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Master equation approach to statistical multistep compound reactions
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A master equation is incorporated in Feshbach, Kerman, and Koonin model calculations of statistical multi-
step compoundMSC) emission. Damping and Y functions which describe the particle-hole annihilation
process are derived. The MSC cross sections are calculated with the master equation. The effect is found to be
large at lower energies for light nuclei, but not significant when the incident energy is above 20 MeV. The
difference between a closed form solution and the master equation result is masked by the large multistep

direct and evaporation componenftS0556-281®8)02002-¢

PACS numbe(s): 24.60.Dr, 24.10-i, 24.60.Gv, 25.40-h

A never-come-backpproximation is often made for cal- are defined by FKK in Ref[2]. More practical and simple
culations of the pre-equilibrium particle emission cross secformulations are shown in Refg6] and[7]. In order to cal-
tions. The approximation is valid at high excitation energiesculate the particle-hole pair annihilation process we have to
and at early stages in the proc¢s} since transitions to the define theX and Y functions for the damping process in
states of greater complexity are more probable than transivhich the number of excitons decreases.
tions to the states of lesser complexity, and one can neglect The dampingX function can be obtained from the¢' N1
the transition that decreases the number of excitons. function multiplied by the final spin state densiBy(j),

This never-come-bac&pproximation simplifies the calcu- summing it overj,

lation of pre-equilibrium emission, and it is adopted by the
Feshbach, Kerman, and KooriRKK) theory[2] to evaluate
the multistep compoundVSC) process. The particle-hole
annihilation process is, however, important at low excitation
energies and at the stages near the equilibrium state where
many excitons are excited simultaneously, and one has to
solve a master equatiofB,4] to calculate the MSC cross
section. We showed some examples of the master equation
calculations briefly in Ref[5]. Here we provide the master
equation expression for the MSC cross section, and demon-
strate the effect of use of the master equation.

The MSC energy spectrum with theever-come-backs-
sumption is given by2]
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where A(jSJ) is the triangle function,l(j;,j2.j3.j) the
overlap integral, an®,(j) the Gaussian angular momentum
distribution with spin cutoffr?=0.24n A% [8]. The diagram

of the angular momenta in E€R) is shown in Fig. 1.
<F13> (Tl p (U Two processes contribute to theN~1, One is the scat-

R

(1) tering of a bound nucleon annihilating the particle-hole pair

<D1J> 7 (Tn m=1(Tuy)’ given by

where v labels the three exit modesAN=0 and =1),
2w((T'13)/{D43)) is the entrance strength for producing
bound 3:) 1h states of spin). (I'\Jp*(U)) is the escape
width, (T't;,) is the damping width, andl"y;) is the total
width.

The escape and damping widths are factorizeX landY
functions, (I"y ;)= XnsYN(E). The X function contains the
possible angular momentum coupling and overlap integrals
between initial and final states of interaction. Théunction
contains the possible phase space for the transition.

The X and Y functions for the escape proce¥sN=1,
XN YINEL "and YN, and for the damping proces¢!N*?
andY'N*1 in which the number of excitons changes by,
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FIG. 1. TheX function for theAn= —2 process.
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and the other is the hole scattering,
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where w(p,h,E) is the density of g-particle h-hole con- tegral easily. The simplification was made by Chadwick and
figuration at an excitation enerdy, with the nucleons re- Young[7] and they showed that the calculated results are in
stricted to energies below the binding eneyg. is the good agreement with the experimental data.
single-particle state density parameter of the composite sys- In Fig. 3 we present the damping functions for the
tem. These two processes are shown in Fig. 2. The totaAN=+1 process in the neutron induced reactions®&b.
dampingY*N~? function is a sum of thes¥ functions. The single-particle state density paramegeis taken asg
With Egs. (2), (3), and(4), the energy spectrum for the =A/13 MeV ™!, and the pairing energy correctiah=0.
MSC process including the particle-hole annihilation can beThe Y{~* functions increase rapidly with increase in com-

calculated by plexity of the states, and at tié=28 stage it is more prob-
able to annihilate the particle-hole pairs. At this stage MSC
d_“_j chaining should be terminated because an occupation prob-
=122 (23+1) al ! ecaus
de k ability of more complicated configurations becomes small,

and subsequent interactions lead to a full equilibrium stage
(T d subsequent int ti lead to a full equilibri tag
13 i v which yields an evaporation spectrum.
<D13>E 2 (e (U)>f Py(N,Ddt, The master equation in E¢) is solved numerically3].
igure 4 shows a result of the master equation calculation
Fi 4 sh It of th i lculati
®  for %Nb(n,n’) atE,=14 MeV andJ=0, which is the time
wheret, is the equilibration time, an@,(N,t) is the time- evolution of the occupation probabilities. The Walter-Guss

dependent occupation probability which satisfies the follow- optical potential parametef®] are used for neutrons and
ing master equation: protons. The shape of the occupation probability distribution

converges as time increases, and the equilibration tigia
dP;(N,t) - Eq. (5) is determined by the condition
— g = PaN=1O(TRT15) + Py(N+ 1T 5

