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Preemission cluster energies in preequilibrium nuclear reactions

Chinmay Basu* and Sudip Ghosh†

Saha Institute of Nuclear Physics, 1/AF Bidhan Nagar, Calcutta 700 064, India
~Received 31 October 1996!

A formalism is developed to evaluate the energy distribution of light clusters inside an excited nucleus. Its
importance in predicting emitted cluster spectra is demonstrated by comparison with experiment and other
models.@S0556-2813~97!05411-3#

PACS number~s!: 24.10.Cn, 21.60.Gx, 23.60.1e, 23.70.1j
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I. INTRODUCTION

Preequilibrium~PEQ! emission of clusters has turned o
much more difficult to solve than nucleon emission. T
problem lies in evaluating the cluster formation probabil
and its energy distribution inside the excited mother nucle
A number of methods, with and without adjustable para
eters, are used for evaluating the cluster formation proba
ity but the role of its preemission energy distribution is i
nored in all PEQ reaction studies, both quantum mechan
and semiclassical. For cluster emissions, the quant
mechanical Feshbach-Kerman-Koonin~FKK! theory has so
far been applied toa particles only. It assumes that the clu
ter formed in the ground state of the target is emitted by
single-step knockout mechanism@1#. The evaluation of pre-
emission cluster energy distributions is therefore irreleva

The semiclassical exciton model has been used m
widely to investigate deuteron, triton, helion, anda-particle
PEQ spectra~see@2# and references therein!, but with mixed
success. It usually reproduces thea-particle spectra fairly
well and sometimes the triton spectra also, but grossly
derpredicts the high-energy part of deuteron and helion s
tra @3–5#. A possible reason for this partial failure of th
exciton model may lie in its implicit assumption that eve
configuration of each intermediate state occurs with equa
priori probability during the equilibration process. In th
context, the energy distribution of the cluster prior to
emission assumes fundamental importance. In this work
develop a simple formalism for evaluating this energy dis
bution and show its importance in predicting emitted clus
spectra in PEQ reactions.

Of the two well-known PEQ reaction models, viz., th
hybrid and exciton models, the former requires the expl
evaluation of preemission ejectile energy distribution. T
hybrid model in its present version, however, is valid f
nucleon emissions only. We extend it to cluster emission
well. In order to clarify this extension, we begin Sec. II wi
a brief outline of the basic features of the model for PE
nucleon emissions, which is followed by the developmen
the model for cluster emissions. In Sec. III we compare
results of the extended hybrid model with those of the ex
ton model and experiment. The relevance of the evalua
of preemission energy distribution is discussed in Sec. IV
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II. THE HYBRID MODEL FOR CLUSTERS EMISSIONS

The hybrid model angle-integrated cross section for ej
tile x with energyex is given by@6# as

s~ex!5sabs (
n5n0
Dn52

n̄

DnWn~ex!tn~ex!, ~1!

wheresabs is the projectile absorption cross section,Dn the
n-exciton state depletion factor,Wn(ex) the emission rate of
x with energyex from the n-exciton state, andtn(ex) the
mean lifetime of that particular configuration of th
n-exciton state from which the emission occurs. The em
sion rate is expressed as

Wn~ex!5 f n
x~Ex!le~ex!, ~2!

where f n
x(Ex) is the preemission energy distribution of th

ejectile, i.e., the number ofx-type ejectiles in then-exciton
state with energyEx measured from the Fermi energyeF
(Ex5ex1Bx , Bx being the ejectile separation energy!.
le(ex) is the decay rate of this particular configuration of t
n-exciton state where the ejectile has energyEx .

Since the hybrid model looks at emissions from a parti
lar configuration of then-exciton state, the decay rate is ca
culated from the principle of detailed balance with the initia
state density as the single-particle level densitygx of the
ejectile and the final-state density as that arising from
translational motion of the ejectile after emission@6#

le~ex!5
~2sx11!mxexs inv~ex!

p2\3gx

~3!

in terms of the intrinsic spinsx , reduced massmx , and in-
verse cross sections inv(ex).

