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Preemission cluster energies in preequilibrium nuclear reactions
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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.[S0556-28137)05411-3

PACS numbsg(s): 24.10.Cn, 21.60.Gx, 23.60e, 23.70+]

I. INTRODUCTION Il. THE HYBRID MODEL FOR CLUSTERS EMISSIONS

The hybrid model angle-integrated cross section for ejec-

Preequilibrium(PEQ emission of clusters has turned out tile x with energye, is given by[6] as

much more difficult to solve than nucleon emission. The

problem lies in evaluating the cluster formation probability n

and its energy distribution inside the excited mother nucleus. (€)= 0aps > D Wi(e&) (&) (1)
A number of methods, with and without adjustable param- X absn:no e

eters, are used for evaluating the cluster formation probabil- An=2

ity but the role of its preemission energy distribution is ig-
nored in all PEQ reaction studies, both quantum mechanic
and semiclassical. For cluster emissions, the quantum
mechanical Feshbach-Kerman-KoorffFKK) theory has so
far been applied te particles only. It assumes that the clus-
ter formed in the ground state of the target is emitted by th
single-step knockout mechanigr]. The evaluation of pre-
emission cluster energy distributions is therefore irrelevant. W, (€)= FXE)\o(€) )
The semiclassical exciton model has been used more me m e

widely to investigate deuteron, triton, helion, aneparticle  \yhere fX(E,) is the preemission energy distribution of the
PEQ spectrasee[2] and references thergirbut with mixed  gjectile, i.e., the number of-type ejectiles in the-exciton
success. It usually reproduces theparticle spectra fairly giate with energyE, measured from the Fermi energy
well ano_l sometir_nes the triton spectra also, but grqssly UVE —¢ +B,, B, being the ejectile separation energy
derpredicts the high-energy part of deuteron and helion speg: (¢ ) s the decay rate of this particular configuration of the
tra [3-5]. A possible reason for this partial failure of the oy iton state where the ejectile has enelgy
exciton model may lie in its implicit assumption that every  giqce the hybrid model looks at emissions from a particu-
configuration of each intermediate state occurs with equal |5 configuration of ther-exciton state, the decay rate is cal-
priori probability during the equilibration process. In this ¢, ateq from the principle of detailed balance with the initial-
context, the energy distribution of the cluster prior 10 itSgate gensity as the single-particle level densjfyof the
emission assumes fundamental importance. In this work Wgjgtile and the final-state density as that arising from the
develop a simple formalism for evaluating this energy d'sm'translational motion of the ejectile after emissi@
bution and show its importance in predicting emitted cluster
spectra in PEQ reactions. _
Of the two well-known PEQ reaction models, viz., the )\e(ex)z(zsx+1)MX6XU'”“(6X)
hybrid and exciton models, the former requires the explicit wh3gy
evaluation of preemission ejectile energy distribution. The o ) )
hybrid model in its present version, however, is valid forin terms of the intrinsic spirs,, reduced masg.,, and in-
nucleon emissions only. We extend it to cluster emissions a%erse cross sectiomn,(e3).
well. In order to clarify this extension, we begin Sec. Il with ~ The mean lifetime is then given by
a brief outline of the basic features of the model for PEQ
nucleon emissions, which is followed by the development of (€)= 1 (4
the model for cluster emissions. In Sec. Il we compare the X 2w’
results of the extended hybrid model with those of the exci- Al EX)+T
ton model and experiment. The relevance of the evaluation
of preemission energy distribution is discussed in Sec. IV. where 2V/# is the two-body interaction rate of the ejectile
with the other nucleons of the systeW,being the imaginary
part of the optical model potential of the ejectile and the
*Electronic address: chinmay@hp1.saha.ernet.in residual nucleus. Other methods of evaluating the two-body
"Electronic address: sudip@hp1.saha.ernet.in interaction rate are described in RES).

hereo s is the projectile absorption cross secti@, the
-exciton state depletion factow,(e,) the emission rate of
with energy e, from the n-exciton state, and(e,) the
mean lifetime of that particular configuration of the
n-exciton state from which the emission occurs. The emis-
%ion rate is expressed as

