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Two-Particle Correlations from Neutron-Light-Charged-Particle Coincidences
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The first correlation functions from a neutron-light-charged-particle small-angle coincidence mea-

surement are reported for the ' 0+ "Al reaction at E( 0) =215 MeV. Clear evidence for singlet-

deuteron and He production, and an anticorrelation of low-relative-momentum neutron-deuteron pairs,
is observed. The nuclear temperature of 1.6+'0.3 MeV, calculated from the ratio of excited-state to
ground-state deuteron emission and corrected for sequential emission, is considerably lower than expect-
ed.

PACS numbers: 25.70.Gh

In recent years, two-particle correlation data at small
relative momenta have been used to probe properties of
nuclear interactions such as source sizes, ' temperatures,
and decay lifetimes. Correlations resulting from in-

teractions between the two emitted particles can arise
from several sources, including nuclear and Coulomb
final-state interactions, decays of particle-unstable
states, and quantum statistics. We report here on
correlation functions measured in the first two-particle
interferometry experiment involving neutron-light-
charged-particle pairs, for which Coulomb interactions
are absent. One principal motivation for this experiment
was to test the "deuteron thermometer, " the simplest of
the quantum thermometers which register the tempera-
ture of nuclear systems in terms of the population ratio
of excited states of thermally emitted particles. Mea-
surements of this kind have been made for relatively
long-lived, y-emitting final states, ' and also for
particle-unbound states of complex fragments. The
deuteron thermometer is, however, particularly simple
since the deuteron possesses only one excited state. It
can also be utilized at lower energies where the thermal
emission of more complex fragments is improbable, and
where the reaction mechanism is more likely to involve
the formation of an equilibrated compound nucleus. We
will present np, nd, and na correlation functions, the pro-
duction cross sections for excited-state deuterons (d )
and He fragments, and the nuclear temperature de-
duced from the deuteron thermometer.

The experiment was performed using a 215-MeV ' 0
beam from the ATLAS accelerator at Argonne National
Laboratory incident on a 800-pg/cm target of Al.
This reaction was selected since the equivalent charged-

particle correlation data already exist. Coincident par-
ticles were detected in two detector arrays centered at
~ 45' with respect to the beam and covering the angular
range from 42 to 48'. Each array consisted of three
NaI(T1) charged-particle detectors in the horizontal
plane, and four liquid-scintillator neutron detectors, two
above and two below the horizontal plane. The opening
angle between nearest neutron-charged-particle detector
pairs was 3.1'. The six charged-particle detectors, 5.0-
cm-diameter-by-3. 8-cm-long cylindrical NaI(T1) crystals
covered with protective 6-mg/cm Havar foils and cou-
pled to phototubes, were placed 1.2 m from the target
and collimated to a diameter of 3.8 cm. Charged-
particle identification was accomplished oF line using the
energy, time-of-tlight (TOF), and pulse-shape signals as
described in Refs. 11 and 12, and energy calibrations for
Z =1 and 2 particles were obtained via the ' C(' O, a)
reaction at several beam energies and the kinematics of
Li breakup. The eight neutron detectors, 12.5-cm-

diameter-by-7. 5-cm-long cylindrical NE-213 cells cou-
pled to fast-timing phototubes, were placed 2.4 m from
the target. Neutron shadowbars consisting of 25-cm-
long brass cylinders placed halfway between the detector
and the target were used to measure coincidence events
due to scattered neutrons. Contaminant y rays were re-
moved oF line by pulse-shape discrimination, and neu-
tron energies were determined from the TOI. . The time
resolution of 1.0 ns, combined with the long neutron
flight path, yielded excellent neutron energy resolution.
The low-energy thresholds for each particle type were
2.0, 2.5, 2.7, and 6.6 MeV for n, p, d, and o particles, re-
spectively, corresponding to the lowest energy where reli-
able particle identification could be made. The ' 0
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beam consisted of approximately 260-ps-wide bunches
(FWHM) separated by 240 ns, with an average current
of 5 particlenA on target. Beam passing through the
target was collected in a well shielded beam dump 4 m

from the target. The total (dead-time-corrected) in-

tegrated charge on target was 5.3 mC.
Twofold neutron-light-charged-particle events were

histogrammed according to the magnitude of the relative
momentum q defined by

The particle energies and detector angles determine the
velocity vectors vi and v2, and p is the reduced mass of
the coincident particles. Scattered-neutron coincidence
events, measured in the shadowbar runs and normalized
to the integrated charge on target, as well as random
coincidences determined from events with particles from
consecutive beam bursts, were subtracted from the mea-
sured q spectra. Correlation functions were then formed

by taking the ratio of the measured relative momentum
spectrum to a background spectrum which is free of
correlations. We estimated this background for each
two-particle combination by event mixing' the coin-
cident events from the same pair of detectors, thus

preserving all the detector characteristics and especially
the thresholds and detection efficiencies. Furthermore,
the small- (large-) opening-angle background is con-
structed from events with small (large) opening angles.

