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The neutron cross-sections for fission, (n,2n) and (n,3n) reactions have been
caleulated consistently for Z-®Th, %3Py, M-#(j M-®Np WPy B Am #ECm,
U-MBL and 0O ysing the Hauser — Feshbach statistical model code STAPRE.
The main parameter of the pre-equilibrium exciton model was tested against the
experimental data for the secondary neutron spectra for *U. Shell, superfluid and
collective effects in nuclear level density have been taken into account. Neutron
transmission coefficients were calculated using the coupled-channel code ECIS. All
experimental data available for fission and (n,2n) reactions for the above isotopes
have been used for model testing. Due to a lack of experimental data for the
majority of the nuclei considered theoretical prediction of neutron cross-sections

has been made.
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1. Introduction

In order to evaluate the accumulation of transactinides in spent fuel and for handling
of nuclear waste, it is necessary to have a fairly accurate nuclear data base. Of particular
importance are the cross—sections for the fission and (n,xn) reactions.

The present paper describes the results of the first phase of the work on the actinide
nuclear data generation for transmutation purposes and covers the energy region of the
incoming neutrons from 1 to 20 MeV. The second part of the work will be devoted to the
energy region from 10 MeV to 1 GeV.

For the majority of transactinides the experimental data base available is not sufficient
for practical applications. There are only 3 nuclei for which experimental data are available
for fission, (n,2n) and (n,3n) reaction cross-sections — 221, ¥8Y and 2°U, and 2 nuclei with
fission and (n,2n) experimental data ~ “*Pu and *'Np. These nuclei provide a possibility for
a consistent analysis of the fission process and neutron emission.

For a second group of nuclei consisting of 14 nuclei - Blp,y B3y, B4y, B6U, By,
uopy %1py %2py, #py, #'Am, **"Am, **Am, **Cm and M(Cf - extensive measurements of
fission cross—sections exist which can be used for a consistent analysis of the energy
dependence of fission cross-sections for different isotopes. In this case fission cross—sections
provide a constraint for (n,2n) reaction cross—section calculations.

The third group of nuclei considered here consisting of 52 isotopes for Th, Pa, U, Np,
Pu, Am, Cm, Bk and Cf has practically no experimental data and the theoretical model was
necded for the prediction of necessary data.

The extensive calculations of fission, (n,2n) and (n,3n) reaction cross—sections for 71
transactinide isotopes from Th to Cf were done in the present work. A consistent analysis
of all relevant experimental data in the International Database EXFOR was made and the
theoretical prediction of neutron cross—sections for nuclei with no experimental data available

was completed.
2. Model and Parameters Used

In the present work the statistical model code STAPRE[1] taking into account
conservation of spin and parity for all nuclear reaction cascades was used for the calculation
of the fission and (n,xn)-reaction cross—sections, The statistical model had been extensively
used for a consistent analysis of the fission and (n,2n)-reaction cross—sections for isotopes
of U, Pu, Am and Cm{2]. The approach used by Ignatyuk et alf2],[3] was taken in the

present work.
There are three major factors which should be considered carefully in any statistical

model, namely, neutron transmission coefficients, preequilibrium model -parameters and
level density parameters,  This is particularly true for calculations of the fission cross—

sections.
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In the present work neutron transmission coefficients were calculated using the
coupled—channel code ECIS[4] with the potential parameters obtained by Haouat et al[5]
(Table 1). As the highest neutron energy in the present analysis is limited to 20 MeV, only
a surface absorption term of the Imaginary potential was taken into account. The potential
parameters {5] reproduce the experimental data for the total cross-section of **U quite well
in the energy region up to 18 MeV, but above 20 MeV they give too high values of the total
cross—section[6]. The use of correct neutron transmission coefficients plays an essential role
in the transactinide data analysis, as it is well known that the use of deformed optical model
neutron transmission coefficients leads to decrease of the compound nucleus formation cross—
section by 7-15% compared to the traditional spherical optical model.

The second important factor of the model used is the main parameter of the exciton
model, the matrix element M2 = 10/A* MeV? that was fixed by fitting the experimental data
by Kormilov et al[7] for the neutron secondary spectra for 28U at 6-14.3 MeV, as was done
by Ignatyuk et alf3].

For the caiculation of the level density for residual and fissioning nuclei a generalized
superfluid phenomenological model proposed by Ignatyuk et al[8] was used in the present
work. This model takes into account pairing correlations, odd-even, collective and shell
effects, in contrast to the traditional Fermi—gas model. Recent testing of the Fermi-gas and
generalized superfluid models based on the analysis of the experimental data on neutron
resonance density, evaporation neutron spectra and nuclear fissility made by Rastopchin et
al[9] showed that the Fermi—gas model was too inaccurate at low excitation energies and the
standard version of this model was in contradiction to the experimental information on the
asymptotic parameter 4(A). These shortcomings of the Fermi-gas model are climinated in
the superfluid model and the most favorable nuclei to be dealt within the framework of the
superfluid model are those with A = 220 and also with A < 60, A = 90. As a result of the
analysis done by Rastopchin et al[9] it was concluded that the transactinide nuclei were the
ideal object for application of the superfluid nuclear level density model.

