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A Nuclear Cross Section Calculation System with Simplified Input-
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1. Introduction

The SINCROS-I1 is a revised version of the SINCROS—II). The input-
format of this new version is more simplified than that of version I.
The level density of nuclei is represented by defining only the Fermi-
gas model parameter "a!'; and "a" for about 200 nuclei were stored in
the code as the data initialization statement. The radiative widths Ty
for 200 nuclei were also stored, although some of them have tentative
values. )

In the version I, one neutron and one proton optical-model
potentials were programmed. In contrast to this, two neutron and two
proton potential parameters are accepted and the options of any combina-
tion become possible in the second version. A new ﬁroton potential was
introduced for the calculations above 20 MeV. The energy peint at which
the cross section calculation can be carried out in a single execution
increased to 30 cases, while it was 20’points in the old wversion.

The radiative capture cross section calculation is ordinarily
difficult to agree with the experimental value. The normalization of
the calculated capture cross section to the experimental data at 100
keV became available to obtain the suitable gamma-ray transition pro-
bability of the compound nucleus. The width fluctuation correction is
applied, according to the Tepel et al.'s methodz), resulting in the
corrected inelastic-scattering cross sections in the low energy regiom.

The lists of reaction, ground state production, and excited states
production cross sections were given in the SINCROS-I. 1In the new
version, the total neutron, proton, deuteron, alpha-particle, and
gamma-ray production cross sections are also shown in the table.
Instead of the excited state productions, the isomeric state production
cross sections are directly out-putted. It is not necessary, then, to
find out the isomeric cross section within the excited state production
cross sections. The isomer, of which the excitation function is
intended to be given, can be designated in the last row of the input
data. The compound elastic scattering cross section and the inelastic
gcattering cross sections for 1lst to 18th excited levels are also
presented.

For the SINCROS-II, several process codes have been wriften in
addition to the conversion code for the general purpose file of the
ENDF/B format. Various process codes may be prepared in the near

future.
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2., Compesition of SINCROS-II

The main codes of the SINCROS-II are the ELTESE3)—GNASH*) joint
program (EGNASH2) and the simplified input versiom of DWUCK4S) (DWUCKY) .
EGNASHZ calculates the nuclear cross sections over the wide mass region
using the built-in optical-model potential parameters., In DWUCKY, the
same accepted neutron potentials are programmed as in EGNASHZ.

The discrete.level data - excitation energy, spin, parity, and
branching ratios of gammaTray decay channels - are prepared from the
ENSDF through the format conversion and the editorial work. Tt is not
necessary that too many levels are quoted from the ENSDF, rather it
should be assured that the number of levels approximately increases as
an exponential function of the excitation energy. In the discrete
level data, no transition from the isomeric gtate is given  when the
half-life is longer than about 1 sec, to calculate the isomeric state
production cross section as well as the ground state production cross
section.

EGNASH2Z reads the discrete level data, the direct inelastic-
scattering cross sections calculated with DWUCKY, and the input data
for the nuclear reactions. In additicn to the output lists, the results
of calculation can be stored into the several files which are selected
according to the object of calculation. The composition of SINCROS-II
and the flow of data processing are shown in Fig. 1.

The particle and gamma-ray total production cross sections, and
the production cross sections for reacticen products, including iscmeric
states, are held in file 12. By programs "XTOBl0" and XTOTHI", these
cross sections can be converted to the file 10 of ENDF/B-~format for the
activation cross sections and the group constants fer nuclear trans-
mutation cross sections, respectively. In the case of charged particle
incident reactions, the thick-target yield of the neutron can be obtained
with a program "THICK". The programs, mentioned above, all are operated
with a personal computer. The code CASTHYG) can immediately be executed
using file 14, if it is necessary. The file 10 includes particles and
gamma-ray emission spectra for each incident energy. At this time, the
file is used for the comparison of the calculated spectra with experi-
mental ones. The GAMFTIL?) code makes the general purpose.file of ENDF/B
format from the output data of EGNASHZ stored in file 44,
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3. TInput and Qutput Format of EGNASHZ

When we used the GNASH“) code, the transmission coefficients for.
the projectile and outgoing particles were previously calculated with
the ELIESE33) and these data were inputted in the GNASH. In order to
keep the procedure as simple as possible, the subroutines in the ELIESE3,
which are necessary to calculate the transmission coefficients, are
picked up and combined‘with the GNASH. The code is improved in many
routines and has a fairly simple input-format.

The input parameters required for the EGNASHZ code are described

in Table 1. The following sequence of input cards is used.

A. (2 cards)  FORMAT 20A4 TITLE
B. (1 card) FORMAT 1615 NI, IPR, IOM, ITC, IANG, LPEQ, NLDIR,
ICAPT, ISO
C. (1 card) = TFORMAT 8E10.3 ZAP, ZAT, DE, F2, F3, F4, FSIGCN
D. (1 card) FORMAT 8E10.3 SIGNRN, ANGl, ANG2Z, ANG3, EGS, SPINGS,
PARGS
E. (1 card) FORMAT 1615 NELAB
F. (1-4 cards) FORMAT 8E10.3 ELABS(I), I=1,NELAB
G. (1-20 cards)FORMAT 8E10.3 ZACN(I), XNIP(I), AL(I), GWD(I),
I=1,NI
H. (1 card) FORMAT 8E10.3 RE1(I), I=1,NMP
T. (1 card) FORMAT 8E10.3 EGI, GGl, PGl, EGZ, GG2, PGZ, RGG
J. (1 card) FORMAT 8E10.3 EG3, GG3, PG3, EGCON, EGCNMI
K. (0-1 card) (1) IS0=0 (0 card)
{2) 1800 (1 card)
FORMAT 8(I6,14) 1zASO(I), NLV(I), I=1,1ISO
Since many of the parameters shown above were predetermined and stored
in the program, the parameters which should be inputted are a small
number. A sample input is given in Table 2.

Tn addition to the output of the original GNASH, the present code
has a table of reaction cross sections to examine the results of cal-
culation as soon as possible. The table includes the compound, direct,.
rate of preequilibrium processes, and particles and gamma-ray total
production cross sections. The ground and isomeric states production
cross sections of isotopes, and level inelastic scattering cross
sections are alsc shown. The output lists are described in Table 3 and

a sample cutput data of reaction cross sections is shown in Table 4.
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4, OQptical-Model Potential Parameters

In the statistical nuclear model, the angular momentum dependent
particle transmission coefficients are calculated by optical;model
potential parameters. In the SINCRO5, as a general rule, the global
optical-model potentials are employed to calculate the transmission
coefficients.

For the neutron,.a modified Walter-Guss potentiala) and the
Wilmore—Hodgsong) pofential»parameters are built into the EGNASHZ.
Walter-Guss recommend their potential to be applied above 53 in mass-
number and 10 to 80 MeV in energy range. To apply the potential below
10 MeV neutron energy, the following surface absorption term Wg (in MeV)

is assumed between 0 and 20 MeV,
Wg = 7.71 — 14.94(N-Z) /A. (1)

This was determined so that the calculated nonelastic cross sections
agree with the experimental ones within about 10 percent uncertainty,

as shown in Figs. 2 through 4. However, the neutron total cross section
was not used in the procedure. The SINCROS can accept the more rvefined
potential, if a user wants to use itl),

For the proton, Pereylg), and Perey and Walter—Guss®) combined
potentials are defaulted. The Perey potential reproduces the data well
for medium weight nuclei up to 50 MeV as shown in Fig. 5. However,

Fig. 6 shows that it underestimates the proton reaction cross sections
above 20 MeV for heavy mnuclei. The Perey and Walter-Guss combined
potential is recommended to use in the cross section calculation for
medium and heavy nuclei. For scome nuclei, there is about 5 percent gap
at most between the reaction cross sections calculated with Perey and
Walter-Guss potentials at 10 MeV, which is the connection energy between
both potentials. However, this gap probably has no effect on the cross
section calculation. '

The Lemos set modified by Arthur and Youngll), and the Lohr-

12)

Haeberli potentials are cited for alpha-particle and deuteron,

respectively. The Becchetti, Jr. - Greenlees potential parametersl3)
" are programmed for triton and 3He.-particles. According to the control
flag, the transmission coefficients for these particles aré calculated
using the optical-model potentials before the calculation of nuclear

decaying processes,
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5. Parameters for Level Density and Gamma-Ray Transitions

In the continuum level region, the Fermi-gas and the constant
temperature model are used to represent the level density of nucleus.