Figure 1 shows the correlation functions for the np,

O

I I I I

I.O -t

u1)
o un

0.5.
r

O
~~
+
U
OP

I
O

g. Q.b, ttIb, bbi 0'I"7"

0.5
0

I 1 I I

40 80 I 20
q (MeVic)

FIG. 1. Correlation functions for na, nd, and np coincident
events. Small-opening-angle data are indicated by circles and
large-opening-angle data by squares. The dashed and solid
horizontal lines indicate the background correlation ratio for
the small- and large-opening-angle data as explained in the
text.

nd, and na coincidence data obtained in the present ex-
perirnent. The high-q data, indicated by squares in the
figure, result from coincidences between particles detect-
ed on opposite sides of the beam (large-opening-angle
events). These events are relatively free of correlations
due to two-particle interactions and the correlation func-
tions are flat and average to unity as expected. The
low-q data, corresponding to coincident particles detect-
ed at small opening angles within the same detector ar-
ray and indicated by circles in the figure, are most sensi-
tive to two-particle correlations. Event-mixing uncorre-
lated data results in a self-normalized background so
that all three correlation functions average to unity at
high q. However, in the presence of strong positive (or
negative) correlations such as occur in the np and na
(nd) small-opening-angle data, conservation of the num-

ber of events in the event-mixing procedure results in a
constant overestimation (underestimation) of the back-
ground spectrum over the entire low-q region. This
drives the local background correlation ratio below
(above) unity. Thus the two peaks in the np and na data
are superimposed onto a flat local background that aver-
ages to 0.90+ 0.03, 0.82~0.03, and 1.04~0.07 for the
np, na, and nd data, respectively. These values (shown

by the dashed horizontal lines in Fig. 1) were determined
by averaging the small-opening-angle correlation data
away from the peaks (dip).

The peaks in the np and na correlation functions are
due to the emission of particle-unstable states, specifi-
cally '5 deuteron (d*) emission in the np case and He
emission in the na case. The nd correlation function is
essentially flat due to the absence of particle-unstable
states in the 'H system, but with evidence for an anti-
correlation at low-relative-momentum. This anticorrela-
tion cannot be a Coulomb efl'ect as there is no final-state
Coulomb interaction between these two particles. One
possibility is the reduction in low relative momentum nd
pairs due to ground-state H formation. ' On the other
hand, the observed anticorrelation may be due to the
strongly repulsive nd quartet s-wave interaction, the na-
ture of which is of considerable current interest' ' in

three-body scattering theory. Very recently, it has been
shown' to be a manifestation of the repulsion induced

by the Pauli principle, in which case our anticorrelation
~ould be a quantum-statistical effect.

Figure 2 sho~s the emission spectra for d* and He
particles, extracted from the small-opening-angle coin-
cidence data by renormalizing the event-mixed back-
ground spectrum (as discussed above) and subtracting
the result from the measured relative momentum spec-
tra. These data have been efficiency corrected by the
eAective solid angle for detection of correlated particle
pairs. This efficiency, a function of the relative momen-
tum and the individual detector thresholds, efficiencies,
and solid angles, was determined from Monte Carlo
simulations of d* and He emission from a Sc com-
pound nucleus. The laboratory energy distributions for

2119



VOLUME 65, NUMBER 17 PHYSICAL REVIEW LETTERS 22 OCTOBER 1990

I 600

I 200

I
1

1

5
He

800—)
Cp

~& 400—

V) Q
0

j00

g .. 1 I

20 40 60 80

CF
b 75—

50—

25

0
4Q0 10 20 30

q ( MeV/c )

FIG. 2. Efficiency-corrected emission spectra for 'He and
d*. The curves, which are normalized to the data, are ex-
plained in the text.

the d* and 'He particles were taken to be identical to
the deuteron and a-particle spectra measured in this ex-
periment. Energy-dependent neutron detector efficien-
cies determined from the program TOTEFF were also
incorporated into the simulation. The smooth curves in

Fig. 2 are theoretical emission spectra in relative
momentum for the two particle-unstable states, taken
from the relative energy parametrizations of Ref. 7 con-
verted to relative momentum and normalized to our
data. We observe excellent agreement for the 'He yield
curve, and very good agreement for the d* yield al-

though the low detection efficiency for pn relative mo-

menta above 20 MeV/c prevented us from observing d*
events in this region.

