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Neutron-multiplicity distributions for (a,xny) reactions with E,=50—120 MeV
and the pre-equilibrium neutron deexcitation processes
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Pre-equilibrium and equilibrium deexcitation processes for (a,xn ) reactions induced by 50—120
MeV a particles were studied. Reaction channels were identified by measuring rotational y rays
characteristic of the reaction residues. The branching of the reaction channels gave neutron multi-
plicity distributions. Features characteristic of the pre-equilibrium process were seen in the reaction
channels with small neutron multiplicity x. An exciton model calculation code was developed so as
to incorporate both multiparticle emission at the fast pre-equilibrium stage and multiparticle
evaporation at the slow equilibrium stage. The calculation reproduced the neutron multiplicity dis-
tributions in the whole range of E,=50—120 MeV. The pre-equilibrium fractions and the entry
lines from the pre-equilibrium stage to the equilibrium one were deduced. The pre-equilibrium frac-
tions were found to be approximately 40—60 %, being rather independent of the individual reaction
channel. The entry lines slowly increase from 25 to 35 MeV with increasing projectile energy.

NUCLEAR REACTIONS

162, lMDy(a,xn ,},)166,168—-xEr,

x=3—-12, and

174176y b(a,xny) " 180-*Hf, x =3—12, E,=50, 70, 90, and 120 MeV, measured
o(x); properties of PEQ decay process and analysis by the exciton model. En-
riched targets.

I. INTRODUCTION

Mechanisms of fusionlike (particle, xnypy) reactions
induced by medium energy projectiles with several tens of
MeV per nucleon are of current interest because of the
competition between pre-equilibrium (PEQ) and equilibri-
um (EQ) deexcitation processes.! The (particle, xn, yp7)
reactions induced by projectiles below about 10 MeV per
nucleon have been well described in terms of a statistical
process through compound nucleus formation, where the
nucleus deexcites by evaporating low energy particles at
the EQ phase. As the projectile energy increases beyond
around 20—30 MeV per nucleon, fast particle emission at
the first few doorways to the PEQ stage becomes signifi-
cant because the particle escape width at this stage be-
comes large.? Several models have been proposed to deal
with the deexcitation process of the highly excited nucleus
produced by nuclear reactions. They are the intranuclear
cascade model (INC),> the quasifree scattering model
(QFS),* and the PEQ exciton model.~® These models
have been used to describe various experimental data. In
the case of the fusionlike (particle, xnypy) reactions in
the medium energy range, the exciton model has been con-
sidered to be the most suitable description. In this model,
interactions between nucleons of the projectile and those
of the target nucleus produce excited particles (p) and
holes, (4), namely excitons. These excitons collide with
nucleons in the nucleus. This process gives rise to addi-
tional exciton spreading. Some of the energetic particles
in excitons may escape out of the nucleus in the course of
the exciton spreading. The average exciton energy de-
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creases due to the emissions of these energetic exciton par-
ticles. The spreading process results in an increase of the
exciton number (n =p +h) and a decrease of their average
kinetic energy. Hence, particle escape becomes less likely
and the nucleus becomes thermally equilibrated; subse-
quently the nucleus cools down to the entry point of the
reaction residues by evaporating slow particles (mostly
neutrons in the cases of medium and heavy nuclei). Final-
ly the nucleus deexcites down to the ground state by emit-
ting y rays.

It is preferable to measure exclusive neutron spectra fol-
lowing (particle, xnypy) reactions as a function of the
neutron multiplicity x, because the effects of the PEQ pro-
cess are then most apparent. Previously, Ejiri et al.? made
such exclusive measurements in a detailed study of the
'*Ho(p, xn y) reaction at E, =60 MeV, and found the evi-
dence for PEQ emission of neutrons. The (particle, xn )
reaction mechanism has also been studied by measuring
singles y-ray spectra and the y-ray multiplicity.>® Obser-
vation of the spin alignment of the yrast levels populated
by the (particle, xn) reaction supports the PEQ neutron
deexcitation process.!! Their results suggest that a consid-
erable fraction of the input angular momentum is carried
away by the PEQ neutrons. The deexcitation process fol-
lowing the reactions induced by heavy ions has also been
investigated by several investigators.'>~!¢ They found
PEQ properties in their data for incident energies of
12—15 MeV per nucleon.