The Fermi-gas model formula as a function of energy E and spin J is

exp{2[a(E-4)]1/2}
Cy (E-8)°

p(E,J) = R{J,E), (2)

where Cg = 26V2 (0.146)3/23 A, and the spin term is given by
R(J,E) = (2J+D)exp[-(J+1/2)?/(2¢% (E)) ], (33
where o%(E) is the spin cutoff factor defined by

o2(E) = 0.146[a(E-s)]1/2a2/3, (4)

The pairing correction A was quoted from the Gilbert and Cameron's
paperlu).
In the lower excitation, the constant temperature formula expressed
by

0o{E,J) = p(Exlexp{ (E-Ex)/TIR(J,E), E<Ey, (5)

is used, where Ey 1s the energy at which both densities are smoothly
connected, and p(E,) is the energy term of level density at the energy
Ex. If the spin dependent level density p(E,J) is summed over the spin
J, we get the density o(E) of levels of all J, which has a different
form from the constant temperature formula of Gilbert and Cameronlu),
as the spin cutoff factor ¢?(E) is energy dependent.

L)

The GNASH code is able to automatically determine the nuclear

temperature, T, if the discrete levels in the low energy region and the
Fermi—gas‘level density parameter "a'" were suitably inputted. Then the
level density of nucleus in the continuum can be described by the para-
meter "a'" only. In some cases, however, the code is unable to match
discrete levels, and thus the temperature, which connects smcothly
between the Fermi-gas and discrete levels, is not determined. For those

cases, the temperature is calculated with a systematic relation between

level density parameter and temperature,

T = 7.50 a~ V8%, (6)
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in the code EGNASHZ. TFigure 7 shows the relation of temperature and
level density paremter, derived from more than 100 cases in which the
temperature is successfully determined in the-code. The straight 1ine,

in Fig. 7, indicates the above equation of temperature T as a functiom

of level density parameter "a".

At the beginning of the calculation, when the experimental value

of the average spacing Dg of s-wave neutron resonances at the neutron
15)
3

w1

binding energy Ep is known the parameter "a' was assumed to have a

value which is calculated from the spacing Dy by inversely solving the

equationl6),

Dy = Cp(Ep-A)/(2I+1) exp [(3 + (21+1)?)/(80?(ER)) - 2Va(Eg-2)],

(7)
where I is the spin of target nucleus. And a set of parameters "a'" of
isotopes in the nuclear decaying processes has practically been selected
through the cross section calculation to agree with the various experi-
mental data which could be considered to be reliable. The procedure of
parameter determination is described in Sec. 7.

With the cross section calculations for about 50 nuclei, the
level density parameters "a" of about 200 isotopes were determined, and
stored into the EGNASHZ as the data initialization statement, at this
time. These values are shown in the Tables 5(1) through 5(3). The
relation between these "a" and the total shell correction S given by

Gilbert and Cameronl™) is shown in Fig. 8. The tentative formula,

a/A =.0.008 § + 0.170, (8)

"

is programmed to give the initial value of "a" for the undeformed nuclei

for which the cross section is not yet calculated.

In the mass region A<20, in which Gilbert and Cameron did not give
4 and S, it is assumed that A=0 for odd-odd nucleus, A = 11/YA for odd-
mass nuclei, and A = 22/VA for even-even nuclei, and the shell correc-
tion energy S = Mexp - Midps where Mexp and M1dp are the experimental
nuclear mass and the calculated nuclear mass using the mass formula of
-the liquid-drop model, respectively.

To provide gamma-ray transmission coefficients, the Brink-Axe117)
giant dipole resonance form was used. The defaulted energy and width
of the giant resonance are Eg = 40-41/5 MeV and Ig = 6 MeV, respectively,

The normalization constant is obtained from the ratio of the average



JAERI-M 90-006

radiative width I'y to the observed resonance spacing Dg for s-wave
neutrons at the neutron binding energy Eg, which is derived in the code
from the level density parameter "a" used in the cross section calcula-
tion by formula (7).

The radiative width Ty was cited from reference 13 for about 200
nuclei, and was stored as the data initialization statement as well as
the parameter "a'". For the other nuclei, I'y is estimated using the

formula15),

Py = 7.32[(Eg-8)/a]®/2/(22 &) /3, (9)

6. Capture Cross Section Normalization and Width Fluctuation Correction

Even if the gamma-ray transmission coefficient was normalized by
the ratio of radiative width to the average spacing of s-wave resonance
levels at the neutron binding energy, fhe calculated radiative capture
cross sections are usually in disagreement with the experimental ones.
Tn the code EGNASH2, it is possible to fit the calculated cross section
to the experimental average capture cross -section at 100 keV.

Figure 9 shows the result of cross section calculation for the
reaction 93Nb(n,y)gL‘Nb. In this case, the 100 mb at neutron energy
100 keV is used as the experimental total capture cross section. The
agreement between the calculation and measurements is good from 10 keV
to 1 MeV. The ground and isomeric states production cross sections are
also separately given in the figure.

Tn the lower energy region, the width fluctuation correction to
the average compound nucleus cross section is important, especially for
calculation of the inelastic scattering cross section of excited levels.
Although the classical integration method seems to give the better
description for the correction, the approximate method of Tepel et 31.2)
was recommendedle) for practical applicaticns. Tepel et al. derived the
elastic enhancement factor and its functional dependence on the trans-
mission coefficients in the incident channel. We introduced this width
fluctuation correction in the EGNASH2 using Tepel et al.'s assumption
with the improved relation of the enhancement factor to the transmission
coefficients given by Hofmann et 31_19)_ .

Since the Tepel et al.'s method is a good approximation when the
number of open channels is larger than 10 or 20, the elastic enhance-

ment factor was overestimated below the energy at which few inelastic

v._,7_
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radiative width I'y to the observed resonance spacing Dy for s-wave
neutrons at the meutron binding energy Ep, which is derived in the code
from the level density parameter 'a'" used in the cross section calcula-
tion by formula (7).

The radiative width Ty was cited from reference 15 for about 200

nuclei, and was stored as the data initialization statement as well as

the parameter "a'". For the other nuclei, I'y is estimated using the
formula15),
Iy = 7.32[(Eg-8)/a]®/2/(22 8)/3, (9

6. Capture Cross Section Normalization and Width Fluctuation Correction

Even if the gamma-ray transmission coefficient was normalized by
the ratio of radiative width to the average spacing of s-wave resocnance
levels at the neutron binding energy, fhe calculated radiative capture
cross sections are usually in disagreement with the experimental ones.
In the code EGNASH2, it 1s possible to fit the calculated cross section
to the experimental average capture cross section at 100 keV.

Figure 9 shows the result of cross section calculation for the
reaction 23Nb(n,y)?“Nb. 1In this case, the 100 mb at neutron energy
100 keV is used as the experimental total capture cross section. The
agreement between the calculation and measurements is good from 10 keV
to 1 MeV. The ground and isomeric states production cross sections are
also separately given in the figure.

Tn the lower energy region, the width fluctuation correction to
the average compound nucleus cross section is important, especially for
calculation of the inelastic scattering cross section of excited levels.
Although the classical integration method seems to give the better
description for the correction, the approximate method of Tepel et al.z)
was recommendedle) for practical applications. Tepel et al. derived the
elastic enhancement factor and its functional dependence on the trans-
mission coefficients in the incident channel. We introduced this width
fluctuation ceorrection in the EGNASHZ using Tepel et al.'s assumption
with the improved relation of the enhancement factor to the transmission
coefficients given by Hofmann et a1.19), .
Since the Tepel et al.'s method is a good approximation when the

number of open channels is larger than 10 or 20, the elastic enhance~-

ment factor was overestimated below the energy at which few inelastic

_7_
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scattering channels are open, if the mean transmission coefficient of
the incident channel is low. However, the calculation of the inelastic
scattering cross section for excited levels shows good result comparing

with that without the width fluctuation corrvection, as shown in Fig. 10,

7. How to Determine the Value of Parameters

In the SINCROS, the global optical—model potential parameters are
employed to calculaté.theatransmission coefficients, as mentioned in
Sec. 4. The nonelastic cross sections for neutron and the reaction
cross sections for proton calculated with the built-in potentials agreed
with experimental data within about 10 percent in the wide mass range.
See Figs. 2 through 6. The key points of the créss section calculation,
therefore, are the determination of level density parameters of daughter
nuclei and of the rate of contribution of preequilibrium and direct
processes to the statistical process. In the following, the method of
parameter determination for the preequilibrium process and for the level
density is described in detail at subsections 7.1 and 7.2 respectively,
and comparisons between calculated and experimental cross sections are

shown in 7.3.

7.1 Parameter determination of the preequilibrium process

In the code EGNASH2, the preequilibrium and direct processes of
particle emission are treated with the code PRECO developed by Kalbachzo),
which i1s coupled with GNASH, and with the code DWUCKY for the inelastic-
scattering. In the GNASH, the single-particle state density and the
normalization factor for exciton-model were free parameters. In con-
trast with this, the single-particle state density constant is not free,

but related to the level density parameter "a" by the formula,
g = (6/7%) a, (10)

in the EGNASH2. In addition the normalization factor FZ2, which is equal
to the Kalbach constant divided by 100, the adjusting factors F3 and F4
are Introduced for pick-up and knock-out processes, respectively.