The cross sections for He and d* production were
determined by integrating the curves in Fig. 2, giving
24~2 mb/sr for He production, and 1.3~0.4 mb/sr
for d* production, at an average laboratory angle of 45'.
The quoted errors do not reflect systematic uncertainties
such as those incurred in the efficiency correction. The
principle unknown in the efficiency correction (the calcu-
lated neutron detector response) is estimated to contrib-
ute less than 25% uncertainty. For comparison purposes,
the measured cross sections for p, d, and a emission in

this same experiment at Bi,. b=45' are 349+ 1, 73.0
~ 0.5, and 477 ~ 1 mb/sr, respectively.

Within the thermal model of composite particle emis-
sion, ' the nuclear temperature is obtained from the ra-
tio of d* to d emission, R, which is related to the nuclear
temperature and the energy difrerence of the two states
according to

r

2Ji+1R=f
2J2+1 T

exp

Here, J i and J2 are the spins of the d and d*, respective-
ly, s is the energy separation between the two states
(a=2.26 MeV), and T is the nuclear temperature in

MeV. The quantity f is a phase-space factor that
reduces the emission probability for virtual states such as
the d* and for broad resonances. In the present case,
f=0.34. The experimental d*/d ratio gives T =1.2
+ 0.3 MeV, considerably lower than the temperatures
suggested by the slopes of the light-particle (n,p, d, a)
emission spectra, all of which are above 4 MeV. Even
the d* emission spectrum, obtained by summing the c.m.
energy of the detected proton and neutron (deduced
from the laboratory energies assuming emission from the
compound nucleus), gives a slope temperature consistent
with that obtained from the other light-particle spectra.
This low d*/d temperature, relative to the slope temper-
atures, is similar to the results of previous population ra-
tio temperature measurements ' ' using heavier mass
fragments.

The nuclear temperature of the Sc compound sys-
tem, including a correction for excitation energy bound

up in collective motion, can be calculated in the Fermi-
gas model. We compute an average nuclear tempera-
ture of 4.4 MeV from the temperatures of the daughter
nuclei produced in the deexcitation of the Sc system
[as predicted by CASCADE (Ref. 23)], weighted by the
deuteron emission probability of each daughter. This is
considerably hotter than the d*/d result but in good
agreement with the slope temperatures. Although there
are no higher-lying excited states of the deuteron to feed
either the singlet or ground states, contaminant deute-
rons from sources other than direct evaporation from the
compound nucleus that preferentially populate the deute-
ron ground state could lower the inferred d*/d tempera-
ture. Preliminary calculations of the contaminant deute-
ron emission from heavy fragments (3 ~ Z ( 11) emit-
ted from the Sc compound system suggest that the
sequential emission is dominated by the first deuteron-
unbound excited state in Li. In fact, about 60% of the
total contamination results from this one state. Its pro-
duction cross section (extracted from the da coincidence
data) is 14.6~1.2 mb/sr at ei,. b=45', from which we
deduce a sequential emission contamination of 24 mb/sr
in the deuteron yield and a modified d*/d temperature
of 1.6+ 0.3 MeV, which is still much lower than the ex-
pected 4.4 MeV. This result is in contrast with the re-
cent conclusions of Lee et a/. , who obtain agreement
with Fermi-gas-model temperatures from population ra-
tios of 3 =7 and 10 fragments emitted in Ar+ ' C col-
lisions at E/A =8, 10, and 12 MeV/A, after correcting
for sequential emission. To reconcile the d*/d tempera-
ture with the Fermi-gas-model result would require an
additional deuteron contamination of 30 mb/sr, beyond
the sequential emission component. Such deuterons
could come from direct or other noncompound reactions,
but based upon the (unpublished) deuteron c.m. angular
distribution measured during the experiments of Ref. 5,
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we estimate less than 10 mb/sr of the deuteron yield at
B~„.b =45 is due to nonisotropic emission in the com-
pound nuclear c.m. reference frame.

We have presented, for the first time, correlation func-
tions for neutron-charged-particle coincidences, which
show clear effects due to the nuclear interaction between
the emitted particles. Strong correlations due to d and

He emission were observed in the np and na data, and
production cross sections for these unstable states were
extracted. An anticorrelation due to a nuclear interac-
tion not involving short-lived resonant states was ob-
served in the nd case. It will be of interest to see if this
latter eAect can be explained by, e.g. , formation of H
via coalescence of low-relative-momentum particles, or if
it is a manifestation of quantum statistics. Finally, a nu-
clear temperature of 1.6~0.3 MeV was deduced from
the ratio of d*/d production within the thermal model,
after correction for sequential feeding. This is much
lower than either the slope temperatures computed from
the energy spectra of the measured light particles or the
temperature expected within the Fermi-gas model, and
raises again the possibility that excited-state populations
may not be described by simple Boltzmann factors.
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