According to the superfluid model[8],

p(UrJ.rn) = pqp(UtJrn)Krot(UlJ)Kvib(U)r

where pg,(U,J,m) is the quasi-particle level density at the excitation energy U, and K, (U,J)
and K. (U) factors of rotational and vibrational enhancement of level density. For axially
symmetric equilibrium deformations K =0,% for saddle deformations, at the inner saddic
K, (U,J)=2v2n0 %0, and at the outer saddle K (U)=2c 2], where o, and o) are spin
dispersion parameters.

The factor of vibrational enhancement of level density K,;,(U) can be calculated using
a liquid—drop model: K,;,(U)=expU*[8]. For actinides, at equilibrium deformations, K_,=10-
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100 and K, =2. ‘

One of the basic parameters of the superfluid model is the pairing correlation function
A, which is directly related to the critical temperature t, of the phase transition from the
superconducting to the normal state by t.=0.567A,. Above the temperature t, the energy
dependence of the level density differs from the Fermi-gas model only by a shift of the
excitation energy denoted E_ .. Below t_ this energy dependence changes and becomes
similar to that of the constant temperature model.

The level density parameter is given by

f(U_Econd)
a(A) {1+8W(Z,R) W‘—)— foru=z=1U_ ,
a(U,Z,A) = ( cond
a_ for U< U, , where a_ is the a-value at t =¢__ .

Here a(A) is the asymptotic value of the level density parameter at high excitation energy,
and the function f(U) determines the energy behavior of the a—parameter at lower energies:

f(U) =1 - exp(-yU), where y = 0.40A'7,
Fooa = 0.152 a_Ay" - nA,,

U, = 0472 a_As* - nA,,
where n=0,1,2 for even—even, odd-A, odd-odd nuclei, tespectively,

A, = 12VA,
i(A) = 0.073A + 0.115A%

It should be noted that the generalize& superfluid model is formulated for even—even
nuclei, that is quite opposite to the Fermi-gas model, where the initial equations are related
to odd-odd nuclei.

In the actinide region the above superfluid model underestimates the level density at
low energies. This shortcoming was observed at the comparison of the calculated and
experimental data for low-lying level densities for equilibrium—shape nuclei[10],{11].

Therefore the level density of low-lying levels was modelled by a constant
temperature dependence, in the Gilbert~Cameron approach, with T,=0.385 MeV[11] for
excitation energies below U,=10.7-0.028A-nA,, where n=0, 1, 2 for even~even, odd-A and
odd-odd nuclei, respectively.

Nuclear level density parameters for nuclei where experimental data

are available are given in Table 2.

_3__
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For the fission channel the temperature value T, was determined by

d -1
I, = {}Ef Enpf(U)U-vc} :

where p{U) was expressed by the equation

Gif pin( U)

/2% o,

p:(U) =

with p;”(U) is density of intrinsic and noncollective levels.
The above equation leads to

iexp(Uc - EO -:"Krot Kvib p;n(U)
Te k T y2rn oy, r

where E;=—nA,, A; the correlation function for saddle-point deformations: A=14/VA and oy
and o, are spin dispersion parameters.

It is essential that the level densities of the fissioning nucleus at saddle deformations
and of the relevant residual nucleus at equilibium deformations were calculated by
introducing the odd—even excitation energy shift: U'=U+A.. The former governs the fission
cross—section and the latter governs the (n,2n) cross—section.

For the fission channel it is essential in description of transition level densities to take
into account axial and mirror asymmetry of saddle configurations of the fissile nucleus on the
internal hump A and mirror asymmetry of configurations on the external hump B. For the
internal hump with axial and mirror asymmetry the level density is increased by a factor
2v2n0,, and for the external hump with the mirror asymmetry by a factor 2, where oy is the
spin dispersion parameter related to the moments of inertia for transition states of the fissile
nucleus(8].

Shell corrections 8W,,(Z,A) are calculated taking into account quadrupole
deformations €[12]: SWH(Q(Z,A,E):MCXP(Z,A)—M (Z,Ag), where M(Z,A,¢) is liquid drop mass
for a respective value of €. Shell corrections 8W;* and W for the saddle points are defined
relative to the liquid drop component of the fission barrier[13] and for all isotopes considered,
except for Th and Pa isotopes, were taken to be W, *=2.5 MeV and W .=0.6 MeV[14], and
8W_ was calculated using the liquid drop model{12]. Uncertainties in theoretical calculations
of shell corrections may be about 1 MeV, but they do not have an essential impact on
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calculated fission cross—section values.