The factor F2 and the contribution of direct inelastic-scattering
are so determined that the calculated neutron emission spebtrum is in
agreement with the high energy part of the experimental neutren spectrum,
when we have the experimental data at 14 MeVZI)_23). Figures 11 through

13 show the cases of Co, Zr, and Ag, respectively. If there is the
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scattering channels are open, if the mean transmission coefficient of
the incident channel is low. However, the calculation of the inelastic
scattering cross section for excited levels shows good result comparing

with that without the width fluctuation correction, as shown in Fig. 10,

7. How to Determine the Value of Parameters

In the SINCROS, the global obtical—model potential parameters are
employed to calculaté the -transmission coefficients, as mentioned in
Sec. 4. The nonelastic cross sections for neutron and the reaction
cross sections for proton calculated with the built-in potentials agreed
with experimental data within about 10 percent in the wide mass range.
See Figs. 2 through 6. The key points of the créss section calculation,
therefore, are the determination of level density parameters of daughter
nuclei and of the rate of contribution of preequilibrium and direct
processes to the statistical process. In the following, the method of
parameter determination for the preequilibrium process and for the level
density is described in detail at subsections 7.1 and 7.2 respectively,

and comparisons between calculated and experimental cross sections are

shown in 7.3.

7.1 Parameter determination of the preequilibrium process

In the code EGNASH2, the preequilibrium and direct processes of
particle emission are treated with the code PRECO developed by Kalbachzo),
which is coupled with GNASH, and with the code DWUCKY for the inelastic-
scattering. In the GNASH, the single-particle state density and the
normalization factor for exciton-model were free parameters. In con-—
trast with this, the single-particle state demnsity constant is not free,

but related to the level density parameter "a" by the formula,
g = (6/7%) a, (20)

in the EGNASH2. In addition the normalization factor FZ, which is equal
to the Kalbach constant divided by 100, the adjusting factors F3 and F4
are introduced for pick-up and knock-out processes, respectively.

The factor F2 and the contribution of direct inelastic-scattering
are so determined that the calculated neutron emission spebtrum is in
agreement with the high energy part of the experimental neutron spectrum,
when we have the experimental data at 14 MeVZI)_23). Figures 11 through

13 show the cases of Co, Zr, and Ag, respectively. If there is the
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neutron emission from the direct inelastic-scattering in the continuum
level region, the pseudo-discrete-levels can be assumed and the direct
inelastic-scattering cross sections of those levels are calculated with
DWUCKY. The value of F2 also refers to the proton emission spectrum.

According to the experience gained from the calculation of about
50 nuclei, the normalization factor F2 does not have a systematic
behavior, perhaps because the emissfon probability of nucleons in the
exciton-model depends on not only the factor FZ but also the single-
particle state density of composite and residual nuclei. Rather, the
rate of the contribution from the preequilibrium process to the total
compound nucleus formation is about from 20 to 30 percent at the 13 MeV
neutron energy for many nuclei.

The pick-up factor F3 is determined from the alpha-particle
emission spectrum. In Fig. 14, F3 is set to be 0.5. Since this value
is suitable for almost all medium-weight nuclei, the value 0.5 is
programmed in the code EGNASH2 as the default value. The factor F4 for
the knock-out process is 1.0 in the calculation for neutron induced

reactions.

7.2 Parameter determination of the level density

After the parameters for the preequilibrium and direct processes
were selected, the free parameter to be determined is only the level
density parameter "a'" in the Fermi-gas model, because the nuclear tem-
perature used in the constant temperature model can be determined
automatically or by the equation (6). Since the total emission of
various kinds of particles from the compound nucleus is controlled by a
set of level density parameters for daughter nuclei, it is better that
the level density parameter of each daughter nucleus is so practically
determined that the calculated cross secticns for reactions, (n,2n),
(n,p), and (n,o), agree with the experimental data of respective
reacticns.

The first step to fix the level density parameters is the calcula-
tion of them using the experimental value of mean level spacing for 5-
wave neutron resonances at the neutron binding energy. The calculation
was made by solving inversely equation (7), with the spin cutoff-factor
defined by equation (4) and the pairing correction quoted from Gilbert

11+)_

and Cameron Figure 15 shows, for example, the result in the mass

region from 85 to 102.
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The second step to determine the level density parameters 1s the
cross section calculatien in the mass region where the reliable experi-
mental data exist. For Zr, Nb, and Mo, as well as the strubturalh
materials from Cr to Cu, there are relatively many experimental measure-
ments of reaction cross sections and total emission cross sections.
Then, the cross section calculations for Zr, Nb, and Mo, and a set of
the level density parameters in this mass region obtained as the result
of the cross section-calculation are described below.

Since there are‘seveﬂ stable isctopes of Me and, thus, we have a
few level density parameters derived from the experimental average level
spacing, as shown in Fig. 15, the c¢ross section calculations for Mo
isotopes are selected as the start of this job. The cross section of
the {n,p) reaction depends on the level density parameters of Nb isctopes
and of Mo isotopes as the target nucleus of the reacticn, and that of
(n,a) reaction depends on the level dénsity parameters cof Zr isotopes
and of Mo isotopes as the target nucleus. The lower energy part of the
neutron emission spectrum, as shown in Figs. 11 through 13, although
they are for natural elements, suggests that the level density para-
meters of the target nucleus are proper or not. The {n,2n) reaction
cross sectlon depends also on the radiative width of the target nucleus.

Several test calculations of cross sections around 14 MeV were
carried out, referring toc the experimental data for the (n,2n), (n,p),
and {n,%) reactions. In this stage, the measurements of cross sections
of Mo isotopes, performed by Tkeda et al.?*) and Katoh et al.25), are
very useful for the determination of level density parameters. TFinaily,
a set of level density parameters of Mo, Nb, and Zr isotopes, used in
the cross section calculations of Mo isotopes, is settled. Almost the
same procedure is executed for the Nb cross secticn calculations, referr-
ing to the experimental data and adjusting the level density parameters.
After fixing the paremeters, the calculation continues for the Zr isoto-
pes.

At the goal of all procecures, mentioned above, we can get a set
of the level density parameters from Sr to Mo, as shown in Fig. 16 and
 Table 5(2). Probably, the level density parameters for Sr and Y are
modified when the cross section calculations for Sr and Y are made.
There are the same conditions for the level density parameters for Mn

and Fe in Table 5(1).
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7.3 Comparison between calculated and experimental corss sections for

Zr, Nb and Mo isotopes

’
The cross section calculations for the stable isotopes,

50,91, 92,94,365, 93, 92,9%,95,96,97,98, 100y, yere performed using
the level density parameters, which were stored into the EGNASH2 code
as the data initialization statement. The results of calculations were
compared with the experimental data and shown in the following. To fit
well with the experimental cross section for the reaction 90Zr(n,2n)892r,
the radiative width of 902r was adjusted. If a reaction produces the
isomeric states, the ground and isomeric state productions and sum of

them are separately shown. Table & shows the excitation energy and half

life of isomeric states.

(1) 0zr(n,2n)8%r production Figure 17
(2) %0Zr(n,p) 20y production Figure 18
(3) 997y (n,a)87sr  production Figure 19
{4) zr(n,p)?ly production Figure 20
(3) ®lz+(n,n'p)?% production Figure 21
(6) 527¢(n,p) %Y production Figure 22
(7) 2z7r(n,n'p)?lY production Figure 23
(8) zr(n,p) Y production Figure 24
(9) zr(n,a)?isr  production Figure 25
(10) ?3Nb(n,2n)?2Nb  production Figure 26
(11) 33Nb (n,a) 20y production Figure 27
(12) 92Mo(n,2n) Mo production Figure 28
(13 32Mo(n,p) ?’Nb  production Figure 29
(14) %2Mo(n,0)%%Zr  production Figure 30
(15) 9Mo(n,p)?°Nb  production Figure 31
(16) 96Mo(n,p)%Nb production Figure 32
(17 %Mo (n,n"p) ?>Nb production Figure 33
(18) 97Mo(n,p)?’Nb  production Figure 34
(19} 97Mo(n,n'p) ?°Nb production Figure 35
(zQ) *Mo(n,p)?®Nb  production Figure 36
2L 98Mo(n,n'p_)97Nb production Figure 37
(22) 98Mo(n,n)?°Zr  production Figure 38
(23) 100M0(n,2n)?*Mo production Figure 39
(24) 100Mo(n,a)?’Zr production Figure 40

One of the merits of the EGNASHZ code is that the isomeric state

productions are directly calculated and represented in the output table.
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Then, the experimental measurements for iscomeric states are applicable
to the examination and the determination of lewvel density parameters.
Comparing Fig. 15 with Fig. 16, it can been seen that the level deﬁsity
parameters for some of Zr, Nb, and Mo isotopes, which are derived from
average rescnance level spacing, fairly keep the values in the final set
of level density parameters, About the production cross secticns
through the (n,n'p) process, which are sum of (n,n'p), (n,pn’), and (n,d)
reaction cross Sectibns, we get agreement between the calculations and
experiments for 912r, 95M6, and 97M0, but disagreement for ¥27r and
?8Mo. The reason for the disagreement is not clear at present.

