does, the asymptotic momenta
are found by assuming a hyperbolic Coulomb trajectory in
the two-particle c.m. frame. If the two particles hit the
two detectors, the relative momentum is calculated and
binned. Pseudomomenta are also calculated from mixed
events in order to create the reference spectrum used for
the correlation function (identical procedure used for data
analysis). For 215 and 250 MeV '®O+ 2’Al calculations
were made for both complete fusion and for incomplete
fusion of a '*C at the beam velocity. The calculated
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correlation functions turn out to be very similar, and we
only give results for complete fusion. For complete fusion
the initial lifetime is shorter, but the average number of
evaporation steps is greater; these two differences essen-
tially cancel in their effect on the correlation function.

Since quantum mechanics and nuclear interactions are
both neglected in this approach, it can have validity only if
the particle-particle separation distances are relatively
large. In Fig. 2 we show calculated distributions for the
time delay between particles and for the distance of
closest approach. These distributions are very broad; the
average separation distances are hundreds of Fermis and,
as shown in Table III, the fraction of events with close en-
counters (Rmin < 5 fm) is small(i.e., < 10%) even for 250
MeV 'O+ ?’Al. Our simple trajectory calculation is thus
likely to be adequate for these situations, i.e., for emission
times predicted by the statistical evaporation model.

lo ‘Ill‘lll]lll]]TTll]T‘lI

(a)

o
E M
=4 v »
z W-_'F"w
l]lllllJlllllllllLJlllll
300 400 500
Closest Approach ( fm.)
10 1] L] T ]j LI L] l L] T L] l‘[ LB L] T
(b)
y
£
z W\hﬁ.‘ﬁw

JJLJJJIIIIIIIIILIJAL

180 200
Tlme Delay ( 107%s)
FIG.2. Simulated distributions for (a) the distance of closest

approach and (b) the time delay between emitted particles in
the reaction 140 MeV 'O+ YAl— p-p+X.
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TABLE III. Some average calculated quantities for proton-
proton correlations. Ry is the particle-particle separation at
birth, Rmin is the particle-particle distance of closest approach
for accepted events (a=A4/10). The particle charge was set to
zero so there would not be a correlation in the context of the
model for the case given in the third row. Comparison of rows
two and three indicates the effect of the Coulomb repulsion.

Energy Fraction Fraction
(MCV) (RO <5 fm) (Rmin <5 fm)
80 0.4% 1.6%
140 1.1% 4.1%
140 4.6% 8.4%
215 1.5% 5.1%
250 1.8% 6.5%

Figure 3 shows calculated correlation functions for p-p
pairs from the reaction 140 MeV '®°O+ ?’Al; the evapora-
tion model results, e.g., Table 11, provided the input for
the Monte Carlo trajectory calculations. Calculated life-
times corresponding to a=A4/10 are about 60% as long as
those for a=A4/8 (Table II). This results in slightly
stronger correlations for a=A4/10 as shown in Fig. 3(a).
In Fig. 4 we show an observed proton spectrum along with
calculated spectra for “a” values of 4/10 and 4/8. The
major effect of a change in a is a small slope change at
high energies. In this paper our objective is to get a gen-
eral overview of the expected trend of the correlation
functions if statistical equilibration has been achieved.
For this purpose we choose a=A/10 as a value that is
often used and gives a spectral shape at high energies that
is similar to our data. We have not attempted to obtain a
detailed fit to all the observables as this would take us well
beyond the scope of this study.

Now let us return to the correlation functions in Fig. 1;
the solid curves were calculated as described above. It
seems that these calculations can account for the trends of
the data, however, there tends to be a small underestimate
of the strength of the observed correlations. In addition,
the evaporation model (for independent protons) does not
reproduce the semblance of a broad peak for P = 15-35
MeV/c in the p-p correlations at the higher incident ener-
gies. Otherwise, the trends of the small-angle correlation
data are generally consistent with the pattern of lifetimes
predicted by use of the equilibrium theory. For the data
in Fig. 1 the relevant range of nuclear temperatures spans
a wide range, i.e, from =1 MeV (for the final emission
step) to =5 MeV (for the temperature of the initial com-
posite nucleus formed by 250 MeV 'O+ ?’Al). The
correlation is significantly damped by detection of parti-
cles emitted late in the cooling process as illustrated in
Fig. 3(b), where the simulation for the full chain is com-
pared to one where emission is assumed to occur in the
first two stages.

The deviations between calculations and data in Fig. 1
might indicate that the actual nuclear lifetimes are some-
what shorter than those predicted. However, we do not
wish to draw such a conclusion until our simulation model
has been further refined. For example, the evaporation
model predicts a distribution of mean lifetimes for each
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FIG. 3. Simulated p-p correlations for 140 MeV 'O+ ?’Al
using the statistical model. In (a) two choices of the level densi-
ty parameter a are compared. See Table II for the input to the
calculation. The simulations have 70000 events, and the error
bars suggest the accuracy with which the smooth lines in Fig. 1
were drawn. (b) The same simulation with a=A/10 is com-
pared to one where emission is allowed only in the first two
stages of the cooling process.

step, only the average of which has been used here. Pre-
liminary estimates indicate somewhat stronger correla-
tions when these distributions are included. These, and
other effects, will be considered in further developments of
the reaction simulations.

The correlations of other particle species, e.g., d-a or
a-a, exhibit peaks associated with well-known nuclear res-
onances. In a separate paper® we show, at least for 140
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FIG. 4. Inclusive laboratory spectra for protons at ., =50°
(140 MeV 'O+ ?’Al). Solid and dashed lines show statistical
model calculations (CASCADE) using a=A/10 and A/8, respec-
tively.

MeV '®O+?7Al, that these cases are strongly influenced
by sequential decay, and hence carry no direct informa-
tion about evaporation lifetimes. The small mismatch be-
tween the calculated curves and the 215 and 250 MeV p-p
correlation data may be related to our neglect of the nu-
clear force, and, in particular to 2He formation and decay.
Bernstein et al.,? in a correlation study of the same reac-
tion, have shown that this can be an important effect at
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more forward angles and at 400 MeV incident energy. In
general the relative influence of sequential 2He decay
compared to independent proton emission is expected to
increase with increasing excitation energy in an evapora-
tion model.®

To summarize, we have presented p-p and p-d correla-
tions in an energy regime where particle evaporation from
a compound nucleus is important. The trends of the
correlation patterns have been accounted for by an ap-
proach that uses standard statistical model parameters to
give particle energy distributions and lifetimes together
with final-state interactions from the long-range Coulomb
force. In this study of p-p and p-d pairs, the average time
interval between emissions is rather long because of the
many emission steps involved. In future work it should be
possible to choose gating conditions that will emphasize
the short delay times between the first few emission steps.
It seems to us that the small-angle correlation technique
constitutes a major new test for statistical equilibration
and a tool for the study of the statistical properties of hot
nuclei.
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