()
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For nucleon emissiong, in Eq. (3) is the nucleon single-
particle level density andi(E,) is written as[6]

Pn(UaEx)
¢pn(U,EdE,’

number of excited particlep and (b) the excitation energy
while evaluatingN!™(x) and P'™(E,), respectively.
The conservation op requires that

; E| INI™(x)=p,

fﬁ(Ex) =

XaPa(Ex)=Xq ©)

I ©)
where X} is the number of excited-type nucleons in the
n-exciton stateP,(E,) is probability of thex-type nucleon
having energyE, inside the nucleus. It is assumed to be
proportional to p,(U,E,), the density of states in the
n-exciton state when the nucleon has enefgyand the re-
maining (—1) excitons share the residual energy
U=E.—E,, where E; is the excitation energy of the
nucleus. The denominator in E¢p) is equal top,(E,), the
density of states of the-exciton state with excitation energy

where the second summation is over all types of clusters. To
simplify the evaluation oN'nm(x) so that Eq.(9) is satisfied
we write

prR"(X)

> 2. In'n’“<x>'

NI™(x) = (10

Ec. It is obtained straightforwardly from the normalization wheren!™(x) is the number ofk-type clusters that can be
condition IOCPn(EX)dE =1 so that the numbeX} is con-  counted fromA nucleons without the constraint of conserv-
served. ing p.

The problem of using EqJ1) for cluster emissions lies in In the n-exciton state witlp excited particles ant holes
evaluatingfX(E,) of Eq.(2). While X}, and hencé(E,) as  there can b@— p,+ 1 different configurations when the pro-
well, is adequately defined for nucleof8), no prescription jectile is made up op, nucleons. Each configuration, desig-
is available for evaluating}(E,) for clusters. This requires hated asj, is characterized by differnt numbers of excited
the evaluation of the number a&ftype clusters formed in the Protonsp.;, neutronsp,;, proton holesh;, and neutron
n-exciton state as well as their energy distribution prior toholesh,; (p;j+p,;=p, h;;+h,;=h). It can be shown from
emission. We address these problems in the following subhduction that ifa, be the number of protons in the projec-
sections. tile, then pg=a,+j, h;=] and p,;=p—p,
h,j=h—h_;, with j=0,1,... p—p,.

A. Number of clusters formed

Following Refs.[2,4,5,7, we consider that th& cluster
can be formed in theZ,N,A) nucleus through the coales-
cence ofl excited nucleons angh nucleons from below the
Fermi sea. For a cluster witk, protons andx, neutrons
(x,+x,=A)), X, protons andx,, neutrons are selected
from the p excited particles of th@-exciton state and .,
protons andx,,, neutrons from theA—p nucleons that are
below the Fermi sea. We then have

X

(6)
(@)

The number ok clusters formed in the-exciton state with
energyE, (measured from the Fermi energy) is

X7T|+X7Tm’ X XV|+vav

T v

[ =X, +X M=X_m+Xym-

vl s

2 X m(Ex),

X im(Ex) =NI"O)PIN(E,) = NI (x)K M (E,) PR(E,),
)

whereN'nm(x) is the number ok clusters that can be counted

from the A nucleons under the constraints imposed by Egs.

(6) and (7). 7?'nm(Ex) is the cluster formation probability with
energyE, . This is factorized as the product of two indepen-
dent probabilitiesKLm(Ex), the probability of the cluster
nucleons being bound at the preassigned enérgy and
P'n”‘(EX), the probability of the cluster having this energy
E«. In order to evaluatd(E,) two constraints are to be
taken into account. These are the conservatior{apfthe

For a given configuration, thex andx,.,, protons con-
stituting . are selected, respectively, frop,; excited pro-
tons andZ—p,; protons below the Fermi sea. Similarly, the
X, andx,, neutrons that go intx, are obtained fronp,,
and N—p,;, respectively. Clearly, the number oftype
clusters that can be constituted frgmexcited particles and
A—p nucleons below the Fermi sea is the minimum of the
ratiospﬂ'j /X7T| ) pl/] /XV| ) (Z_ pwj)/xwmv and (N_ ij)/Xl/m .