The fission barrier parameters E¢* and E;? were obtained by analyzing the experimental
data for fission cross sections within the framework of the level density model used. For
those nuclei, whose experimental data are not virtually available, the systematics proposed by
Kuprijanov et al[15] and Smirenkin[16] for the first plateau region, as well as indirect
experimental data, were used. This systematics was also used, with certain caution, to
extrapolate E/N(Z,A) and E(Z,A) within small limits, beyond the experimentally investigated
region of nuclei, and the accuracy of the fission cross—sections calculated in this case may
be not higher than 20 — 30 %.

3. Comparison of theoretical and experimental data

3.1 Neutron Cross—-Sections

In Figs. 1-213 calculated and experimental data, for o, O, and oy, for Th, Pa, U,
Np, Pu, Am, Cm, Bk and Cf isotopes are given. The validity of the model used can be
demonstrated by a consistent description of all the experimental data on the fission and (n,2n)
cross—sections. The parameter systematics adopted makes it possible to describe satisfactorily
the neutron and fission channels of nuclear decay and enables the (n,2n) reaction cross—
sections to be predicted rather reliably.
27-24Th; The triple~humped barrier conception should be used for analysis of neutron
data for Th—isotopes, but as we are interested in high energies, a double-humped fission
barrier model was used. Some experimental data for the fission, (n,2n) and (n,3n) reaction
cross—sections of 2*Th and for the fission cross—section of “°Th are available. The same
model parameters, as mentioned earlicr, was used for the analysis of Th data, except for the
shell corrections SW and 8W.. The experimental data were fitted with dW{*=2.5 MeV and
5WS=0.1 MeV, and 8W, was taken from liquid drop model calculations. The calculated
curve for the ®Th (n,2n) reaction cross-section is lying rather high and in agreement with
the old data by Butler and Santry[19] in the encrgy region up to 10 MeV (Fig.17). The
experimental data by Raics et al[20] which are not compiled in the EXFOR Data Library fully
confirm the present calculations in the entire energy region.
S & F The analysis of neutron data for these isotopes was made with the same
approach as for Th isotopes. The only experimental data available, the fission cross—section
for 2'Pa, were described satisfactorily within the framework of the model used (Fig31). It
should be noted that the calculated fission cross—section values for Pa isotopes practically do
not depend on the first barrier height EA. Actually it was confirmed that EA is much lower
EP in this case. Due to a complete lack of experimental data for the (n,2n) and (p,3n)
reaction cross—sections they were theoretically predicted (Figs.26-39).
HO-240y, The calculated values agree rather well with experimental data for the fission
cross section of 222U, 25U, and for the (n,2n) and (n,3n) reaction cross-sections of “*U and

i5_
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calculated fission cross—section values.

The fission barrier parameters E/* and E? were obtained by analyzing the experimentai
data for fission cross sections within the framework of the level density model used. For
those nuclei, whose experimental data are not virtually available, the systematics proposed by
Kuprijanov et al[15] and Smirenkin[16] for the first plateau region, as well as indirect
experimental data, were used. This systematics was also used, with certain caution, to
extrapolate EA(Z,A) and EX(Z,A) within small limits, beyond the experimentally investigated
region of nuclei, and the accuracy of the fission cross—sections calculated in this case may
be not higher than 20 - 30 %.

3. Comparison of theoretical and experimental data
3.1 Neutron Cross—Sections

In Figs. 1-213 calculated and experimental data, for ; 0,5, and Oy, for Th, Pa, U,
Np, Pu, Am, Cm, Bk and Cf isotopes are given. The validity of the model used can be
demonstrated by a consistent description of all the experimental data on the fission and (n,2n)
cross—sections. The parameter systematics adopted makes it possible to describe satisfactorily
the neutron and fission channels of nuclear decay and enables the (n,2n) reaction cross-—
sections to be predicted rather reliably.
2-BTh: The triple-humped barrier conception should be used for analysis of neutron
data for Th—isotopes, but as we are interested in high energies, a double—humped fission
barrier model was used. Some experimental data for the fission, (n,2n) and (n,3n) reaction
cross—sections of 2*Th and for the fission cross—section of “°Th are available. The same
model parameters, as mentioned carlier, was used for the analysis of Th data, except for the
shell corrections W, and SW2. The experimental data were fitted with dWA=2.5 MeV and
8W2P=0.1 McV, and 8W, was taken from liquid drop model calculations. The calculated
curve for the 22Th (n,2n) reaction cross—section is lying rather high and in agreement with
the old data by Butler and Santry{19] in the energy region up to 10 MeV (Fig.17). The
experimental data by Raics et al[20] which are not compiled in the EXFOR Data Library fully
confirm the present calculations in the entire energy region.
29-133pg; The analysis of neutron data for these isotopes was made with the same
approach as for Th isotopes. The only expenimental data available, the fission cross—section
for B'Pa, were described satisfactorily within the framework of the model used (Fig.31). It
should be noted that the calculated fission cross-section values for Pa isotopes practically do
not depend on the first barrier height EX. Actually it was confirmed that EA is much lower
EP in this case. Due to a complete lack of experimental data for the (n,2n) and (p,3n)
reaction cross—sections they were theoretically predicted (Figs.26-39).
B0, The calculated values agree rather well with experimental data for the fission
cross section of 225U, 38U, and for the (n,2n) and (n,3n) reaction cross-sections of “*U and

