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Pre-equilibrium and equilibrium emission of neutrons in '"*Cd(«, xn) reactions
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The '"“Cd(a,xn) reaction has been studied for E, = 35-55 MeV following neutron emission and y-ray
deexcitation. Excitation functions of various («,xn) channels measured from y-ray yields have been compared
with theoretical calculations based on ALICE-91 and CASCADE codes. Neutron energy spectra were generated
from y-gated neutron time of flight spectra. Neutron energy spectra corresponding to («,3n) and («,4n)
reactions at E, =50 MeV have been theoretically reproduced taking into account the contributions of
equilibrated source with level density parameter a = A /11, along with the contributions from the pre-equilbrium

process.
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I. INTRODUCTION

Nuclear reactions induced by fast projectiles having ener-
gies above 10 MeV/A are governed by the strong interaction
[1]. Under its influence, some fast particles are emitted before
thermal equilibration. Fast projectiles incident on a target
interact with the target nucleons and, as a result, energetic
neutrons are predominantly emitted. Emission of energetic
neutrons followed by nonstatistical y rays arising out of
particle-hole excitations are considered to be a pre-equilibrium
process that occurs at the initial stage of the collision. At a
later stage, with the formation of an equilibrated system of
a compound nucleus, statistical evaporation of neutrons takes
place.

A good deal of the nuclear reaction mechanism can
be understood by examining the energy spectra of emitted
neutrons [2-5]. In typical experiments, neutrons are detected
in coincidence with the evaporation residues or fragments.
Many of the gross features of the reaction mechanism, such as
level density parameters, temperatures, and multiplicities, can
be deduced from the inclusive and exclusive measurements of
the neutron energy spectra. In reactions where many reaction
channels are open, identification of the various channels
through characteristic y rays is utilized [6]. Thus, in («,xn)
reactions where the number of reaction channels are limited,
selection of a particular residual channel can be made quite
efficiently by detecting the characteristic y rays.

Nuclear reactions induced by « particles of energies
~30 MeV/A were studied earlier by Sakai et al. [7] on '*Dy.
It appeared from their studies of («,xn) reactions that a con-
siderable contribution of pre-equilibrium neutrons is observed
in the forward direction, in addition to the contribution from
the equilibrated compound nuclear system. As a result, one
expects an interplay between the two reaction mechanisms,
that is, the pre-equilibrium process and the compound nuclear
process. Studies of heavy-ion-induced reactions on '*8Gd
corroborate [8,9] the existence of both processes. However,
studies on these aspects are rather rare and, therefore, further
investigation is needed on other systems.
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In the present work, ''*Cd(a,xn) reactions have been
studied through («,xn) channels by observing the y rays
and y-gated neutrons corresponding to («,3n) and («,4n)
channels with the motivation of observing the interplay of
the two reaction mechanisms: pre-equilibrium and equilibrium
processes at relatively low energy.

II. EXPERIMENTAL PROCEDURE

The experiment was carried out by bombarding an
isotopically enriched (98.5%) target of ''*Cd (thickness
~5.95 mg/cm?) with « particles of energies 35-55 MeV from
the Variable Energy Cyclotron at the VEC Centre, Calcutta.
A schematic diagram of the experimental setup is shown in
Fig. 1. The y rays emitted from various reaction channels
were detected with a large-volume HPGe detector (efficiency
25%) placed at an angle of 55° to the right side of the beam
direction at a distance of 17 cm from the target, and the corre-
sponding neutrons were detected with a 12.7-cm-diameter by
2.5-cm-thick NE213 detector (using a fast photomultiplier
tube, Philips XP4512B). The neutron detector was placed at an
angle of 50° to the left of the beam direction in two positions
at distances of 50 and 100 cm from the target. The y detector
at a distance of 17 cm, and the neutron detector at a distance of
100 cm, subtended solid angles of 66.6 and 12.3 misr,
respectively, at the center of the target. The standard slow-fast
coincidence technique was used for the measurement of
y-gated neutrons. The spectra were recorded for accumulated
charges of 64C or more.

The contributions of scattered neutrons from the beam
dump were reduced to a great extent by shielding the beam
dump with paraffin blocks as well as with lead bricks. The
HPGe detector was shielded from the background y rays with
lead bricks, and from the neutrons with borated paraffin. The
neutron detector was shielded thoroughly with paraffin blocks
from the scattered neutrons coming from the walls and roof of
the experimental area and from other sources of neutrons such
as slits and the beam pipe.
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FIG. 1. A schematic diagram of the setup.