In order tec inspect the results of cross section calculations,
total production cross sections of proton and alpha-particle are
compared with the experimental data by 15 MeV incident neutron in Table
7. The excellent agreement between the Kneff et al.26) helium produc-
tions and the calculated values, except for natural zirconium, is
obtained. For proten producticns, the calculations agree well with
Grimes et al. experimentsz7’28) for Ni, Cu, and Nb isotopes, but the
calculations for Mo show systematically lower cross sections than the
experimental datazg). Although these discrepancies ought to be
investigated, it seems that the results of cross section calculation,

described in this section, can generally be accepted.

8. Summary

To aim the efficient execution of nuclear cross section calculations,
both codes, FLIESES? and GNASH*) were joined and the global optical-
potentials were built into the new code, EGNASH, whose input-format
became simpler than that of GNASH. This joint program was used for the
cross section calculations for 25 nuclei at the time of the Mito
international conference3®). The manual of SINCROS-T!) was published at
July 1988, and more than 25 nuclei's cross sections were calculated
with this system. From the experience of calculations, we have attempted
to improve the program and to add the new functions in the EGNASH code,

"and to equip the process codes for the cross section applications.

The code EGNASHZ has 2 few free parameters for the p;eequilibrium
process, level density, and radiative width. The method of the deter-
mination of these parameters ig described in Sec, 7 for Zr, Nb, and Mo
isotopes. A set of the level density parameters, thus derived, is

cross—checked by many experimental measurements, so that it may be
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Then, the experimental measurements for isomeric states are applicable
to the examination and the determination of level density parameters.
Comparing Fig. 15 with Fig., 16, it can been 'seen that the Tevel déﬁsity
parameters for some of Zr, Nb, and Mo isotopes, which are derived from
average resonance level spacing, fairly keep the values in the final set
of level density parameters. About the production cross sections
through the (n,n"p) process, which are sum of (n,n'p), (n,pn"), and (n,d)
reaction cross sections, we get agreement between the calculations and
experiments for 912f;.96M0, and 97Mo, but disagreement for %27y and
98Mo, The reason for the disagreement is not clear at present.,

In order to inspect the results of cross section calculations,
total production cross sections of proton and alpha-particle are
compared with the experimental data by 15 MeV incident neutron in Table
7. The excellent agreement between the Kneff et al.26) helium produc-
tions and the calculated wvalues, except for mnatural zirconium, is
obtained. For proteon productions, the calculations agree well with
Grimes et al. eXperiment527’28) for Ni, Cu, and Nb isotopes, but the
calculations for Mo show systematically lower cross sections than the
experimental datazg). Although these discrepancies ought to be
investigated, it seems that the results of cross section calculation,

described in this section, can generally be accepted.

8, Summary

To aim the efficient execution of nuclear cross section calculations,
both codes, ELTESE3? and GNASH*) were joined and the global optical-
potentials were built into the new code, EGNASH, whose input-format
became simpler than that of GNASH. This joint program was used for the
cross section calculations for 25 nuclei at the time of the Mito
international conference3%). The manual of SINCROS-I!) was published at
July 1988, and more than 25 nuclei's cross sections were calculated
with this system. From the experience of calculations, we have attempted
to improve the program and to add the new functions in the EGNASH code,

“and to equip the process codes for the cross section applications.

The code EGNASHZ has a few free parameters for the preequilibrium
process, level density, and radiative width. The method of the deter-
mination of these parameters is described in Sec. 7 for Zr, Nb, and Mo
isotopes. A set of the level density parameters, thus derived, is

cross—checked by many experimental measurements, so that it may be
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employed for the cross section calculations for the non-experimental
nuclei, such as the long-lived radiocactive isotopes, and for the calcula-
tions of radioactive production in the materialy induced by neutrons or
protons incident up to about 40 MeV,

There are, now, limited data process codes. Probably, other process
codes will continuélly be developed. For example, the neutron or
charged particle spectra in the thick target, and the kerma-factor in
the materials can be obfained from files 10 and 12 of SINCROS-II. The
extension of energy range in which the calculation system 1s applicable

will be planned at the next stage of development.
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Table 1 Description of Input - Parameters

Parameter Description

TITLE Two cards of Hollerrith field information to describe

the problem being calculated.

NI Number of decaying nuclei in the reaction chain, includ-
ing the nuclei which decay only through gamma-ray
emission. Maximum of 20.

IPR Print control for all data.

0 Input and default parameters, composite spectra of
particles and gamma-~ray, level density parameters, and
reaction cross sections are printed.

1 Preequilibrium cross sections, multi-step neutren emission
spectra, and spectra from individual reactioms are printed,
in addition to IPR=0.

2 Gamma-ray strength function, preequilibrium spectra, and
discrete level information are printed, in additien to
IPR=1.

=3 All data, including the transmission ccefficients and

level densities at the mesh point of integration, are
printed.

oM Control for transmission coefficient. TOM consists of
three numbers. The number of hundreds centrols the
neutron potential, the number of tens the proton poten-
tial, and the number of units the calculaticn of trans-
mission ceoefficient.

the number of units

0 The transmission coefficients are not calculated in the
EGNASH2. TIn this case, the energy mesh and the trans-
mission coefficient are ought to be previously calculated
with the optical-medel potential which a user wants to
use, and stored in the files 27 and 28, respectively.

1 The transmission coefficients are calculated with the
built-in optical potentials. The options for the neutron
and proton potentials are determined by the numbers of

hundreds and tens, respectively.

— 167
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the number

the number

ITC

TARG

2

0

1

0
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Table 1 Description of Input Parameters (continued)

Description

The transmission coefficients are calculated with the
built-in optical potentials and the total (for neutron)
and reaction cross sections at the mesh energy points are
printed out.

of tens

Perey potential is used to calculate proton transmission
coefficients.

Perey and Walter-Guss combined potrential is used.

of hundreds

A modified Walter-Guss potential is used to calculate
neutron transmission coefficients.

Wilmore-Hodgson petential is used.

Tf TOM=11, the transmission coefficients are calculated
using a modified Walter—Guss potential for neutron, Perey
and Walter—-Guss combined potential for proton, and the
built-in potentials for other particles in the EGNASHZ.
This option is recommended for the cross section calcula-
tion of medium and heavy nuclei.

Control for exchange of the transmission coefficients

The transmission coefficients for the first compound
nucleus are used in all decaying processes in the cross
section calculation. This approximation is ordinarily
applied.

In the multi-step nuclear reaction, the transmission
coefficients for each decaying nucleus are calculated and
used in processes from parent to daughter nuclei, This
option is recommended in the calculations for cross sec—
tions of lighter nuclei, for process in which the charged
particles emit successively such as (n,2p) or (n,pa), and
for charged particle induced reactions.

Controi for the calculation of double differential cross
section for the scattering of incident particle,

Double differential cross section is not calculated.
Double differential cross section is calculated in
accordance with parameters ANG1l, ANGZ, and ANG3. The
result is printed at every 10 degrees.
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Table 1 Description of Input Parameters (continued)

Parameter

LPEQ

NLDIR

ICAPT

Description

Control for preequilibrium process

The preequilibrium process is not included in the cal-
culation.

By solving the master equation, the preequilibrium cross
sections are calculated.

The solution of closed form approximation is applied.
When the solution of master equation does not converge,
this option is used.

Control for direct inelastic scattering.

No direct inelastic scattering is treated.

Number of levels including direct reaction cross section.
In this case, file 33 supplies the information of direct
process, in which the energy of discrete levels ought to
be equal to the energy stored in the discrete level data
file 8. If it is necessary, the pseudo-levels in the
continuum energy region can be given.

Control for width fluctuation correction, for input-data
production for the CASTHY code, and for the gamma-ray
cascade transition in the initial compound nucleus.
Equivalent to ICAPT=0, except that the width fluctuation
correction is not applied. Tn the cther cption the correc-—
tion is included.

The input-data for the CASTHY code is prepared and stored
in file 14, but gamma-ray cascade calculation is omitted.
Gamma-ray cascade calculation is omitted in the initial
compound nucleus. This option is recommended unless the
spectrum of capture gamma-ray is specifically required.
Full éamma—ray cascade calculaticn is made for all decay-
ing nuclei, and input-data for CASTHY is prepared. In
the calculation for the isomeric state production through
the (n,y) reaction, ICAPT=1 run is necessary. It would
take more CPU time than that for ICAPT=0.