Again, in thejth configuration, thex-type cluster may be
constituted through different combinations»f, , X, , X;m
andx,,, as is evident from Eq(6). AssigningR(x,;,j) as
the probability of a particular combination ®f,, X,;, X;m,
andx,, at a g|venj andw; as the statistical weight factor for
the particularj, n "(x) is expressed as

I™(x)
Pri Puj 2~ Prj —N_p”} Rxl.j).
Xym min (11)

Y

]=0

{X 1t Xl ,le , Xam

The summatiofx,} in Eq.(11) is over those values of
Xyl » Xzm, @andx,, that satisfy both constrain{§) and (7).

T e

Lol
ez

where ¢)=al!/(a—b)!b!. The denominator is obtained by
summing the numerator over those valuexgf, X,;, Xm,

ij
X

Z—Pgj

me

A-p
m

N_ij

7l

R(Xz.j)= (12
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andx,,, that satisfy constraint7) alone with Eq.(6) remain- Of then’ =n—1+m excitons that shar, the energye,;

ing inoperative. The statistical weight facter is written as  of the first exciton varies between<(e;<U, that of the
a binomial distributior{ 8] second exciton between<Ge,<U—e,;, and so on until the
. _ energy e, _,; of the n’—1 exciton varies between

w:(p—pa> EHEF Pa™l 13 0<e, _;<U—3_;%,. By conservation of energy, the

: ] Al LA n’ exciton then has a fixed ener@j;U—Ej”;‘llej. The

density of statep!™(U,E,), where the cluster has enerfy
B. Formation probability of clusters andn—I+m excitons shardJ, is determined by the convo-

lution of the exciton state densitigg(e,), po(e,), ..., and
the cluster density of statgs(E,) integrated over the al-

Iwamoto and co-workers assume that the cluster nucleons alt%we:qt\)/ggfes ofeexi:noneenirgles: US'S}%thneuilqel:)'g'Sst‘?nmli)ac'
bound in a simple harmonic oscillator potential whose fre- gt' o | fl)ld( 1);”2( EZ) o _g'd 9
guencyw, is determined by the measured radius of the clusParticie levet densi Ypx(Ex) =0x, an

The formation probability<'nm(EX) of Eq. (8) is obtained
from the formalism of Refs[4,5] with two modifications.

ter. They take the formation probabilify,,(E,) to be pro- | N "n’fl y
portional to the microstates available to the cluster p'M(UE ):(p—l). 9x9 11 J' "de
. " pl (p=DithEml i Jo T
1 X
lim(Ex) = h3(Ax*_1) H f dkif d¢;, (14 B gxg(gu)anmfl

=t = pithem)(n—T+m—1)!" (18)
Fim(E)= him(Ex) (15) where the upper limit of the integrals até=U for r=1
M S m(E) and U,=U—3{_7e; for r>1. The factors p—I)! and

) ] (h+m)! in the denominator of the first equality remove mul-
where¢; andk; are theA,—1 relative coordinates and mo- tjple counting of configurations arising from identical par-
menta, respectively, of tha, nucleons. ticles and holes. Also, sincp!/(p—1)! permutations are

The m(_)dlflc_anons mt.roduced in the present work are a%hossible to seledtidentical excited particles ar’;d{”(U,Ex)
follows. First, in evaluating Eq(14) Refs.[4,5] assume that refers to only one such permutation, E&8) has to be mul-
the emitted cluster is formed at the surface of the nucleusn-p"ed by itsa priori probablityp!/(p—1)!.