The mean lifetime is then given by

tn~ex!5
1

le~ex!1
2W

\

, ~4!

where 2W/\ is the two-body interaction rate of the ejecti
with the other nucleons of the system,W being the imaginary
part of the optical model potential of the ejectile and t
residual nucleus. Other methods of evaluating the two-b
interaction rate are described in Ref.@6#.
3248 © 1997 The American Physical Society



be
e

gy

y
n

to
u

-

d

d
q

n

y

. To

e
v-

-
g-
d

c-

e

he

r

y

56 3249PREEMISSION CLUSTER ENERGIES IN . . .
For nucleon emissions,gx in Eq. ~3! is the nucleon single-
particle level density andf n

x(Ex) is written as@6#

f n
x~Ex!5Xn

xPn~Ex!5Xn
x rn~U,Ex!

*0
Ecrn~U,Ex!dEx

, ~5!

where Xn
x is the number of excitedx-type nucleons in the

n-exciton state.Pn(Ex) is probability of thex-type nucleon
having energyEx inside the nucleus. It is assumed to
proportional to rn(U,Ex), the density of states in th
n-exciton state when the nucleon has energyEx and the re-
maining (n21) excitons share the residual ener
U5Ec2Ex , where Ec is the excitation energy of the
nucleus. The denominator in Eq.~5! is equal torn(Ec), the
density of states of then-exciton state with excitation energ
Ec . It is obtained straightforwardly from the normalizatio
condition *0

EcPn(Ex)dEx51 so that the numberXn
x is con-

served.
The problem of using Eq.~1! for cluster emissions lies in

evaluatingf n
x(Ex) of Eq. ~2!. While Xn

x , and hencef n
x(Ex) as

well, is adequately defined for nucleons@6#, no prescription
is available for evaluatingf n

x(Ex) for clusters. This requires
the evaluation of the number ofx-type clusters formed in the
n-exciton state as well as their energy distribution prior
emission. We address these problems in the following s
sections.

A. Number of clusters formed

Following Refs.@2,4,5,7#, we consider that thex cluster
can be formed in the (Z,N,A) nucleus through the coales
cence ofl excited nucleons andm nucleons from below the
Fermi sea. For a cluster withxp protons andxn neutrons
(xp1xn5Ax), xp l protons andxn l neutrons are selecte
from the p excited particles of then-exciton state andxpm
protons andxnm neutrons from theA2p nucleons that are
below the Fermi sea. We then have

xp5xp l1xpm , xn5xn l1xnm , ~6!

l 5xp l1xn l , m5xpm1xnm . ~7!

The number ofx clusters formed in then-exciton state with
energyEx ~measured from the Fermi energyeF) is

f n
x~Ex!5(

l 50

Ax

f nlm
x ~Ex!,

f nlm
x ~Ex!5Nn

lm~x!Pn
lm~Ex!5Nn

lm~x!Kn
lm~Ex!Pn

lm~Ex!,
~8!

whereNn
lm(x) is the number ofx clusters that can be counte

from theA nucleons under the constraints imposed by E
~6! and~7!. Pn

lm(Ex) is the cluster formation probability with
energyEx . This is factorized as the product of two indepe
dent probabilitiesKn

lm(Ex), the probability of the cluster
nucleons being bound at the preassigned energyEx , and
Pn

lm(Ex), the probability of the cluster having this energ
Ex . In order to evaluatef n

x(Ex) two constraints are to be
taken into account. These are the conservation of~a! the
b-

s.

-

number of excited particlesp and ~b! the excitation energy
while evaluatingNn

lm(x) andPn
lm(Ex), respectively.

The conservation ofp requires that

(
x

(
l

lNn
lm~x!5p, ~9!

where the second summation is over all types of clusters
simplify the evaluation ofNn

lm(x) so that Eq.~9! is satisfied
we write

Nn
lm~x!5

pnn
lm~x!

(
x

(
l

lnn
lm~x!

, ~10!

wherenn
lm(x) is the number ofx-type clusters that can b

counted fromA nucleons without the constraint of conser
ing p.

In then-exciton state withp excited particles andh holes
there can bep2pa11 different configurations when the pro
jectile is made up ofpa nucleons. Each configuration, desi
nated asj , is characterized by differnt numbers of excite
protonspp j , neutronspn j , proton holeshp j , and neutron
holeshn j (pp j1pn j5p, hp j1hn j5h). It can be shown from
induction that ifap be the number of protons in the proje
tile, then pp j5ap1 j , hp j5 j and pn j5p2pp j ,
hn j5h2hp j , with j 50,1, . . . ,p2pa .