Full gamma-ray cascade calculation is performed, but input-

data for CASTHY is not produced.
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ZAP

ZAT

DE

F2

F3

¥4

FSIGCN

SIGNRN

ANG1

ANG2
ANG3
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Table 1 Description of Input Parameters (continued)

Description

Control for isomeric state preduction.

No isomeric state 1s included.

Number of isomeric states whose preduction cross sections
are printed and stored in file 12. Maximum of 8, In the

last line of input-data, the nucleus and the level number

are indicated.

1000%Z4+A for the incident particle, where Z is atomic
number and A is the mass number.

1000*%Z+A for the target nucleus.

Energy increment for the basic integration energy mesh
(in millions of electren volts). A maximum of 100 energy
step is permitted.

The normalization factor used with the Kalbach pre-
equilibrium model {(divided by 100).

The normalization factor for pick-up process. Default
value 1s 0.5.

The normalization factor for knock-out process. Default
value is 1.0,

Constant multiplier applied to all calculated quantities.

Default value is 1.0.

The experimental average capture cross section at 100 keV
(in barn) used to normalize the calculated capture cross
section. If left blank, the capture cross section is
calculated using ratio of radiative width to level spacing
at neutron binding energy.

Number of angular points for calculation of double dif-
ferential cross section. Default value is 37 and maximum
of 50.

Minimum angle for calculation and default value is O deg.
Angular increment for calculation and default value is

5 deg., ANGl, ANGZ and ANG3 ought to be equal to those
used in the DWUCKY code.
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Table 1 Description of Imput Parameters (continued)

Parameter Description

EGS Excitation energy of the target nucleus. If left blank,
target is in its ground state.

SPINGS Spin of the target nucleus. If left blank, the spin is
taken from the value in the mass table.

PARGS Parity of the target nucleus. If left blank, the parity

is tagken from the value in the mass table.

NELAB Number of incident particle energy included in the cal-

culation, and maximum of 30.

ELABS(I) Incident particle energies (in millions of the electron

volts) in the laboratory system for the calculatiom.

ZACN(T1) 1000%Z+A for each nucleus that is permitted to decay.
XNIP(L) Number of decay channels permitted for decaying nucleus

ZACN{(I). The order of decay channel is fixed as follows;

XNTIP 1 2 3 4 5 ) 7
Camma-ray O C o] o) ) o) o
Neutron ] o o) o] o] o
Proton O < ) O o
Alpha 0 O o} o}
Deuteron o O O
Triton o] o]
He O

If XNIP{(I1}=5., the nucleus decay through gamma-ray,
neutron, proton, alpha particle, and deuteron emissions.

AT(T) Level density parameter '"a'", in the Fermi-gas model
formula for the residual nucleus. Set AI(I)=0. to use
the value in the data initialization statement or the
equation (8) in Sec. 5.

GWD (L) Radiative width for the decaying nucleus (in electron
volts). Set GWD(IL)=0. to use the value in the data

initialization statement or the equation (9) in Sec. 5.
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Table 1 Description of Input Parameters {centinued)

Parameter

REL(I)

£G1,GG1,PG1

EG2,GG2,PG2

RGG

EG3,GG3,PG3

EGCON , EGCNML

IZASG(I)
NLV{(I)

Description

Relative strength of the Ith type gamma-ray transition,
Set RE1(I)=0. to use a built-in value. The number of
type, NMP is normally set to be & (ﬁl, M1, E2, and M2),
except for heavy nuclei, for which NMP=6 (E3 and M3 are
added) .

The pesition (MeV), width (MeV), and peak cross section
(barn) of the giant dipole resonance. Set EGL=0. to

use the default values,

The position, width, and pesk cross section of the second
giant dipole resonance, if it exists for the deformed
nuclei, Otherwise set EG2=0..

Exponential reducticn factor for Brink-Axel form gamma-

ray strength function.

The position, width, and peak cross section of pygmy
resonance. When it does not exist, set EG3=0.,

Below these energies, El giant dipole resonance strength
function or M1l giant dipole rescnance strength function

is assumed to be constant, respectively.

1000%Z4A for nucleus having isomeric state.

Level number of isomeric state. Count ground state as 1,
then number of {(n-l)th excited level is n.

If the isomeric state production cross section, whose
half-life is very shorter so that the isomeric transition
is allowed in the discrete level data, is wanted to be
printed-out, input negative number -n as NLV(I).

Table 6 gives the level number, excitation energy, half-
life, and spin of isomeric state, and half-life and spin
of ground state of nuclei, for which the cress section
calculations were performed. The data of isomeric state

of other nucleus will be added in Table 6.



AG-109+ NEUTRON REACTION

9

1.
0.42

25
¢.01
4.0
12.0
20.0
47110,
47109,
47108.
47107.
46109,
46108.
456107,
45106.
45105,
0.
0.
0.
47110

Table 2

0] 11 0 0
47109 0.5

1.
2.
1.

3 47109 2 47108
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Sample of Input Data

(ELIESE-GNASH JOINT PROGRAM EGNASHZ)

1989 07 12 N.

1 5 0 7
0.4
0.2 0.5
7.0 8.0
15.0 146.0

3 47107 2 46109

YAMAMURD
1.0 2.0
2.0 10.0
17.0 18.0
3 45106 2 45105

3.0
11.0
192.0
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Table 3 Description of Output Lists

Description

REACTION CROSS SECTIONS (in mill-barn)

CCMPOUND
PROPUCTSUM

DIRECT
PREEGQRATE

NEUTRON
PROTON
DEUTERON
ALPHA
GAMMA
G-ABOVETHRE

Compound formation cross section.

Sum of ground state and isomeric state production cross
sections. PRODUCTSUM equals COMPOUND means that the isomeric
states were perfectly included in the calculation and gamma-
ray cascade calculations have been correctly performed.

In the calculation for higher energy projectile, there is a
few percent difference between COMPOUND and PRODUCTSUM,
which are probably due to the imperfect gamma-ray cascade
calculations.

The calculation in the high energy region with ICAPT=1 or 2
gshows the overestimation of PRODUCTSUM, which is caused by
the lack of logic in the program. In that case, however, the
(n,”) cross section result is correct.

Sum of direct inelastic scattering cross sections.
Percentage of sum of preequilibrium cross sections to
compound formation cross section.

Total neutron production cross section.

Total proton production cross section.

Total deuteron production cross section.

Total alpha-particle production cross section.

Total gamma-ray production cross section.

Gamma-ray production cross section above the detector
threshold energyv. Threshold energy is equal to 1.5

times energy bin width of calculation.

GROUND STATE PRODUCTION CROSS SECTIONS {in mill-barn)

Excitation functions of ground state of nuclei, which are

indicated by 1000%Z+A, are shown in each column.

ISOMERIC STATE PRODUCTION CROSS SECTIONS (in mill-barnm}

Excitation functions of isomeric state of nuclei inputted as

17ZASO(1I} in the input-format are shown in each column.
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Table 3 Description of Cutput Lists (continued)

Description
LEVEL INELASTIC CROSS SECTIONS {in mill-barn)
The first column shows the nonelastic cross section, the
second column the compound elastic scattering cross section.
The following shows the inelastic scattering cross sections

of from Tirst excited level to 18th excited level.
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Table 5(1) Level Density Parameters "a" (Z=25-32)

A 25Mn 26Fe 727Co 28Ni 29Cu 304n 31Ga 32Ge
50 6.8

31 6.9

62 7.0 6.6

63 7.2 6.7 7.0
54 7.3 6.8 7.2
55 9.2 8.4 7.4 6.2
56 9.8 8.4 7.6 6.5 6.6

57 10.0 9.2 8.0 6.8 7.0

58 10.4 9.2 8.6 7.0 7.2

59 9.8 8.8 7.6 8.1 8.5
60 10.6 9.7 8.1 8.5 §.8
b1 11.4 10.1 9.0 8.8 9.1
62 11.5 9.1 9.2 9.5
63 12.0 9.4 9.5 9.7
b4 12.5 5.8 10.0 9.8
65 10.3 10,5 10.2
66 10.7 16.7 10.3
67 11.0 10.8 10.6G
68 11.3 10.8
69 11.5 11.4
70 11.8 11.7
71 11.9
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Table 5(2) Level Density Parameters "a'" (Z=36-43)

A 36KT  37Rb 3gSr 39¥  4oZr 41N goMo 4gTc
80

81

82

83

84

85

86 17.0

87 16.5

88 12.0 12.2 13.5

89 13.0 10.7 12.8

90 14.0 11.0 11.3 10.7

91 16.2 11.6 11.8 11.0 10.0
92 16.8 14.3 11.9 11.5 10.6
93 17.6 15.4 13.7 13.0 11.7
94 17.3 14.0 14.4 12.5
95 18.4 16.2 15.6 13.1
96 19.6 16.5 16.0 14.3
97 17.8 16.5 15.3
98 16.7 15.8
99 18.4 17.0
100 19.6 17.9
101 18.8
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Table 5(3) Level Density Parameters "a" (Z=44-51)%