The present study was made to observe the behavior of
the (a,xny) reactions as the incident energy is decreased
from above the Fermi energy to below the Fermi energy.
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In this region, the PEQ and EQ processes are thought to
coexist. We studied the reaction process by measuring y
rays of the reaction residue as in previous work.? Rare
earth nuclei of '>1%Dy and 17#176Yb were chosen as tar-
gets because the rotational levels and other low-lying levels
in the residual isotopes are well known. The discrete y
rays from the rotational levels, which are characteristic of
the residual nuclei (reaction channels), were used to deter-
mine the cross sections of the various channels. They give
the neutron multiplicity distributions. The observed dis-
tributions were analyzed in terms of the exciton model
with a multiparticle emission process.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Incident a particles in an energy range from 50 to 120

MeV were provided by the 230 cm AVF cyclotron at the .

RCNP, Osaka University. Enriched 921Dy and
174,176yb targets were prepared by depositing the oxide
powder on thin Mylar films of 30 um in thickness. Table
I lists the targets and energies of the incident a particles
used in the present experiment.

The neutron multiplicity distribution o(x) for the
4X(a,xn ‘y)§+2Y is given by the mass distribution of the
residual isotope §+2Y, where the mass Bis 4 +4—x. The
cross section for the isotope §+2Y is obtained from the
gield of y rays characteristic of the reaction residue
% +2Y.2 Because of the large number of the open reaction
channels at the present projectile energy, the y-ray spec-
trum is very complicated. In order to resolve discrete y
rays corresponding to individual reaction channels, we
used a 1.5 cm® pure Ge detector (LEPS) with an energy
resolution of AE =1 keV for 511 keV y rays. The detec-
tor was placed at 125°, where P,(cos8)=0, with respect to
the beam axis. The y-ray yield at this angle gives approxi-
mately the total cross section because the higher order
term A,P,(cosb) is at most a few percent. The counting
rate was always kept below 700 counts per sec in order to
avoid uncertainty due to the dead time correction.

Total cross sections for the even-even isotopes are es-
timated from the y-ray yields of the yrast cascade
6t —>4% 2% 0%, The yrast y-ray yields give the popu-
lation of the yrast levels 67, 4%, 2%, 0% and the extrapola-
tion to the 0% population which gives the yields of the
residual nuclei. Cross sections for the odd mass isotopes
are estimated from the y-ray yields of the yrast

21/2%—>17/2%—13/2%

transitions and yrare

TABLE 1. Targets, their isotopic enrichments and their

thicknesses, and incident energies of a particles.

Target

isotopic Projectile

enrichment Thickness energy

Target (%) (mg/cm?) (MeV)
182Dy 95.0 4.0 70, 90, 120
164py 98.4 33 50, 90, 120
174yp 95.8 4.5 70, 90, 120

76Yb 96.4 5.0 50, 70, 90, 120

19/2%* —15/2 —11/2%

transitions. Here we have corrected for contributions
from other possible y rays by referring to relative y inten-
sities observed in other inbeam-y experiments.!” The y-
ray yields have been corrected for the conversion electrons.

The neutron multiplicity distributions for the !6%!64Dy
and "#17¢Yb(a,xn y) reactions at E, =50, 70, 90, 70, and
120 MeV are presented in Fig. 1. The cross sections for
small x are much larger than the prediction of the com-
pound nucleus model (the dotted lines in Fig. 1). This
feature is taken to be characteristic of the PEQ process.
This feature gets more pronounced as the projectile energy
gets higher. .Since the Q values for the (a,xny) reactions
are approximately given by Q (x)= —8x (MeV), the aver-
age neutron energy is expressed as

E,=(E,—8x —E,)/x
=(Eq—E,)/x —8 (MeV) , (1

where E,, is the entry point of the y decay. Thus, reac-
tions with small neutron multiplicity x correspond to reac-
tions with large kinetic energy of the deexciting neutrons.

III. ANALYSIS AND COMPARISON
WITH EXPERIMENTAL RESULTS

A. Cascade calculation of the PEQ-EQ process

The neutron multiplicity distribution was analyzed in
terms of the exciton model for a multiparticle emission
process. The decay rates of the exciton particles are key
parameters in the exciton model calculation. We used
values reported in previous works.'®~2! A Monte Carlo
method developed by Dostrovsky et al.?? has been extend-
ed to the present PEQ-EQ process. This method is similar
to that empldyed by Gadioli et al.® to calculate the in-
tegral spectra of decay particles and the excitation func-
tions. !