A pulse shape discriminator [10] was used for n-y discrimi-
nation. Three-parameter list mode data were recorded with the
ND computer facility of the VEC Centre. The time-of-flight
(TOF) spectra of the emitted neutrons were recorded as
follows: An event in the NE213 scintillator was used as the
start signal for the TAC; the stop signal was then taken from
the HPGe detector. The time period of the cyclotron beam
bursts was ~125 ns with a duration of ~4 ns. With the use
of a suitable delay and adjustment of the neutron flight path,
neutron TOF was kept within the time period of two beam
bursts (i.e., ~125 ns). Time calibration of the system was done
from the shift in the y-y prompt peak in the TAC spectrum,
(a) with a change in the flight path and (b) with introduction
of a fixed external delay in the stop channel of the TAC. A
time delay of 0.8 ns per channel was set for the TAC. The
time resolution of the HPGe-NE213 system was measured
from the y-y prompt as 7.4 ns (FWHM). This time resolution
was limited by the slow rise time of the pulses from the large
HPGe detector. The time resolution of the NE213 detector
was observed to be better than 1 ns measured separately with
a coincidence setup between a BaF, detector and the NE213
detector.

Energy calibration of the NE213 detector was done with
Compton edges of y rays of ?Na, ®Co, and '37Cs sources to
determine the neutron energy threshold from the equivalent
electron energy. In the present work, the neutron energy
threshold for the NE213 detector was 1.06 MeV. The efficiency
of the NE213 detector was calculated using the Monte Carlo

simulation code MODEFF of Cecil et al. [11]. Single and coin-
cidence spectra were analyzed using the computer program
VECSORT. Neutron TOF spectra were generated by gating
on the photo peaks of a number of selected y rays of the
various (¢, xn) channels. Random contributions were obtained
by generating the neutron TOF spectra with gates set around
the photo peak of the same width as that of the photo peak
and were subtracted to get the genuine coincidences. Typical
neutron TOF spectra are shown in Fig. 2. The TOF spectrum
shown in Fig. 2(a) contains all the y rays detected with
the HPGe detector and the correlated neutrons from various
sources. A limited separation of neutrons and y rays under
such a condition is to be expected. The gated TOF spectra
[Figs. 2(a) and 2(b)] with the gates set at characteristic
y rays of («,3n) and («,4n) processes show better n-y
separation.

A typical single y-ray spectrum following the bombard-
ment of an enriched ''*Cd target with « particles of energy
E, =45 MeV is shown in Fig. 3. The efficiency of the HPGe
detector was calibrated with y rays from '3Eu and ®Co
sources of known strength and the intensities of the y rays
of interest were measured. To measure the evaporation residue
(ER) cross sections o (, xn) of the various («,xn) channels at
different bombarding energies E, = 35-55 MeV, single y-ray
spectra were also recorded with the HPGe detector. In the
measurement of overall error in cross section, the statistical
error for the photo-peak area of y rays, the error for the
y-ray efficiency of the detector (5%), the charge-measurement

034605-2



PRE-EQUILIBRIUM AND EQUILIBRIUM EMISSION OF . . .

6000 ———————— T T
L 114¢Cd(o, xny)RAW (a) _
TOF SPECTRUM
2 Eq = 50 MeV
% - dpop =100 cm
)
St
0 1
150—m——————————— 7
. 114Cd(er,3nY)GATED b
TOF SPECTRUM
2 Eq = 50 MeV
Z |t dyop=100cm :
)
&)

300 T T T T | T T T T | T T T T | T T T T
- 114cd(o,4nY)GATED ©
«w | TOF SPECTRUM |
= Eg = 50 MeV
S | |
o d..=100 cm
&) TOF

100 200 300
Time Delay (ns)

FIG. 2. y-gated neutron time-of-flight spectra: (a) gate set for all
y rays, (b) gate set with y rays of («,3n) channel, (c) gate set with y
rays of («,4n) channel.

error (2%), and the systematic error of fitting (3%) have been
considered.

III. RESULTS AND DISCUSSION

The underlying mechanism of the excitation of a nuclear
system at bombarding energy E/A ~ a few MeV above the
Coulomb barrier can be understood from the energy imparted
to the target nucleus by the projectile. The overall excitation
energy of the composite system is E* = E, + O, where Ey,
is the center-of-mass energy of the system and Q is the reaction
QO value. Studies of neutron multiplicity could be a gauge
to measure the excitation energy of the system since kinetic
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energy given to the system is not totally converted to excitation
energy or heat. The average excitation energy of the system
can thus be obtained from these studies provided the system
has a negligible deformation. The nuclei in the vicinity of the
proton shell closure at Z = 50 are nearly spherical and their
energy spectra are vibrational in nature without significant
deformation [12,13]. In the absence of deformation, £* can
be considered to be excitation energy of the system. Energy of
the system is dissipated either by the emission of energetic
particles (pre-equilibrium) or by particles evaporated from
the equilibrated system. The main problem is the difficulty
in separating the contributions of the two sources. However,
the processes involved have two distinct features according to
the underlying reaction mechanism. Depending on the time
scale on which the neutrons are emitted, the possible sources
are pre-equilibrium and equilibrium. Neutron evaporation
from an equilibrated system occurs from a slowly moving
compound nucleus on a larger time scale; neutron emission
from a pre-equilibrium process, in contrast, occurs on a shorter
time scale. The physical process of pre-equilibrium emission
of neutrons is different from that of equilibrium emission. As
a result, different angular correlations and energy spectra are
observed in pre-equilibrium emission.

