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A B S T R A C T

A new PC code PCROSS for neutron induced reaction calculations up to 25

MeV incident was developed, where the latest theoretical development in

the model was employed. A combination of exciton model and multistep

direct reaction model parametrization was used in order to describe the

high energy part of the spectra. In the PCROSS code several models for

level density calculations are available. The code includes a subroutine

to generate the input data. In the present paper some calculation

results for (n.n1) and (n,p) emission spectra in the range of 5 to 25 MeV

and for (n,p) and (n,2n) excitation functions up to 20 MeV are shown. A

good description of the experimental data was achieved.

INTRODUCTION

Meeting the nuc lea r da t a needs of the f i s s i o n and fusion t e c h n o l o -

g ies r e q u i r e s a wide use of t h e o r i e s and phenomenological models.

There a re now seve ra l w e l l - e s t a b l i s h e d codes for nuc lear da ta c a l -

culations for structural materials involving statistical and pre-

equi 1 ibrium models. Our aim was to develop a new PC—based user

friendly code for nucleon induced reaction calculations, where the

latest theoretical development in the preequi1ibrium field was

employed.

As is well known, for the proper description of the high energy

tail of the emission spectra the direct contribution should be

taken into account. The combination of the preequi1ibrium exciton

model and direct reaction parameterization should give satisfac-

tory results for the emission spectra and excitation function
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calculations. Therefore, we used the exciton model plus SMD para-

meterization for a theoretical description of the reaction process

In Section I of this paper, we will shortly review the employed

theoretical framework. In Section II some test calculations and

comparison with experimental data will be shown. Finally, we will

give some conclusions and comments about the future work.

I.The exciton model and SMD parameterization

In the PCROSS code a combination of the exciton model [1] and SMD

description of the direct interaction of the incident nucleon with

the low-lying collective states of the target nucleus was

employed. The exciton model used is based on the solution of the

master equation[2] in the form proposed by Cline[3) and

Ribansky[4]. To obtain the numerical solution of the system of the

algebraic equations for T(n), we use the algorithm proposed by

Akkermans, Gruppelaar and Reffo[5], which produces anexact result

for any initial condition of the problem. The preequi1ibrium and

equilibrium spectra can be calculated in the unified form as

follows:

f(Eb> - <SS"P(Elnc) Dab(E
lnc>

where the usual notation is used, and D , (E. ) is the depletion
ab inc

factor, which takes into account the flux loss as a result of the

direct reaction processes. Using the direct reaction cross section

we can calculate the depletion factor in the following way:

For the calculation of the direct reaction contribution to the
dir

inelastic emission spectra, and therefore, of the 0 , the parame-
ab

terization proposed by Kalka et al.[6] was used. According to

this, we can write the direct differential emission cross section

as

p?
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where T=(4n/3)R3, R=rQA
1/3

Vr>=48 MeV is the potential depth

fik , 0)", are the deformation parameters and phonon energies

of multipolarity A,

) is the penetratio
t

for neutrons in the following way

P (£ ) is the penetration factor which can be calculated
3* ct

PJeJ=4k K /(k +K ) (4)
el a a a cl ct

The delta function in the r.h.s. of equation (3) is replaced by a

Gaussian with an averaging width according to the experimental

data resolution.

For the calculation of the emission rates W,(E,n,8, ) a state den-
D D

sity formula is needed. At present, the PCROSS code uses the

Williams formula[7] where the Pauli correction is calculated in

accordance with Kalbach's method[8]. In addition, one has the op-

tion of using the Fu[9] or Kalbach[10] pairing corrections. We

must ensure the consistency between equilibrium and preequi1ibrium

emission, as was suggested by Fu[9]. Therefore, the level density

parameters tabulated in [11] were employed for all the

calculations. The use of these parameters allows us to avoid re-

normalization of the particle-hole state densities, thus simpli-

fying the calculation algorithm. Perhaps the D parameter syste-

matics of Ref.[ll] doesn't work very well. We should change the D

parameter for some nuclei in order to achieve a good description

of the threshold excitation functions. Employing the adjusted

value of the D parameter from the excitation function an overall

good emission spectra description in the whole energy range was

achieved.

We want to remark that in the state density calculations we set

U(p,h,U) equal to zero when the excitation energy U is less than
2 2

the Pauli energy (P +h )/(2g) for a given configuration. Physi-

cally, this assumption is clear because you cannot have any confi-

guration with energy less than the Pauli energy by definition!