At the beginning of the calculation we numerically
evaluated the escape rates for all relevant particles and for
all sets of (p,h) values. In order to follow the cascade pro-
cess, the decay sequence was determined by use of random
numbers. The calculation of the PEQ cascade continues
until TF =T, where T'J and I'; are the spreading
widths of the increasing and decreasing process of exci-
tons, respectively, and 7 denotes the mean value of the ex-
citon number at this condition. At this point the mean ex-
citon number 7 is approximately given by 7=V'1.5gFE,
where E is the excitation energy and g is the single particle
level density. Subsequently, the PEQ cascade transits to
the EQ one. The EQ process was calculated by the same
method as that in Ref. 22. The EQ cascade calculation
proceeds until the excitation energy becomes lower than
the neutron threshold energy. These PEQ-EQ deexcita-
tion calculations are repeated many times to obtain good
statistics by the Monte Carlo process. In what follows, we
describe the evaluation of the energy distribution for the
escaping particles, and of the spreading and escape widths
for a given excitation energy and exciton number.

The escape probability Wj'(e) for a particle b with the
kinetic energy at the m exciton state of the PEQ process
can be expressed as '’
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25y +1
W,;"(e)=”2—ﬁ3y,,ea,,(e)R,,<p,h)P,,!
T

p(E _G_Bbun —Pb,h)
p(E,p,h) ’

where s, up, By, and p, are, respectively, the spin, re-
duced mass, binding energy, and nucleon number for the
escaping particle b. The level densities p(E,p,h) and
p(E —e—By,p —pp,h) denote the initial and final level
density, respectively. It can be written as®*

(gE —Ap,h)p+h_1
phl(p +h)
where g is the single particle state density in the equal
spacing model, which is related to the level density param-
eter a by g =6a /m*. The factor Ap,p is a correction term

for the first order effect of the Pauli-exclusion principle,
and is simply given by

(2)

p(E,p,h)=g ) 3)

Ap,h=(p2+h2+p —3h).

The extra two parameters of R, (p,h) and P,! are empirical
adjustment factors introduced by Cline.!* The mean ab-
sorption cross section o, (€) is assumed to be

o,(e)=mR? 4)
for a neutron and
op(e)=0 e< V¢
=7R¥(1—Vc/€) €> V¢,

for charged particles, where R is the nuclear radius. The
Coulomb barrier height V¢ is obtained as

Ve=1.44zZ /[ro(1+A4'73)] (MeV) . (5)
The escape width is defined as

E—B,
Cn=#f —Wiede. 6)

The transition rates for the spreading process can be es-
timated from the first-order time dependent perturbation
theory.!®2! The spreading width I';} for the internuclear
collision with Ap=Ah =+1 and the width T, for that
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FIG. 2. Calculated energy spectra of the neutrons following
the '*Ho(a,xn) reaction at E,=109 MeV, where dotted lines
and closed circles represent the contributions of the pre-
equilibrium process and the experimental value (Ref. 25), respec-
tively.

and

T, (E,p,h)=1m|M |*gph(p +h —2), (8)
where

Con=(p*+h?/2

is the correction due to the Pauli principle and |M |? is
the average square of the transition matrix element for the
present neutron emission through the PEQ cascade pro-
cess. The value of |M |? has been approximated by an
empirical formula developed by Cline,'® where it is given
as

with Ap =Ah = —1 are written as | M |2=kd E~", )
TH(Eph)=7|M| 2-*'—;gl—l(gE —Cp+1,h+1)2 , with k = 1450 MeV>. In the present analysis, we take for
p+n+ simplicity the same form to see how the present data are
(7)  reproduced by an effective matrix element.
TABLE II. PEQ fraction f,(%)=100n,/(n,+n,) in the calculated neutron cross section of
164Dy(axn y) reactions, where n, and n, are the number of neutrons emitted at the PEQ and EQ phase,
respectively.
Energy first second third fourth fifth sixth seventh
(MeV) emission emission emission emission emission emission emission
50 100 80 20 4
70 100 94 55 40 2
90 100 97 73 63 20 5
120 100 99 85 75 44 30 2
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FIG. 3. Calculated energy spectra of the first, second, third,
fourth, fifth, and sixth neutrons following '*Dy(a,xn) reactions
at E,=90 MeV. The initial exciton number used in the calcula-
tion was (5,1).

B. Comparison with experiment

The exciton model calculation has been carried out by
starting with the initial exciton number (p,h)=(5,1), as in
the case of previous exciton model calculations'® for a
particles. The idea is that the first doorway stage for the
(a,xn y) reaction is formed by the interaction of an a pro-
jectile with a nucleon in a nucleus, resulting in the breakup
of the a particle into 4-exciton particles and a particle-
hole exciton. The general trend of neutron multiplicities
has been reproduced with k=730 MeV.> The experimen-
tal values of the neutron multiplicity distributions are
compared with the calculated values in Fig. 1. The calcu-
lated multiplicity distributions for the 120 MeV a projec-
tile, however, underestimate the observed values at the
large neutron multiplicity (large x), as shown in Fig. 1.
This is probably due to an overestimation of the PEQ pro-
cess. The treatment used in the lower excitation region
(<90 MeV) may not be suitable for such a high excitation
region.