A 44Ru 4sRh 4ePd 47Ag 48Cd 49ln 50Sn 515D
100

101

102 16,2 16.0

103 16.8  16.5

104 7.5 17.0 13.6

105 18.8 17.5 15.6 14.2

106 20.0 18.3 16.2 15.0

107 19.1  16.8  16.3

108 20.0 17.5 17.2

109 20.6  18.3  18.0

110 22.8  20.0 18.5  18.7  18.6

111 23.8  22.6  19.0  18.5  18.3

112 25.0 24,1 19.4 18,5 18,0

113 26.0 25.0 20.3 18.2 17.7

114 26.0  21.0  18.1  17.4

115 26.5  21.4  18.0  17.1

116 27.0 22.1 18.1 16.7

117 22.8 18.2 16.6

118 23,0  19.0  16.5

119 23.5 260.0 16.5 21.2
120 24,0 21.0 16.5 21.0
121 24.5  21.3 16,5  20.8
122 21.6  16.5  20.4
123 21.9 16.5 20,0
124 22.2 16.5 19.6
125 16.5

%

Some of level density parameter in this table are tentative,

because ,gCd, 5,5n and 515b are calculated with SINCROS-TI.

. The cross sections of these elements will be calculated with

SINCROS-II.
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Table 6 Table of Isomeric States

Isomer State Ground State
Nuclide Reaction Level Ex 1/2 J T1/2 J
No. (MeV)
2751 (n,2n)26a1 2 0.2284  6.34s ot 7.2805y 51
(n,00) 24Na 2 0.4723  20.2ms 1t 15.02n 4%
455, (n,2n)%sc 5 0.2712  58.6h &% 3.93h ot
54pe (n,2n)?3Fe (21} 3.0407  2.58m 19/2” 8.5Im 7/2”
(n,t) 22Mn 2 0.3777 21.1m 2% 5.59d 6t
59¢, (n,7) %%o 2  0.0586  10.48m 2% 5.272y 51
(n,2n}28co 20,0249  9.1h 5% 70.914 2t
58Ni {n,p) 5800 2 {see above)
6ONi {n,p) 60¢o 2 {see above)
61ni (n,np)GOCo 2 {see above)
62y (n,p) %%co 2 0.022 13.9m 5t 1.50m ot
630u {n,o) 60¢cq 2 (see above)
(n,2nﬁ)5800 2 (see above)
65cu {n,a) 6200 2 (see above)
(n,ZnG)GOCo 2 {see above)
687, (n,7) %9%zn 2 0.4387  13.8h 9/2Y  57m 1/2"
(n,p) ®8cu 4 0.7216 3.8m 6 3ls 1t
074 (n,7) "lzn 9 0.157 3.97h  9/2%  2.4m 1/2-
(n,Zn)GQZn 2 (see above)
(n,p) '9Cu 3 0.140 46s 4" 5 1t
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Table & Table of Isomeric States (continued)

Isomer State Ground State
Nuclide Reaction Level Ex T1/2 J T1/2 J
Ne., {MeV)

907, (n,n’ %07y 4 2.319 0.809s 5 sta. ot
(n,2n)8%r 2  0.5878  4.18m 1/2  178.4h 972t
(n,p) % 3  0.6820  3.19n 7% 64.0h 2~
(n,np)8% 2 0.9092 15.7s  9/2%  sta. 1/2”
(n,x) 8sr 2 0.,3884  2.80h 1/2° sta. 9/2%

9z, (n,ZnJQOZr 4 (see above)
(n,p) 2ty 2 0.5556  49.7m 9/2Y 58.5d 1/2”
(n,np)gOY 3 {see above)

927, (n,3n)902r 4 (see avove)
(n,np)le 2 {see above)

FInn (n,7) %4Nb 2 0.04095 6.26m 3% 2.0E04y &'
(n,n’ )93Nb 2 0.03082 15.8y 1/2° sta. g/2%
(n,2n)32Nb 2 0.1355 10.13d 2t 3.7807y 7t
(n,3n)%1Nb 2 0.1045 62d 1/2~  7.0E02y 9/2%
(n,o) 90y 3 {see above)

(n,na)SQY 2 (see above)

9y, (n,7) PNb 2 0.2357 3.61d 1/2 34.98d 9,2t

Mg (n,7) $Mo  (13) 2.4252  6.9h  21/2* 3.5803y 5/2%
(n,2n) Mo 2  0.6530  65s 1/2°  15.5m 9/2%
{n,p) gsz 2 {see above)

(n,np}gle 2 (see above)
(rn,ol) 892r 2 {see above)
94Mo {n,2n)93Mo (13) (see above)
{n,p) Y 2 {see above)
(n,np)gaNb 2 {see above)
(n,nu)QOZr 4 {see above)
95Mo {n,p} 95Nb 2 {see above)
(n,np)94Nb 2 {see above)
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Table 6 Table of Isomeric States (continued)

Isomer State Ground State

Nuclide Reaction Level Ex T1/2 J TI/Z J

No. (MeV)
e (n,np)?°Nb 2 0.2357  3.61d 1/2  34.98d4 9/2*
v (n,p}) 2'Nb 2 0.7434 54s 1/2” 73.6m  9/2%
98yo (n,p) ¥%Nb 2 0.084 51m 5+ 2.8s it
(n,np) 2 Nb 2 0.7434  b54s 1/2°  73.em  9/2%
100y4 (n,np) %D 2 0.3653 2.6m 1/2°  15s g/2*
(n,2np)98Nb 2 {see above)

107 g (n,7) Y08ag 3 0.10947 127y 6+ 2.3Tm 1t
(n,n’ 11%ag 2 0.0031  44.2s 772 sta. 172"
(n,2n)08ag 2 0.08963 8.5d 6t 24.0m 1t
(n,3n)1%%¢ 2 0.0255 7.23m 772t 41.20d  1/2”
(n,p) 197p¢a 3 0.2143  20.9s 11/2~ 6.5E06y 5/2%
(n,x) 1%4pn 4 0.12896 4.36m 5% 41.8s 1%
(n,np)10%m 2 0.03975 56.12m /2%  sta. 1/2-

09¢  (n,7) 10%¢ 3 0.1176 249.8¢ 6%  24.6s 1*
(n,n’)1%%e¢ 2 0.08803 39.8s  7/2%  sta. 1/2”
(n,Zn)losAg 3 {see above)

{n 3n)107Ag 2 (see above)

(n,p) 1%9pa 3 0.1890  4.68m  11/2~ 13.43h 5/2%
(n,a) 1%gn 2 0.14 2.18h 6" 29.8s 1t
(n,ne)1%RH 2 0.12978 45s 1/2~ 35.4n 772t
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Table & Table of Isomeric States (continued)

Isomer State Ground State
Nuclide Reaction Level Ex TI/Z J T1/2 J
No. (MeV)
10604 (n,p} 196ag 2 0.08963 8.5d et 24,0m 1%
{n,np)1%%ag 2 0.02547 7.23m  7/2%  41.3a  1/2"
108¢4 (n,p) 1%ag 3 0.10947 1.3802y &' 2.42m 1t
(n,np)1%ag 2 0.0931  44.2s  7/2%  sta. 1/2
11064 (n,y) Mlca 14 0.3962  48.6m  11/2" sta. 172
(n,p) 1%g 3 0.1176  249.84 &' 24,65 1t
(n,np)1%% g 2 0.08803 39.8s 7/2% sta. 172"
(n,) 1974 3 0.2149  20.9s  11/2° 6.5E06y 5/2°
Mleg (n,n? 1llcqg 4 (see above)
(n,p) 11lag 2 o0.05982  64.8s 7/2t 7.47d  1/2”
(n.np)lloAg 3 {see above)
(n,na)107Pd 3 {see above)
11204 (n,7) 1134 2 0.2638 4.1y 11/2° 9.0E16y 1/2%
(n,Zn)lllcd 4 {see above)
(n,np)lllAg 2 {see above)
(n,o) 10%d 3 0.18899  4.69m 11/2” 13.43y 5/2%
11304 (n,n’)113Cd 2 (see above)
(n,p) 13ag 2 0.0432 68.7s 7/2t 5.3h 1/2-
(n,na)logpd { see above)
11404 (n,7) 1%q 2 0.181 44.6d 1172~ 53.5h 172t
(n,2n)113Cd 2 (see above)
(ﬂ,np)llaAg 2 {see above)
(n,o) Ylpa 3 0.1722 5.5h  11/2° 22m 5/2%
11604 (n,r) 117ca 3 0.1384 3.36h 11/2 2.4%h  1/2%
(n,2n)115Cd 2 (see above)
(n,p) 116ag 2 0.081 10.4s () 2.68m |
(n,np)llsAg 2 { ) 18.0s 7/2%  20m 1/27
(n,o) 13pa 2 ¢ )  89.0s ( ) 98s (
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Table 6 Table of Isomeric States (continued)