For a given configurationj , thexp l andxpm protons con-
stituting xp are selected, respectively, frompp j excited pro-
tons andZ2pp j protons below the Fermi sea. Similarly, th
xn l and xnm neutrons that go intoxn are obtained frompn j
and N2pn j , respectively. Clearly, the number ofx-type
clusters that can be constituted fromp excited particles and
A2p nucleons below the Fermi sea is the minimum of t
ratiospp j /xp l , pn j /xn l , (Z2pp j )/xpm , and (N2pn j )/xnm .

Again, in thej th configuration, thex-type cluster may be
constituted through different combinations ofxp l , xn l , xpm ,
and xnm as is evident from Eq.~6!. AssigningR(xp l , j ) as
the probability of a particular combination ofxp l , xn l , xpm ,
andxnm at a givenj andv j as the statistical weight factor fo
the particularj , nn

lm(x) is expressed as

nn
lm~x!

5 (
j 50

p2pa

wj (
$xp l %

Fpp j

xp l
,
pn j

xn l
,
Z2pp j

xpm
,
N2pn j

xnm
G

min

R~xp l , j !.

~11!

The summation$xp l% in Eq. ~11! is over those values ofxp l ,
xn l , xpm , andxnm that satisfy both constraints~6! and ~7!.

Following @8#,

R~xp l , j !5

S pp j

xp l
D S pn j

xn l
D S Z2pp j

xpm
D S N2pn j

xnm
D

S p

l D S A2p

m D , ~12!

where (b
a)5a!/(a2b)!b!. The denominator is obtained b

summing the numerator over those values ofxp l , xn l , xpm ,
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3250 56CHINMAY BASU AND SUDIP GHOSH
andxnm that satisfy constraint~7! alone with Eq.~6! remain-
ing inoperative. The statistical weight factorv j is written as
a binomial distribution@8#

v j5S p2pa

j D FZ

AG jFN

AG p2pa2 j

. ~13!

B. Formation probability of clusters

The formation probabilityKn
lm(Ex) of Eq. ~8! is obtained

from the formalism of Refs.@4,5# with two modifications.
Iwamoto and co-workers assume that the cluster nucleons
bound in a simple harmonic oscillator potential whose f
quencyvx is determined by the measured radius of the cl
ter. They take the formation probabilityFlm(Ex) to be pro-
portional to the microstates available to the cluster

I lm~Ex!5
1

h3~Ax21! )i 51

Ax21 E dk iE dj i , ~14!

Flm~Ex!5
I lm~Ex!

( l I lm~Ex!
, ~15!

wherej i andk i are theAx21 relative coordinates and mo
menta, respectively, of theAx nucleons.

The modifications introduced in the present work are
follows. First, in evaluating Eq.~14! Refs.@4,5# assume that
the emitted cluster is formed at the surface of the nucle
We do away with this restriction and evaluate the format
probability inside the nuclear volume using the limits fork i
andj i of @7#. This considerably simplifies the evaluation
Eq. ~14!. The possibility of the cluster formed inside th
nuclear volume dissolving into its constituents before rea
ing the surface can be taken into account while calcula
the emission probability. Second, while Refs.@4,5,7# neglect
the distinguishability of protons and neutrons and evalu
Eq. ~14! for Ax identical nucleons, we introduce the disti
guishability of protons and neutrons and write

Kn
lm~Ex!5Rn

lm~x!Flm~Ex!, ~16!

Rn
lm~x!5(

j
wj (

$xp l %
R~xp l , j !, ~17!

whereRn
lm(x) is the probability of choosingxp l protons and

xn l neutrons from above the Fermi surface andxpm protons
andxnm neutrons from below. The normalization ofKn

lm(Ex)
is the same as that ofFlm(Ex) of Eq. ~15! in the sense that if
the constraint~6! is removed while summing over$xp l% in
Eq. ~17! we haveRn

lm(x)51 andKn
lm(Ex)5Flm(Ex).