TABLE III. PEQ fractions f;(%) of individual reaction
channels in the calculated neutron cross section in **Dy(a,xn y)
reactions.

Energy
(MeV)
x 50 70 90 120
3 40
4 45 44 45
5 48 50 50 49
6 57 57 55 52
7 57 60 60
8 64 63
9 60 64
10 65

IV. DISCUSSION

The conventional exciton model deals with only the first
emission from the PEQ stage. This approach can be justi-
fied when the PEQ fraction is small in the second emis-
sion. Such a situation can be satisfied in two cases. First-
ly, the initial excitation energy is lower than about 30
MeV and only one particle can be emitted at the PEQ.
Secondly, only the high energy component of the emitted
particles is concerned. Note that the 5—10 MeV neutrons
can still be emitted at the PEQ stage of medium heavy nu-
clei, in contrast to charged particles which are inhibited by
the Coulomb barrier. In order to extend the exciton model
to more energetic reactions and multineutron emissions,
the multiparticle emission process at the PEQ stage has to
be considered. The neutron energy spectrum calculated by
the multiparticle emission method is illustrated in Fig. 2,
where the experimental points have been obtained by
means of a time-of-flight method.?> The calculated PEQ
contribution in the low energy part can be seen to be large.
The total PEQ fraction is 54%, where the PEQ fraction is
defined as the ratio of the number of the PEQ neutrons
which are emitted before the condition I';; =T, and the
total neutron number. It increases from 50% to 64% in
the neutron energy distributions with increasing initial ex-
citation energy from 50 to 120 MeV (see Table II). The
maximum error at each excitation is about 10%, which
comes from the discrepancy between the experimental
neutron multiplicity distribution and the calculated one.
With the same initial condition, the neutron energy distri-
butions from the first to sixth neutron emissions are
shown in Fig. 3. The PEQ fractions decrease from 100%
to 2%. As shown in Table II, the second and third emis-
sions have significant PEQ fractions, which increase with
the increase of the excitation energy. The PEQ fraction of
each reaction channel is presented in Table III. They dis-
tribute between 40% and 65%. These PEQ fractions are
approximately constant in the same number of the neutron
multiplicity, and the dependence of the initial excitation
energy is relatively small.

The mean excitation energy of the entry point from the
PEQ stage to the EQ one can be estimated as
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FIG. 4. Estimated entry line from the PEQ process to the EQ
one for the '**Dy(axn) reaction with exciton number (5,1).
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FIG. 5. Calculated neutron energy spectra of individual reac-
tion channels. The initial nucleus, excitation energy, and exciton
number are '%®Er, 90 MeV, and (5,1), respectively.

E~xf,2kT,+E,, (10)

where x is the neutron multiplicity, f, is the EQ fraction
of the

2kT, ~+V'E,/a

is the mean energy of neutrons emitted at the EQ stage.
The estimated entry points are illustrated in Fig. 4. The
excitation energy of the entry point is nearly constant over
a wide range of excitation energies. Typical neutron ener-
gy spectra of the individual reaction channels are shown in
Fig. 5, where the initial exciton energy and the excitation
number are 90 MeV and (5,1), respectively. The neutron
energy distributions, especially in the 4n and 5n channels,
extend with large intensity up to 40—50 MeV. So far no
measurement has been made of the neutron energy spectra
for individual reaction channels.

V. SUMMARY

The (a,xny) reactions on targets of '*'%Dy and
174176y were studied by measuring discrete ¥ rays. The
experimentally obtained neutron multiplicity distributions
were compared with an exciton model for multiparticle
emission. The results are summarized as follows:

(1) Experimental evidence for the PEQ process in the
form of cross sections much larger than EQ model predic-
tions were obtained in the reaction channels with small
neutron multiplicity x. Furthermore, the average neutron
energy E, >>2kT,.

(2) The exciton model calculation for the multiparticle
emission process was applied for the present analysis. The
neutron multiplicity distributions were well reproduced
with the initial exciton number of (5,1) for the present c-
particle induced reactions. Comparing the experimental
results with the calculations, the PEQ fractions and the
entry point to the EQ stage were deduced. These quanti-
ties are roughly constant for various reaction channels in a
wide range of the initial excitation energy.

(3) Effective collision probabilities in the excited nuclei
were estimated from the comparisons between the experi-
ments and the calculations. They agree with the expecta-
tions of other models and calculations for the first door-
way state.
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