We do away with this restriction and evaluate the formation Assuming as in the case of the standard hybrid model for
probability inside the nuclear volume using the limits fgr nucleon emissionés) thatPIm(E )Mplm(u E,), the propor-
and & of [7]. This considerably simplifies the evaluation of tionality constant is obtl:ainexd from ’th::’ normalization

Eqg. (14). The possibility of the cluster formed inside the .e__im _ :
nuclear volume dissolving into its constituents before reach-foCPn (Ex)dE,=1, which conserves the number of clusters

ing the surface can be taken into account while calculatindormed with given (,m) in the n-exciton state. We then
the emission probability. Second, while R€#4,5,7] neglect ~ Nave

the distinguishability of protons and neutrons and evaluate im

Eq. (14) for A, identical nucleons, we introduce the distin- PIM(E, )= Pn (U.E

guishability of protons and neutrons and write naTx piM(total)

Ki"(Ex) =Ry" () Fim(Ex), (16) (gE.)n-1+m
M total) = 90%
Pn pl(h+m)l(n—I+m)!"

(19
RI"(x)= > wj{E} R(Xz141), (17)
Xl

7 In Refs.[4,5] the participation o holes in sharindJ is

neglected under the assumption that thenucleons emerg-
whereR!™(x) is the probability of choosing., protons and ing as cluster constituents come out freely without interact-
x,) neutrons from above the Fermi surface ang, protons  ing with the remaining nucleons. This assumptiomo# 0
andx,,, neutrons from below. The normalization kf"(E,)  in Ed.(18) is contrary to energy conservation sirldeis the
is the same as that &,,(E,) of Eq. (15) in the sense that if SUM of fthe exutatlon_en_ergles of particle and hole exm_tons.
the constrain{(6) is removed while summing oveix,,} in Neglecting the excitation of them holes results in
Eq. (17) we haveR!™(x)=1 andK!™(E,) =Fn(E,). U<E.—Ex.

C. Energy distribution of clusters lll. NUMERICAL RESULTS

Before the cluster is formed in the-exciton state, the Using Eqs(19) and(8) in Eq. (2) and combining with Eq.
excitation energy, is shared among excited particles and (1); the cluster emission spectrum in the extended hybrid
h holes. After the cluster is formed with enerdy, the modelis
energyU=E_.—E, is shared among—| excited particles . A
andh+m holes. The probability of transition from the initial _ 3
(p,h) state to the p—I,h+m) plus cluster state is ac- U(ex)_‘fabsnz D“go Whim( €x) Tn(€x), (20

. ' s =No
counted for in the cluster formation probability. An=2
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FIG. 2. Same as in Fig. 1, but for helion andparticle model

FIG. 1. Comparison of present calculatiofumshed lineswith  arameters. Experimental and FKK calculatigdashed-dot ling
experimental spectréull lines) and exciton modef5] predictions ¢, 1655 gre from[1].

(dotted line$ for deuteron and triton spectra from proton-induced
reactions. The targets and incident energies are marked against th(?
spectra. The experimental data f&iNi are from[3] and others K "(E,)=1,1=1, m=0, and Egs(20) and (21) reduce to

from [12]. the standard hybrid model expressions.
The formalism is tested for several proton-induced reac-
with tions shown in Figs. 1 and 2, where the present calculations