C. Energy distribution of clusters

Before the cluster is formed in then-exciton state, the
excitation energyEc is shared amongp excited particles and
h holes. After the cluster is formed with energyEx , the
energyU5Ec2Ex is shared amongp2 l excited particles
andh1m holes. The probability of transition from the initia
(p,h) state to the (p2 l ,h1m) plus cluster state is ac
counted for in the cluster formation probability.
re
-
-

s

s.
n

-
g

te

Of the n85n2 l 1m excitons that shareU, the energye1
of the first exciton varies between 0<e1<U, that of the
second exciton between 0<e2<U2e1, and so on until the
energy en821 of the n821 exciton varies between

0<en821<U2( j 51
n822ej . By conservation of energyU, the

n8 exciton then has a fixed energyen85U2( j 51
n821ej . The

density of statesrn
lm(U,Ex), where the cluster has energyEx

andn2 l 1m excitons shareU, is determined by the convo
lution of the exciton state densitiesr1(e1), r2(e2), . . . , and
the cluster density of statesrx(Ex) integrated over the al-
lowed values of exciton energies. Using the equidistant sp
ing model, r1(e1)5r2(e2)5•••5g, the nucleon single-
particle level density,rx(Ex)5gx , and

rn
lm~U,Ex!5

~p2 l !!

p!

gxg
n8

~p2 l !! ~h1m!! F )
r 51

n821 E
0

Ur
derG

5
gxg~gU!n2 l 1m21

p! ~h1m!! ~n2 l 1m21!!
, ~18!

where the upper limit of the integrals areUr5U for r 51
and Ur5U2( j 51

r 21ej for r .1. The factors (p2 l )! and
(h1m)! in the denominator of the first equality remove mu
tiple counting of configurations arising from identical pa
ticles and holes. Also, sincep!/( p2 l )! permutations are
possible to selectl identical excited particles andrn

lm(U,Ex)
refers to only one such permutation, Eq.~18! has to be mul-
tiplied by its a priori probablityp!/( p2 l )!.

Assuming as in the case of the standard hybrid model
nucleon emissions~5! that Pn

lm(Ex)}rn
lm(U,Ex), the propor-

tionality constant is obtained from the normalizatio
*0

EcPn
lm(Ex)dEx51, which conserves the number of cluste

formed with given (l ,m) in the n-exciton state. We then
have

Pn
lm~Ex!5

rn
lm~U,Ex!

rn
lm~ total!

,

rn
lm~ total!5

gx~gEc!
n2 l 1m

p! ~h1m!! ~n2 l 1m!!
. ~19!

In Refs.@4,5# the participation ofm holes in sharingU is
neglected under the assumption that them nucleons emerg-
ing as cluster constituents come out freely without intera
ing with the remaining nucleons. This assumption ofm50
in Eq. ~18! is contrary to energy conservation sinceU is the
sum of the excitation energies of particle and hole excito
Neglecting the excitation of them holes results in
U,Ec2Ex .

III. NUMERICAL RESULTS

Using Eqs.~19! and~8! in Eq. ~2! and combining with Eq.
~1!, the cluster emission spectrum in the extended hyb
model is

s~ex!5sabs (
n5n0
Dn52

n̄

Dn(
l 50

Ax

Wnlm~ex!tn~ex!, ~20!
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56 3251PREEMISSION CLUSTER ENERGIES IN . . .
with

Wnlm~ex!5FNn
lm~x!Rn

lm~x!Flm~Ex!
rn

lm~U,Ex!

rn
lm~ total!

Gle~ex!,

~21!

wherele(ex) andtn(ex) are given, respectively, by Eqs.~3!
and ~4!. It should be noted thatFlm(Ex) is evaluated inside
the nuclear volume instead of at the nuclear surface, a
done in the case of exciton model calculations of Refs.@4,5#.
The cluster formed inside the volume may dissolve into
constituents before reaching the surface. This depends o
cluster mean free path, which is inversely proportional toW.
Sincetn(ex) of Eq. ~4! takes into account the cluster-nucleo
interaction rate 2W/\, the probability of the cluster dissolv
ing into its constituents is included in the emission proba
ity Wn(ex)tn(ex). Thus, in the framework of the hybrid
model, the evaluation of cluster formation probability
greatly simplified by removing the surface restrictions. In t
exciton model, on the other hand, the emission probab
does not include competitions from cluster-nucleon inter
tions but only nucleon-nucleon interactions@shown later in
Eq. ~23! and discussed in the following# and it becomes nec
essary to calculate the formation probability at the nucl
surface. In the case of PEQ nucleon emissions,Nn

lm(x) is the
number of excited protons or neutrons@Xn

x of Eq. ~5!#,

FIG. 1. Comparison of present calculations~dashed lines! with
experimental spectra~full lines! and exciton model@5# predictions
~dotted lines! for deuteron and triton spectra from proton-induc
reactions. The targets and incident energies are marked again
spectra. The experimental data for58Ni are from @3# and others
from @12#.
is
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Kn
lm(Ex)51, l 51, m50, and Eqs.~20! and ~21! reduce to