A. Identification of evaporation residues and
measurement of cross section

The y rays corresponding to the various xn channels
can be identified easily from the y-ray spectra observed
at various bombarding energies. A typical y-ray spectrum
with the identification of y rays corresponding to various
evaporation channels is shown in Fig. 3. The spectrum is clean
and similar spectra thus obtained at various « energies were
used for the determination of ER cross sections of various
xn channels. The excitation functions of the ''“Cd(c,xn)
reaction have been measured using the characteristic y
rays of each («,xn) channel. The maximum input angular
momentum, brought into the compound nucleus by a 50-MeV
«a particle, is [y, & 250 at an average excitation energy around
44 MeV. The average angular momentum of the compound
nucleus, assuming uniform volume absorption, comes out to
be [,y & 17h [14]. The neutrons emitted from the compound
nucleus populated the high-spin states of the residual nuclei.
The decay modes of these states in residual nuclei are mainly
through y-ray transitions. It was observed earlier [15-19]
that deexcitations of the nuclei occur mainly through ground-
state transitions from the low-lying states and in even-even
nuclei it occurs through 2t — 0% ground-state transitions.
The transitions from the low-lying states can be used for
studying the excitation functions of the («,xn) channels. A
similar method was applied earlier [19] for the measurement
of excitation cross section of («,xn) channels. The ER cross
sections of Sn isotopes (''3Sn to ''°Sn) were obtained from
the yields of the respective y transitions considering their
known branching ratios [15]. Since the contributions of the
y rays have been measured at 55° with the beam direction,
the effect of angular distribution is insignificant because
P>(cos @) at this angle is zero. The transitions considered
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FIG. 3. y-ray single spectrum taken with a 25% HPGe detector following the bombardment of an enriched ''*Cd target with 45-MeV «

particles.

in the measurement of («,xn) cross sections have already these findings. The maximum contribution predicted from
been assigned [15-19] as follows: 407.2 keV for («,2n), CASCADE for the (o,an) reaction is only 2.1 mb. The transitions
1310.0 keV for («,3n), 888.2 and 1300.0 keV for («,4n), that may have contributions from other channels or have
and 661 and 1168 keV for («,5n). Cross sections of other contributions from contamination were discarded in measuring
channels such as (o, ypxn) or (o,axn) are insignificant. cross sections. A self-consistent method was applied for the
No interfering y rays from these processes are observed, normalization of the measured yields to the predicted cross
as expected. Theoretical calculations [17] also corroborate sections on the basis of the ALICE-91 code [20] using the
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TABLE L. Cross sections of ''*Cd(«, xn) reactions.

E,(MeV) Cross sections (mb)

o(a,2n) o(a,3n) o(a,4n) o(w,5n)

407 keV* 1310 keV* 888, 1300 keV* 661, 1168 keV*
35 324 (26)2° 1166 (93) 31.54.2) —
40 161 (13) 1042 (83) 374 (32) —
45 85.0(6.9) 539 (43) 927 (76) —
50 48.6 (3.9) 223 (18) 1340 (108) 49.2 (5.0)
55 26.1(2.5) 112 (11) 811 (66) 191 (18)

*Transitions considered.

"Numbers in parentheses denote errors over cross-section measurement.

level density formula of Kataria ef al. [21]. Cross sections
determined for various («,xn) channels are shown in Table 1.
The cross sections are compared with the predicted values
obtained from ALICE and CASCADE [22] codes and are shown
in Fig. 4. It has been observed that the values are reproduced
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very well from calculations based on the ALICE code. It appears
from Fig. 4 that calculations based on the CASCADE code
underpredict («,2n) cross sections and overpredict («,5n)
cross sections whereas («,3n) and («,4n) cross sections are
reproduced reasonably well.
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FIG. 4. Comparison of cross sections of various ''“Cd(a,xn) channels with the theoretical calculations based on ALICE and
CASCADE codes. Experimental data points (o), ALICE calculations for compound process (solid line), and CASCADE calculations

(dot-dashed line) are shown.
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FIG. 5. Neutron energy spectrum corresponding to the («,3n) channel at £, = 50 MeV. Also shown are the theoretical predictions
based on an ALICE calculation assuming emission from a compound system with level density parameter a = A/8 (solid line) and
a = A/11 (dashed line) and assuming emission from a compound plus precompound system with a = A/8 (dotted line) and a = A/11

(dot-dashed line).