for PEQ emissions are compared with experiment, the previ-
(U E,) ous exciton model, and FKK theory calculations. The calcu-
pn 1250 No( &), lations are performed witly=A/13, g,=g/A,, e£=33.5
me(totaI) MeV, and w, from Ref. [5]. The proton, deuteron, and
(21 a-particle optical model parameters are from R§€s9,10,
respectively, and the triton and helion parameters are from
whereA(€,) and7,(e,) are given, respectively, by EqS) Ref.[11]. For nucleon-induced reactions the initial configu-
and (4). It should be noted tha,,(E,) is evaluated inside ration is a -1h state withn,=3. Since no attempt is made
the nuclear volume instead of at the nuclear surface, as ¥ reproduce the equilibrium or near-equilibrium part of the
done in the case of exciton model calculations of Ref&]. spectra, we have restricted our calculationsite7 (4p-3h)
The cluster formed inside the volume may dissolve into itsas larger particle-hole configurations contribute negligibly to
constituents before reaching the surface. This depends on tliee high-energy part of the spectid,, of Eq. (20) is evalu-
cluster mean free path, which is inversely proportionaMo  ated as in Ref[6], with PEQ emissions restricted to those of
Since,(e,) of Eq.(4) takes into account the cluster-nucleon single nucleons.
interaction rate V/#, the probability of the cluster dissolv- The present calculations show remarkable improvements
ing into its constituents is included in the emission probabil-in predicting deuteron spectra. Significant changes also occur
ity Wh(e) mn(eyx). Thus, in the framework of the hybrid in o spectra compared to the exciton model calculations for
model, the evaluation of cluster formation probability is %Ni and FKK theory for®*Ho. The triton spectra are well
greatly simplified by removing the surface restrictions. In thereproduced by both the exciton model and the present calcu-
exciton model, on the other hand, the emission probabilityations with the latter reproducing the trend better f8Fe
does not include competitions from cluster-nucleon interacand *2°Sn, although the observed spectra are underpredicted.
tions but only nucleon-nucleon interactiofghown later in  The predicted helion spectra, however, overcorrect the un-
Eq. (23) and discussed in the followifgnd it becomes nec- derpredictions of the exciton model; adjustment of the helion
essary to calculate the formation probability at the nucleapbptical model parameters, which determine both the decay
surface. In the case of PEQ nucleon emissiNﬁg(x) isthe ratelg(e,) and the lifetimer,(e,), may lead to better agree-
number of excited protons or neutrofiX} of Eq. (5)], ment.

Wiim(€) = | NI"O)RI™(X) Fim(E,)
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FIG. 3. Comparison of the lifetimes of the excit@tted line$ S
and the hybrid(full lines) models for(a) deuteron emissions from 10'810 20 30 "16"50 50 70
S4Fe+p and (b) a-particle emissions front?°Sn+p, both at 62
MeV proton energy. The exciton model lifetimes for3,5,7 are Ex (MeV)

too close to be shown separately. FIG. 5. Same as in Fig. 4, but faz-particle emissions from

1205n+p at 62 MeV fromn=3, 5, and 7.
IV. DISCUSSION

The crucial importance of the preemission cluster energypion rate from then-exciton state as a whole, while E®)
distribution in predicting the emitted cluster spectra can beevaluates the emission rate from a particular configuration of
seen through a comparison of the ingredients of the hybridhe n-exciton state through a two-step process: the excitation
and exciton models. Although the closed-form exciton modePf the ejectile inside the mother nucleus to enekgyfol-
cross section can be written as in Edj), the emission rate lowed by its emission with energy,. Second, the energy
WE)(¢e,) and the mean lifetime'®(€,) [the superscriptf) ~ dependence in Eq22) is determined entirely by postemis-
refers to exciton model variablare evaluated from differ- Sion conditions because the exciton model assumes that all
ent physical conditions. configurations of the-exciton state occur with equal pri-

For nucleon emissionsWﬁE)(ex) is obtained from the Ori probability. The hy_brl_d model,_pn the other hand, uses
principle of detailed balance with,(E,) as the initial-state °0th pre- and postemission conditions to evaluaige,).
density and the final-state density as the product of the statB"€ former is taken into account in definifg(E,) in Eq.
density p, (U) of the residual nucleus and the number of (2) through P,(E,) of Eq. (5) [or f}(E,) of Eq. (8) and
states available to the ejectile from its translational motion Pr(Ex) of Eq. (19) for cluster§ and the latter through Eq.

(3) where the postemission ejectile energy determines the

decay rate.
: U
WE(e,)= (25 1) x€xTiny( &) P () ’ (22) The mean IifetimerﬁE)(ex) is written as
" m°h3 pn(Ec)
. . . (E) 1
wheren, (=n—1) is the exciton number of the residual Th (€)= (23

nucleus. This expression is different from the corresponding

xfoc\N(E (6)dEx+ Npral ’
hybrid modelW,(e,) of Eq. (2). First, Eq.(22) is the emis-

where A\, is the sum of the nucleon-nucleon interaction

100 10 rates that result illn= *2,0 transitions. Equatio23) is
the mean lifetime of the exciton as a whole since it takes
~ 10" > 102 into account decays of all possible types of ejectiles with all
G ;E possible energies as well As1= * 2,0 transitions. This is in
2 00 o3 contrast to Eq(4), where only the decay of the ejectile of
™~ interest and its two-body interaction rate with other particles
109 L N 104 are considered making it the lifetime of that configuration of