P3(N,t—6t)/Z\P3(N,t— dt)

P NS PN 10 (7)
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Comparisons of the master equation and closed form cal-
93 _
+zj J<FTNGJPV(U)>dU]- 6) culations for **Nb(n,n") and (,p) at E,=14 MeV are

Neglectmg(l“iN 1 in Eq. (6) leads to the closed form ex-
pression which is equivalent to the original FKK.
The entrance strength in Eq4) and(5) can be evaluated  f77A | AT
by the optical model transmission coefficients corrected by a
factor RSC, which is the fraction of flux into the boundo2
1h state, as in Ref.7].

The overlap integral in the X functions contains the
wave functions of bound single-particle states. We use the FIG. 2. The two damping processes, corresponding to a particle
constant wave functions for the bound-unbound and boundbr a hole scattering with the bound nucleon, annihilating a particle-
bound overlap integrals. This assumption is rather artificialhole pair. The energy of the interacting particle&is z, wherez is
but it has the great advantage of calculating the overlap inthe core energy ang is the initial total energy.
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FIG. 3. The Nb dampingY functions for incident neutron
energies of 10, 14, and 20 MeV. The solid lines are Até=—1
process, and the dashed lines are Alid= + 1 process.

shown in Figs. 5 and 6, respectively. The master equation
calculation enhances particle emissions frole4 stages.
The effect is large for the low energy neutron emission pro-,
cess. At the stages dfl<3, the differences between the

IN-1 plrocesls
N+1 process
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master equation and the closed form results are very sma
The total MSC spectrum by the master equation becomes
softer than that by the closed form calculation. Farp)

reactions, particle emissions froMi=4 stages are less im-
portant relative to the leading three stages because of the
Coulomb barrier, thus the effect of the master equation cal-

culation is small as seen in Fig. 6.

Calculated MSC spectra fofNb(n,n’) at E,=25 MeV
are shown in Fig. 7. The difference between the closed forn
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calculation, and the heavy lines are the total MSC spectra.

FIG. 5. Comparison of the master equation and closed form
calculations for®*Nb(n,n’) atE,=14 MeV. The solid lines are the
master equation calculation, the dotted lines are the closed form

and the master equation calculations becomes small as the
incident energy increases. At 14 MeV, 26.3% of the forma-
tion cross section for the initial21h state is emitted from

he leading two stages. This fraction increases with the inci-
ent energy, and it rises up to 77.1% at 25 MeV. Thus the
relative importance of thdl=3 stages decreases, and the
master equation calculation becomes insensitive to the total
MSC cross section.

Ratios of the total MSC cross sections calculated with the
master equation to those with the closed form expression for
(n,n’) and (n,p) reactions on?’Al, ¢Fe, and ®*Nb are
shown in Fig. 8. The effect of using the master equation is
large for light nuclei at low incident energies. The neutron
emission from medium nuclei at 14 MeV is enhanced to

1 T T T T T T T about 40%. However, the observed particle emission cross
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FIG. 4. The result of the master equation calculation. The occu-
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pation probabilityP,(N,t) for ®Nb(n,n’) at E,=14 MeV, J=0.

The time has a unit of/27.

FIG. 6. Same as Fig. 5 bdNb(n,p) at E,=14 MeV.
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FIG. 7. Same as Fig. 5 b#Nb(n,n’) at E,=25 MeV. FIG. 8. Ratio of the total MSC cross sections calculated with the

master equatizon to tgose with 9t?e closed form fom() and (0, p)
) a1 5 L

sections at these energies comprise MSD, MSC, and evap(rﬁacnc;ns on f‘ l\'/vhe:::, andan%b' Thearrjtt'ﬁe Ifot:;(lcl\)/:gscsi?o:g
ration components. A larger MSC emission from the mastegé“é‘fi‘gng_c"’se"_ Tmaster 411 Tclosed
equation approach results in a smaller evaporation compo-
nent, and the d|ff9rence in the total emission spectra betwe  light nuclei at low energies. It is, however, negligible
the master equation and the closed form becomes smaller. Above 20 Mev
energies above 20 MeV where the MSD contribution domi- '
nates, the master equation effect in the MSC is expected to We would like to express our gratitude to Prof. H.A.
be masked by the large MSD and evaporation componentsWeidenmier for helpful discussions. This work was sup-

In conclusion, we have derived a master equation expregorted in part by a Grant-in-Aid for Scientific Research of
sion for the FKK MSC process. The calculated MSC crosghe Ministry of Education, Science, and Cultuf®o.
section shows that the effect of the master equation is large@9558059.
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