the standard hybrid model expressions.
The formalism is tested for several proton-induced re

tions shown in Figs. 1 and 2, where the present calculati
for PEQ emissions are compared with experiment, the pr
ous exciton model, and FKK theory calculations. The cal
lations are performed withg5A/13, gx5g/Ax , eF533.5
MeV, and vx from Ref. @5#. The proton, deuteron, an
a-particle optical model parameters are from Refs.@6,9,10#,
respectively, and the triton and helion parameters are fr
Ref. @11#. For nucleon-induced reactions the initial config
ration is a 2p-1h state withn053. Since no attempt is mad
to reproduce the equilibrium or near-equilibrium part of t
spectra, we have restricted our calculations ton̄57 ~4p-3h)
as larger particle-hole configurations contribute negligibly
the high-energy part of the spectra.Dn of Eq. ~20! is evalu-
ated as in Ref.@6#, with PEQ emissions restricted to those
single nucleons.

The present calculations show remarkable improveme
in predicting deuteron spectra. Significant changes also o
in a spectra compared to the exciton model calculations
58Ni and FKK theory for 165Ho. The triton spectra are wel
reproduced by both the exciton model and the present ca
lations with the latter reproducing the trend better for54Fe
and 120Sn, although the observed spectra are underpredic
The predicted helion spectra, however, overcorrect the
derpredictions of the exciton model; adjustment of the hel
optical model parameters, which determine both the de
ratele(ex) and the lifetimetn(ex), may lead to better agree
ment.

the

FIG. 2. Same as in Fig. 1, but for helion anda-particle model
parameters. Experimental and FKK calculations~dashed-dot line!
for 165Ho are from@1#.
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IV. DISCUSSION

The crucial importance of the preemission cluster ene
distribution in predicting the emitted cluster spectra can
seen through a comparison of the ingredients of the hy
and exciton models. Although the closed-form exciton mo
cross section can be written as in Eq.~1!, the emission rate
Wn

(E)(ex) and the mean lifetimetn
(E)(ex) @the superscript (E)

refers to exciton model variables# are evaluated from differ-
ent physical conditions.

For nucleon emissions,Wn
(E)(ex) is obtained from the

principle of detailed balance withrn(Ec) as the initial-state
density and the final-state density as the product of the s
density rnr

(U) of the residual nucleus and the number
states available to the ejectile from its translational motio

Wn
~E!~ex!5

~2sx11!mxexs inv~ex!

p2\3

rnr
~U !

rn~Ec!
, ~22!

where nr (5n21) is the exciton number of the residu
nucleus. This expression is different from the correspond
hybrid modelWn(ex) of Eq. ~2!. First, Eq.~22! is the emis-

FIG. 3. Comparison of the lifetimes of the exciton~dotted lines!
and the hybrid~full lines! models for~a! deuteron emissions from
54Fe1p and ~b! a-particle emissions from120Sn1p, both at 62
MeV proton energy. The exciton model lifetimes forn53,5,7 are
too close to be shown separately.

FIG. 4. Deuteron emission rates from54Fe1p at 62 MeV inci-
dent energy fromn53 and 5. The dotted and full lines are those
the exciton and hybrid models, respectively. The values ofl are
shown against individual curves.
y
e
id
l

te
f

g

sion rate from then-exciton state as a whole, while Eq.~2!
evaluates the emission rate from a particular configuration
then-exciton state through a two-step process: the excita
of the ejectile inside the mother nucleus to energyEx fol-
lowed by its emission with energyex . Second, the energy
dependence in Eq.~22! is determined entirely by postemis
sion conditions because the exciton model assumes tha
configurations of then-exciton state occur with equala pri-
ori probability. The hybrid model, on the other hand, us
both pre- and postemission conditions to evaluateWn(ex).
The former is taken into account in definingf n

x(Ex) in Eq.
~2! through Pn(Ex) of Eq. ~5! @or f nlm

x (Ex) of Eq. ~8! and
Pn

lm(Ex) of Eq. ~19! for clusters# and the latter through Eq
~3!, where the postemission ejectile energy determines
decay rate.