0 10 20 30 40 50 60 0 10 20 30 40 50 the n-exciton state from which the decay occurs.
Reference$4,5] extend the exciton model to cluster emis-
sions by writingW(F)(e,) ==,WE) (€,), whereWE) (e,) is
FIG. 4. Deuteron emission rates froffFe+p at 62 MeV inci-  obtained by multiplying Eq(22) by Fn(E,) and setting
dent energy froom=3 and 5. The dotted and full lines are those of Ny=N—1. In order to compare in detail the effects of pre-
the exciton and hybrid models, respectively. The value$ afe ~ €mission energy distributions with those of the exciton
shown against individual curves. model, we rearrange the termlem(ex) and write

€, (MeV) ex (MeV)
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p! P'nO(U,Ex) orders of magnitude less thaM, (e, for higher values of
Wiim= (_—|)|Flm(Ex)T Ne(€) (24 ¢, (for n=3). With 7,(¢,), on the other hand, about an order
P Pl =e of magnitude less than{®(e,) (Fig. 3, the emission prob-
in terms of the hybrid model decay.(e,). The factor inside ability (the product of emission rate and lifetijrie about an
the square brackets is the cluster energy distribution as cabrder of magnitude larger in the present calculations.

culated from postemission conditions for givénand m. In the case ofe-particle emission, significant contribu-
p(U,E,) is evaluated from Eq18) with m=0 andp,(E.) tions to higher energies occur for>0, viz.,|=1,m=3 and
from Eq.(19) with g,=g, =1, andm=0. =2, m=2 fromn=3;1=2, m=2 andl=3, m=1 from

As is evident from Eqs(4) and(23), TEF)(eX), in contrast n=5; andl=3, m=1 andl=4, m=0 from n=7. As is
to 7,(e€y), is independent of the type of ejectile and its en-evident from Fig. 5, the total emission rates frors 3 are
ergy; it is constant for a given. A comparison ofrﬁE)(eX) about the same in both models. But for=5 and 7,
and 7,(e,) in Fig. 3 shows that the latter decreases by a3V, m(€y) is much larger thaNVﬁ'ﬁ)n(ex) for highere,. This
much as an order of magnitude for highsr. results from the fact that in the exciton modéf(U,Ex)

Yet, even with much smaller lifetimes, the present calcu-decreases with increasimgvith p,(E;) remaining constant,
lations predict cross sections that are comparable to the exvhile in the present calculations bOtblnm(U1Ex) and
citon model calculations for the triton and particle and p'nm(total) decrease with increasirdg However, the larger
much larger for deuteron and helighigs. 1 and 2 This is  yalues ofWw,,(e,) are compensated by the smaller values of
because of the difference in the emission ra@$ and(24) 7 (¢ ) and both calculations give comparable agreement
shown in Figs. 4 and 5. More particularly, the differenceyjth experiment.
arises from the phase-space ratjg8(U,E,)/p,"(total) of It should be noted that the ansatzmof 0 of Refs[4,5] is
Eq. (21) and p}%/p,(E.) of Eq. (24) that determine the pre- unphysical as it violates energy conservation. If the roleof
emission cluster energy distributions in the two models. s included, as it should be, in defining the residual phase

It can be seen from Fig. 4 that the high-energy deuterongpace, then the exciton modetparticle spectrum will give
are predominantly emitted from=3 with =2, m=0. In  |arge overpredictions. The inclusion oh, however, will
this caSQO'nO(U,EX) of Eq. (21) is the same aﬁ'nm(U,EX) of  have a negligible effect on the high-energy part of the exci-
Eqg. (24), but p,(E.) of Eq. (24) is much larger than ton model deuteron spectrum since these emissions occur
p2(total) of Eq.(21). ConsequentiyW'5) (¢,) is about two  primarily with |=2m=0.
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