Isomer State

Ground State

Nuclide Reaction Level Ex, T1/2 J T1/2 J
No. (MeV)

131, (n,y) 11%1n 2 0.1903 49.51d 5t 71.9s 1t
(n,n)3m 2 0.3917 1.6851h 1/2 sta. 9/2%
(n,2n)}11%1n 2 0.1565 20.9m 4t 14.am 17
(n,3n)11n 2 0.05368  7.7m 1/2~ 2.83d  9/2*
(n,p) 13cd 2 0.2636 14.1y  11/2” 9.0El5y 1/2%
(n,) 1104¢ 3 0.1176 249.8d 6t  24.6s 1t
(n,n)1%%¢g 2 0.08803 39.8s  7/2% sta. 1/2

115y, (n,y) 181m 5  0.2897 2.18 8  14.1s 1%

2 0.1273 54.15m 5%
(n,n" )% 2 0.3362 4.486h 1/2° sta. g9/2%
(n,2n)1141n 2 {see above)
(n,3n)1131n 2 (see avobe)
(n,p) 11%cd 2 0.181 44.6d  11/2” 53.5h 172t
(n,noyillag 2 0.05982  e4.8s 772t 7.474 1727
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Table 6 Table of Isomeric States (continued)

Isomer State

Ground State

Nuclide Reaction Level Ex T1/2 J Ti/Z J
No. {MeV)
112g, (n,#) 13sn 2 0.0774 21.4m 772 115.14 1/2*
(m,p) 1121n 2 0.1565 20.9m 4t 14.4m 1%
tn,np)ltn 2 0.5368 7.7m 1/2~ 2.806d 9/2%
114g, (n,Zn}IIBSn 2 (see above)
(n,p) 1M4m 2 0.1903 49.514 5t 71.9s 1t
(n,np)31n 2 0.3917 1.658h 1/2°  sta. g/2%
(n,o) 11lca 4 0.3962 48.6m  11/2” sta. 172t
115g,, (n,p) 1 2 0.3362 4.486h 1/2°  sta. g/2%
(n,np)ll4In 2 (zee above)
(n,na)lllcd 4 (see above)
116, (n,7) 17sn 3 0.3148 13.6d  11/2° sta. 1/2*
(n,p) 1181n 5  0.2897 2.18s 8 14.1s 1%t
2 0.1273 54.15m 5%
(n,np)llSIn 2 {see above)
(n,a) 113cd 2 0.2636 14.1y  11/2° sta. 1/2%
117Sn (n,n’)1178n 3 {see above)
(n,p} 171 2 0.3153 116.5m 1/2° 43.1m  g/2t
(n.np)llﬁln 5 (see above)
2 (see above)
(n,na)llSCd 2 {see above)
118g, (n,y) Y%n 3 0.0895 293d 11/2” sta. 172t
(n,2n)1178n 3 (see abave)
(n,p) 18n 4 0.20 8.5s 8~ 5.0s 1+
2 0.060 4,45m 5t
(n,np)1171n 2 {see above)
(nyo) 11%ca 2 o0.181 44.6d  11/2~ 53.5h  1/2*
1198n (n,n’)llgsn 3 (see above)
(n,p) 1%m 2 0.3114 18.0m  1/2°  2.4m 972t
{n,np)llBIn 4 {see above}
2 {see above)
{n nu)115Cd 2 {see above)
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Table & Table of Isomeric States (continued)

Isomer State Ground State
Nuclide Reaction Level Ex T1/2 J T1/2 J
No., {MeV)
120, (n,7) Y¥lsn 2 0.0063 55y 1172~ 27.0h 372t
(n,2n)1%%n 3 0.0895 293d 11/2” sta. 172t
(n.p) 120t 3 ¢ ) 47.3s 8~ 3.08s 1%
2 ( } 46.2s 5+
(n,p)11%m 2 0.3114 18.0m  1/2° 2.4 gs2t
(m,a) 7%ca 3 0.1364 3.36h 1172~ 2.49n  1/2%
122y (n,y) 1%3sn 2 0.0246 40.08m 372 128.2d 1172
(n,2n)1218n 2 {see above)
(n,p) 221 5 0.220 10.8s 8 1.5s 1
2 ( ) 10.3s 4t
(n,np)}2ltm 2 0.3136 3.88m 1727  23s 972
(n,o) 11%d 3 0.1465 2.20m  11/2° 2.69m  1/2%
124g,, (myr) 2950 2 0.0275 9.52m  372% 9.63d  11/2”
(n,2n)123Sn 2 {see above)
(n,p) %% 5  0.190 2.4s 8" 3.2s at
(n,np)1%31n 2 0.320 47.8m  1/2°  6.0s g9/2%
(n,x) 12lca 2 ( ) 4.8s ( ) 13.58s ()
121gy (n,7) 1226 6  0.16356  4.2lm 8~ 2.71d  2”
(n,2n}1%0sp 2 ) 5.76d 8" 15.9m 1t
(n,p) 12lsn 2 0.0063 55y 11/2~ 27.0n  372%
(n,) 1181n 4 0.20 8.5s 8~ 5.0s 1t
2 0.060 4,45m 5% -
(n,ueM 7 2 0.3153 116.5m  1/2- 43.1m  9/2%
123gp, (n, ¥ )1%%sb 2 0.0109 93s 5t 60.2d 3"
3 0.03685  20.2m 8"
(n,Zn}IZZSb 6 (see above)
(n,p) *%%sn 2 0.0246 40.08m  3/2%  129.2d 11/2”
(n,o) 120n 3 ) 47.3s 8 3.08s 1t
2 { ) 46.2s 5%
(n,ne01%n 2 0.3114 18.0m  1/2°  2.4m gs2t
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Table 6 Table of Isomeric States {(continued)

Isomer State

Ground State

Nuclide Reaction Level Ex Tl/B J TI/Z J
No. {(MeV)

1807, (n,) Y7 () 0.97015  160d 23/2~ 6.7114 772t

181p, (n,7) 182Ta (25) 0.5197 15.9m 10~  114.54 3~
(n,2n)180Ta 3 0.0753 1.2E+15y 9~ 8.15h 1t
(n,e) }"81u 3 0.30 22.7m 9~ 28.56m 1%

184y, (n,y) 185 7 0.1974 1.67m  11/2% 75.14 372
(n,2n)183y 8  0.3095 5.2s 11/2%  sta. 1/2”
(n,n) 180Hf 7 1.1416 5.5h 8~ sta. ot

185p, (n,7) 186Re 5  0.1490 2.0E+05y 8% 90.7n  1”
(n,2n)®4pe 7 0.1880 165d gt 38d 3”
(n,p} 185y 7 {see above)

187pe (n,#) 188re 8 0.1721 18.6m 6 16.98h 1~
(n,Zn)lSSRe 5 {see above)

209p; (n,#) 21083 30,2712 3.0E+06y 9~ 5.0ld 1
(n,) 29811 ( ) 2.643 3.76m 12~ 4.20m 0"
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Table 7 Table Production Cross Sections of Proton
and Alpha-particle by 15 MeV Neutron (mb)

Proton Alpha-particle
Nucleus Experiment  Calculaticon Experimentd) Calculation

59, 121 40+3 39.5

58yi 1000+1202} 1068 12148 120
60n1 325+ 402) 340 7945 74.9
630y 320+452) 331 65+4 61.5
650y 44+52) 44.4 17+1 16.0
Zr 78.6 10.140.7 14.8
93Nb 51+8P) 48.1 14+1 13.7
Mo 195+ 30° ) 154 14+1 13.4
92Me 967+116S) 846 3142 27.0
9dpo 124+15¢) 85.8 2242 20.1
o 84+10¢) 66.5 17+1 18.6
9Byo 64+8S) 31.8 12+1 9.8
o 20.5 10+1 10.9
Mo 9.5 6.7+3.2 6.6
100y, 3.2 3.8+0.3 3.5
Ag 44.8 7.640.6 7.1

a) reference 27}
b) reference 28)
c) reference 29)

d) reference 26}
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ENSDF INPUT DATA DWUCKY
PISCRETE LEVELS EGNASHZ DIRECT INELASTIC
DATA SCATTERING DATA
file 8 file 33
PARTICLE REACTION INPUT DATA GENERAL
GAMMA-RAY CROSS for OUTPFUT DATA
SPECTRA SECTIONS CASTHY
file 10 file 12 file 14 file 44
THICK XTOTHI XTOB10O CASTHY GAMFIL
Neutron Group Activation General
Yield Constant Cross Purpose
in for Sections File
Thick Cross ENDF/B ENDF/B
Target Section file 10

Fig. 1 Composition of SINCROS-II and the flow of dara processing.
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Fig. 3 DNonelastic cross sections for tin. The calculation is made
for 120gn using a modified Walter and Guss potential.
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Fig. & Nonelastic cross sections for lead. The calculated one 1is
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potential,
T -' T T T T , T T T T ’ L T T T l T T T LE I L) T L l ¥y §F Fr l L] )
1400 - -]
i Carison (1975 A
1200 F .
1000 E Perey Potential .