The mean lifetimetn
(E)(ex) is written as

tn
~E!~ex!5

1

(x*0
EcWn

~E!~ex!dEx1l total
n

, ~23!

where l total
n is the sum of the nucleon-nucleon interactio

rates that result inDn562,0 transitions. Equation~23! is
the mean lifetime of then exciton as a whole since it take
into account decays of all possible types of ejectiles with
possible energies as well asDn562,0 transitions. This is in
contrast to Eq.~4!, where only the decay of the ejectile o
interest and its two-body interaction rate with other partic
are considered making it the lifetime of that configuration
the n-exciton state from which the decay occurs.

References@4,5# extend the exciton model to cluster emi
sions by writingWn

(E)(ex)5( lWnlm
(E) (ex), whereWnlm

(E) (ex) is
obtained by multiplying Eq.~22! by Flm(Ex) and setting
nr5n2 l . In order to compare in detail the effects of pr
emission energy distributions with those of the excit
model, we rearrange the terms ofWnlm

(E) (ex) and write

FIG. 5. Same as in Fig. 4, but fora-particle emissions from
120Sn1p at 62 MeV fromn53, 5, and 7.
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56 3253PREEMISSION CLUSTER ENERGIES IN . . .
Wnlm
~E! 5F p!

~p2 l !!
Flm~Ex!

rn
l0~U,Ex!

rn~Ec!
Gle~ex! ~24!

in terms of the hybrid model decayle(ex). The factor inside
the square brackets is the cluster energy distribution as
culated from postemission conditions for givenl and m.
rn

l0(U,Ex) is evaluated from Eq.~18! with m50 andrn(Ec)
from Eq. ~19! with gx5g, l 51, andm50.

As is evident from Eqs.~4! and~23!, tn
(E)(ex), in contrast

to tn(ex), is independent of the type of ejectile and its e
ergy; it is constant for a givenn. A comparison oftn

(E)(ex)
and tn(ex) in Fig. 3 shows that the latter decreases by
much as an order of magnitude for higherex .

Yet, even with much smaller lifetimes, the present cal
lations predict cross sections that are comparable to the
citon model calculations for the triton anda particle and
much larger for deuteron and helion~Figs. 1 and 2!. This is
because of the difference in the emission rates~21! and~24!
shown in Figs. 4 and 5. More particularly, the differen
arises from the phase-space ratiosrn

lm(U,Ex)/rn
lm(total) of

Eq. ~21! andrn
l0/rn(Ec) of Eq. ~24! that determine the pre

emission cluster energy distributions in the two models.
It can be seen from Fig. 4 that the high-energy deuter

are predominantly emitted fromn53 with l 52, m50. In
this casern

l0(U,Ex) of Eq. ~21! is the same asrn
lm(U,Ex) of

Eq. ~24!, but rn(Ec) of Eq. ~24! is much larger than
rn

20(total) of Eq.~21!. Consequently,Wnlm
(E) (ex) is about two
al-

-

s

-
x-

s

orders of magnitude less thanWnlm(ex) for higher values of
ex ~for n53). With tn(ex), on the other hand, about an ord
of magnitude less thantn

(E)(ex) ~Fig. 3!, the emission prob-
ability ~the product of emission rate and lifetime! is about an
order of magnitude larger in the present calculations.

In the case ofa-particle emission, significant contribu
tions to higher energies occur form.0, viz., l 51, m53 and
l 52, m52 from n53; l 52, m52 and l 53, m51 from
n55; and l 53, m51 and l 54, m50 from n57. As is
evident from Fig. 5, the total emission rates fromn53 are
about the same in both models. But forn55 and 7,
Wnlm(ex) is much larger thanWnlm

(E) (ex) for higherex . This
results from the fact that in the exciton modelrn

l0(U,Ex)
decreases with increasingl with rn(Ec) remaining constant,
while in the present calculations bothrn

lm(U,Ex) and
rn

lm(total) decrease with increasingl . However, the larger
values ofWnlm(ex) are compensated by the smaller values
tn(ex) and both calculations give comparable agreem
with experiment.

It should be noted that the ansatz ofm50 of Refs.@4,5# is
unphysical as it violates energy conservation. If the role om
is included, as it should be, in defining the residual ph
space, then the exciton modela-particle spectrum will give
large overpredictions. The inclusion ofm, however, will
have a negligible effect on the high-energy part of the ex
ton model deuteron spectrum since these emissions o
primarily with l 52,m50.
. C
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