For the alpha and gamma emission rates the Iwamoto-Harada[12,13]

and Akkermans et al.[14,15] formulations were used, respectively.
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For the transition rate calculation we use the parameterization

proposed by Blann[16]. Using this parameterization Machner[17]

deduced the following expressions:

+(E,n)=-j^- fl.4xlO21 E 1—|T 6X1018 E'2]
Ktv1 n+1 J

(5)

(n-D(n-2)ph f lJT(E.n)-
mfp (9-E1)2

In the PCROSS code the additional 3/8 factor introduced by

Gupta[18] was taken into account in the r.h.s. of equations (5).

This factor results from the reduction of a two-component master

equation(i.e. with the neutron-proton distinction) to an effective

one-component equation[18]. Taking also into account the direct

reaction contribution, as has been mentioned above, we obtained an

overall value of 1.3 for the mean free path parameter k _ . The
mip

slight increase above unity is possible if we bear in mind that

effects such as parity and angular momentum conservation are not

considered in the Blann parameterization[14]. These effects taken

together would produce an increase of the nucleon mean free path

in the nuclear matter. The assumed value of 1.3 is in good agree-

ment with the one employed in the hybrid model calculations. We

believe that this is a direct result of the whole correct theore-

tical approach in the state density and transition rate fields,

and also of the account for the direct reaction contribution in

the inelastic emission spectra.

According to the research performed by Akkermans and Gruppe-

laar[19,20] , in the energy range up to 50 MeV the preequilibrium

emission subsequent to primary emission can be neglected. The

PCROSS code uses the Weisskopf-Ewing[21]evaporation model in all

cases to calculate the secondary emission.

II.Results

The calculations of threshold excitation functions (n,p) and

(n,2n) up to 20 MeV incident energy were performed for cobalt and

iron isotopes. For 0c°mp(E) the reaction cross section of the glo-
at)

bal optical potential(Wilmore-Hodgson for neutrons and Bechetti-

Greenless for protons) is used in the parameterized form of the
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Fig.i Calculation of the
(n,p),(n,2n) excitation
functions for Pe and Co
isotopes.
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Chaterjee et al.[22]. Some adjustment of the D parameters was

needed for a correct description of the excitation function. The

calculated excitation functions are depicted in Fig.la-le. There

is a good agreement with experimental data. For the same isotopes

the calculated emission spectra in the energy range from 5 to 26

MeV are shown in Fig.2a-2f. In this calculation, the previously-

fixed values of the D parameter were employed. The obtained des-

cription of the experimental data in the neutron and proton chan-

nels is good.

Finally, we performed calculations of the emission spectra for

indium. The calculation results are shown in Fig.3a—3e. A good

agreement with the experimental data is obtained within the whole

energy range. In the 14 MeV inelastic emission spectra the SMD

contribution is shown. As can be seen direct contribution domina-

tes the high energy tail of the inelastic emission spectra.
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Conclusions

We have developed the PCROSS program which enables us to use the

exciton model+SMD parameterization to calculate the emission spec-

tra and excitation functions for the neutron induced reactions up

to 25 MeV incident energy. The program lays particular stress on

ensuring that equilibrium and preequi1ibrium emission are mutually

consistent, and on making data input as simple and interactive as

possible. The direct excitation of low-lying collective states is

taken into account by the simple parameterization of Kalka et

al.(6]. Blann's parameterization[16] was used to the calculation

of the internal transition rates. An overall good description was

obtained using the mean free path parameter equal to 1.3. Some

calculations have been performed for (n,n') and (n,p) emission

spectra for 5 up to 26 MeV incident energy and for (n,p) and

(n,2n) excitation function up to 20 MeV. A good description of the

experimental data was achieved. All calculations were carried out

at the PC-AT computer and took only few minutes of computer time.

Future development

Recently, an exact formulation of particle-hole state densities

taking into account the Pauli and pairing corrections[23] was ob-

tained in our group. The corresponding internal transition rates

for the exciton model were also derived[24]. We will try to make

some calculations using this new state density formulation to com-

pare with the currently used Williams formulation[7]. The impact

of the new state density formulation on the alpha emission will be

also studied with the systematic comparison with the new

(n,OC) , (Ot,n) experimental data[25].
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