Cross Section (mb)

800 |
9 Walter-Guss Potential =
600 - .
400 |- .
200 |- ]
0—-_L..l....l....l....l....l .L,l....l...—
20 30 40 50

Proton Energy (MeV)

Fig. 5 Total proton reaction cross sections for *%Ca. Walter and
Guss potential reproduced experimental measurement better
than Perey potential in higher energy region.
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Fig. 6 Total proton reacticn cross sections for 208pyp, Perey
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Fig. 7 The relation between the nuclear temperature and level density
parameter, The strai§ht line in the figure represents the
formula T = 7.50%a=".8%,
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Fig. 8 The ratio of level density parameter to mass number (a/A) as
a function of the shell correction energy S given by Gilbert

and Cameron.

The tentative relation a/A = 0.008%3 + 0.170
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Fig. 9 Calculated and experimental 93Nb(n,Y)9“Nb cross sections.
Total capture cross section is normalized to 100 mb at 100

keV in the calculation.
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Fig. 10 1Inelastic-scattering cross sections for first excited state
of ®3Cu. Calculation was carried out with and withcout width
fluctuation correcticn.
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Fig. 11 Calculated and experimental neutron emission spectra for
°%Co at neutron energy 1l4.1 MeV,
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Fig. 12 Calculated and experimental neutron emission spectra for
Zr at neutren energy 14.1 MeV.
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Fig. 13 4 times double differential neutron emission cross section
at 70 degrees for Ag at neutron energy 14.1 MeV.
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Fig. 14 Calculated and experimental proton, alpha-particle, and
deuteron emission spectra for °8Ni at neutron energy 15 MeV.
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Fig. 15 Level density parameters calculated from the average s-wave
neutron resonance spacing in mass range of 85 to 102,
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Fig. 16 A set of level density parameters determined from the cross
section calculations for 4OZr, 4le, and 4oMo isotopes.

T T L B N g l rq;o7.r l T 1T T i T LIS B 4 r' LI J L4 I LN B § T ' T | 2 i
~— 1400 | total ° ]
0 [ 0 Prestwood (1961) 1
= e Abboud  (1969) . ]
~— 1200 F | yeothaway (1972) ﬁ’ +<F++++ +‘_
- " o Wen-Rong (1984) . #’{’ .
O 1000 | 5 Ikeda (1988} eg total .
'; [ -
&) ! ]
QO 800 a
W [ ground (9/2%,78.4h) ]
" 600 | . ' ]
7] i isomer .
@) 3 o Kanda (1872) 7
5 400 - * Katoh(1987) -

200 [ :
L ¢ isomer{1/27,4.18m)
0 .*o; L Nl ST  SE G A R DT B TSP | el )

12 13 14 15 16 17 18 19 20

Neutron Energy (MeV)

Fig. 17 Calculated and experimental production cross sections
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Fig. 20 Calculated and experimental production cross sections
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Fig. 22 Calculated and experimental production cross sections
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Fig. 25 Calculated and experimental production cross sections
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Fig. 26 Calculated and experimental production cross sections
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Fig. 28 <Calculated and experimental production cross sections
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Fig. 29 Calculated and experimental production cross sections
from 92Mo(n,p)gsz reaction,
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from °?Mo(n,a)8%Zr reaction,
60 1 L B LA B R L AL E NN B
— [ total & isomer
L 50 [o® Tkeda(1988) ]
&= total
~ [
c !
5 40 |
prr
8 30 ground(9/2+,35d)
n ]
2 20 F :
O I ]
— [
Q 10 i isomer (1/27,3.64d)
* & ® * ¢ 9
0 ..I...;I....l...r--l---.lunnxl... | I
12 13 14 15 16
Neutron Energy (MeV)
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from “®Mo(n,p)?®Nb reaction.

Neutron Energy (MeV)

Fig. 33 <Calculated and experimental production cross sections
from 96Mo(n,n'p)95Nb reaction.
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Fig. 34 Calculated and experimental production cross

sections
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cross sections
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Fig. 36 Calculated and experimental production cross sections
from °®Mo(n,p)?SNb reaction.
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Fig. 39 Calculated and exgerimental production cross secticns
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Mo reaction.
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Appendix Calculations of Neutron and Proton Induced Reactions up to

40 MeV

Although the built-in optical-model potentials for neutrons and
protons can be employed up to 80 MeV, the maximum nucleon energy, below
which the nuclear cross séctions are calculated, is about 40 MeV,
because the detailed statistical-model calculation is performed and the
number of decaying ruclei in the multi-step nuclear reactions is 20 at
maximum. To examine the évailability of the SINCROS-II for the cross
section calculations up to 40 MeV, the neutron induced reaction for Cu
and the proton induced reactien for 83cu are calculated to obtain the
excitation functions of isotope producticns.

The discrete level data and the level density parameters from Mn
to Zn are already prepared, and stored in the file 8 and in the EGNASH2
as the data initialization statement, respectively. Also the direct
inelastic-scattering cross sections are stored in the file 33, then the
cross section calculation to be done is very easily executed, if we
analyze the multi-step nuclear reaction chain and give the input data
in a similar manner to that shown in Table 2, The examples of calculated
results are shown in Figs. A-1 and A-2Z.

Figure A-1 indicates the excitation functions of the long-lived
radicactive cobalt isotopes 57Co, >80, and 60¢o productions from
natural copper bombarded with neutrons up to 40 MeV. A very long-lived
radiocactive isotope 53Ni is produced in the same reaction as above, whose
excitation function is shown in Fig. A-2, Below 20 MeV, 63Ni is produced
by only the reacticn 63Cu(n,p), and above that by both reactions,
63Cu(n,p) and 6SCu(n,erL). Figure A-3 shows the comparison with the
experimental data for 53Ccufn,p) and ®3Cu(n,xp) cross sections. From
the figure, we see that the activation measurement?!) and the measure-
ment using the emulsion platesgz) of ®3Cu(n,p) reaction around 14 MeV
show higher values than that of calculation, but the total proton
counting527)’33) show the agreement with the calculated total proton
production. Recently a new measurement of the 63Cu(n,p) cross section
near 14 MeV is performed and shows good agreement with the calculation3*),

Above 20 MeV, it is rare to have the experimental data for neutrcon
creoss sections. Rather, we have data for charged-particle induced
reactions. So it is useful to compare the calculated cross sections

for proton induced reactions with the respective experimental measurements,



JAERI-M 90005

to examine the results of cross section calculation for the higher energy
neutrons.

The reactions of °3Cu induced by proton up to 44 MeV are calculated
with the same procedure as the neutron induced reactions. As the results
of this calculation, 63Zn, 62Zn, and ®lcu production cress sections are
compared with the experimental measurements and are shown in Figs. A-4
through A-6. In this case, all level density parameters are cited from
the predetermined values; which are stored in the code as the data
initialization statement;-théﬁ they are all the same as those used in
the neutron cross section calculations. But the preequilibrium process
constant F2 is set to be 0.5 to get a good £it to the 53cu(p,2n)®2Zn
cross section, though the value of F2 was 0.6 in the neutromn reactions
for Cu and Zn isotopes. Agreements between the calculation and the

35-39) 4re excellent for the (p,n)

recently measured experimental data

reaction, and are fairly well for (p,2n) and (p,p2n) multi-step reactions.
These results, mentioned above, suggest the fecllowing: It is ex-

pected that the cross section, for which we have no experimental measure-

ments, can be obtained from the caiculation with the SINCROS-IT.



JAERI-M 80-006

103 pr—T— T T — 1
: 60 H
1 =5.27 :
CO(T1/25 v}
58 _ .
CO(T1/2—7O.9d)
2L ?Tcotr, . =272d) 58 .
10 - © 1/2 Co =
6OC0

10 F

Cross Section (mb)

e

10 20 30

10°

Neutron Energy (MeV)

Fig. A-1 Production cross sections for the long-lived radiocactive

cobalt isotopes from natural copper reaction with neutron up
to 40 MeV,
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Fig. A-2 Calculation of long-lived 6351 isotope production from
Cu(n,xnp) reactiens up to 40 MeV neutron energy.
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measurements for 63Cu(p,n)sazn reaction.
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