B. Interpretation of neutron energy spectra and
determination of level density parameter

It was shown earlier [14] in the 2Bi(x, xn) reaction at en-
ergies of 34 and 52 MeV that incorporation of pre-equilibrium
neutron emission was needed to explain the spin saturation
effect of the excited states of the residual nuclei at an energy
of 52 MeV. In our earlier studies [19] of the "'°Cd(x,xn)
reaction, we also observed such a spin saturation effect.
The present work on '"“Cd(e,xn) done in the same energy
domain is expected to show a similar behavior. The y-gated
neutron TOF spectra corresponding to («,3n) and («,4n)
channels were converted to the neutron emission spectra
taking neutron detection efficiency [11] into consideration.
The spectra corresponding to («,3n) and (c«e,4n) channels are
shown in Figs. 5 and 6, respectively. A cursory inspection of
the neutron spectra shows that neutron energies are distributed
with significant yield over a wide range in both these spectra. It
is known [2] that the emission of particles from a thermalized
system is isotropic in the rest frame of the emitter and that
the emitted particles have Maxwellian velocity distribution.
It has been demonstrated [23] experimentally that the double
differential multiplicity distributions of the emitted neutrons
from an evaporated cascade in the laboratory frame can be
expressed as

d*n .
dEdAQ

2(;1};)3/2 VE expl—(E — 2/€E cos6, + €)/ T,

where E is the neutron energy in laboratory frame, n is the
neutron multiplicity, T is the temperature of the nucleus, 6,
is the angle of emission of the neutrons with the emitting
nucleus, and € is the laboratory energy per particle of the
recoiling nucleus. The recoil velocity of the compound nucleus
is ~0.17 cm/ns and emission of neutrons from a source
moving with such a low velocity is inadequate to explain the
high-energy tail of the neutron energy spectra.

The ALICE calculation [20] has been done with exciton
number n, = 4 using two level density parameters, A/8 and
A/11. The calculation considering emission only from the
compound system could not reproduce the neutron energy
spectra. The simulation with level density parameter a =
A/11 has reproduced the neutron energy spectra satisfactorily
compared to that witha = A /8 but only up to 5 MeV. Neutron
energy spectra beyond 5 MeV show the presence of high-
energy neutrons. As stated earlier, evidence of pre-equilibrium
neutron emission has been reported [14] in («,xn) reactions
at this energy. According to the Fermi JET or PEP (promptly
emitted particles) model [24], neutrons would be highly ener-
getic depending on the kinematics of the incident projectile.
These neutrons are emitted preferentially in the direction
of the linear momentum transfer (i.e., forward direction). A
similar feature is also observed in the present work. Hence,
for the interpretation of neutron energy spectra, the ALICE
calculation was done with inclusion of precompound emission
and neutron energy beyond 5 MeV could be reproduced quite
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FIG. 6. Neutron energy spectrum corresponding to the («,4n) channel at £, = 50 MeV. Also shown are the theoretical predictions
based on an ALICE calculation assuming emission from a compound system with level density parameter a = A/8 (solid line) and
a = A/11 (dashed line) and assuming emission from a compound plus precompound system with a = A/8 (dotted line) and a = A/11

(dot-dashed line).

well for the («,4n) process, as shown in Fig. 6. However,
the pre-equilibrium part of the neutron energy spectrum of the
(e,3n) process could not be reproduced well (Fig. 5). The
ALICE calculation underpredicts the yield in magnitude by
20-50% in the energy range of 5-20 MeV. It may be pointed
out that different parameters of the moving source (velocity
and slope parameter) are needed to explain the pre-equilibrium
spectra corresponding to different evaporation residues [25].
This may be the reason for the failure of ALICE to predict
the high-energy part of the neutron spectrum corresponding
to the (o, 3n) process. A better fit to the low-energy parts
of the neutron spectra with level density parameter A /11 in this
mass region around 7" = 2.2 MeV is in good agreement with
the reported values [26-28] and with the theoretical prediction
of Shlomo and Natowitz [29].

The dominant reaction channel (¢, 4n) at E, = 50 MeV
is well reproduced with the calculations from the ALICE code
with inclusion of pre-equilibrium neutrons (Fig. 6). It may
be concluded that studies of y -ray spectra following the («,xn)

reactions, which are analogous to isotopic tagging, can be
utilized for the measurement of ER cross sections. From
comparison of predicted values of cross sections, it appears that
the calculation with ALICE described the reaction mechanism
in ''*Cd(e,xn) reaction at E, = 35—55 MeV quite well. The
y-gated neutron TOF studies have been successfully used in
understanding the pre-equilibrium and equilibrium (compound
nuclear) processes. Important parameters, including level
density or average excitation energy, can be extracted from
such studies.
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