i5_
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and 28U, For the (n,2n) cross section of 2381 the calculated values are in agreement with the
data on the upper boundary of the scatter among experimental data confirming the data of
Komilov et al[17] and lying above the data of Frehaut et al[18] by 15% (Fig.65). For other
U isotopes from Z°U to *°U theoretical prediction of the (n,2n) and (n,3n) reaction cross-—
sections was made.

235-13Np: Only experimental data available are those for the fission and (n,2n) reaction
cross—sections for = 'Np (Figs.79,80). The experimental data for the fission cross—section are
in disagreement with each other in particular for the relative data of Pankratov[21], and for
the (n,2n) cross section there is no experimental data in the energy region 10-13 MeV. The
renormalization of relative measurements by Pankratov([21] did not lead to a better agreement
between experimental data. The theoretical curve for the fission cross section of ZNp is
lower than the data of Pankratov[21] and agrees in general with the data of Meadows[22]
(Fig.79). This leads to the (n,2n) cross—section value of 0.44b at 12 MeV.

For other Np-isotopes theoretical calculations of the (n,2n) cross-sections show their
increase with A increasing (Fig.74,77,83,86). Reliability of their prediction, in particular for
Z5Np, BNp, ¥°Np with no experimental data fer the fission cross-sections, is lower than for
BINp.
236-247pyy; Experimental data for the fissicn cross~sections of *°Pu, #%Pu, #°Pu, #°Py,
Alpy 42py and **Pu can be described consistently within the framework of the model used.
For **%Pu the calculated curve for the fission cross—section in the region of the second plateau
is lying a little lower than the data of Budtz-Yoergensen et al[23] and for 9Py the
theoretical curve is in agreement with the data of Meadows[22], being higher than the data
of Kari and Cierjacks[24] (Figs.94,97). For #*°Pu the calculated curve agrees with the data
of Karl et al{24] and Meadows[25] (Fig.100), for 'Pu with the data of Behrens et
al[26](Fig.103), for **?Pu (Fig.106) and 244py(Fig.112) with the data of Behrens et al[27].
Measurements done relative to the fission cross section of 2°U were normalized using the
JENDL-3 o{*°U)-values.

The calculated fission cross—scction for 2°Pu provides a comstraint for the (n,2n)
reaction cross—section. The calculated (n,2n) reaction cross—section values are in general
agreement with experimental data[28], although near the threshold energy region (about 7
MeV) the calculated values are higher than experimental data (Fig.98). There appears to be
a step-like behaviour of the (n,2n) cross—section, which can be attributed to excitation of
two—quasi—particle states in the residual 28py nucleus, as pointed out by Masiov[29].

Unfortunately, there is no experimental data for the (n,2n) cross-sections for nuclei
heavier than *°Pu for which similar behavior could be more pronounced, in particular for
even—odd target nuclei {even-even residual nucler).

The detailed structure of (n,2n) cross sections can not be interpreted within the
framework of the present rather crude model and for this purpose the real shell structure of
single—particle states shouid be incorporated nto the model.

P9-M5Am:  Experimental data for the fission cross—sections of #1Am by Dabbs et al[31],

_6_
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Mmam by Browne et ai[32] and **Am by Knitter et al[33] were analyzed consistently
(Figs.130,133,136). Theoretically predicted (n,2n) reaction cross—sections for Am isotopes
increase with A increasing from 0.03b for 2°Am to 0.9b for *Am at 13 MeV.

238-251Cyy:  Experimental data for the fission cross-sections of Cm isotopes are available
only for the first plateau region, except for 25Cm. The data were analyzed and fission barrier
height values were obtained. For *5Cm the experimental point at 14 MeV by White[34] is
higher than the calculated curve by 8%, although his experimental data at the other energy
points are in good agreement with the present calculations (Fig.166).

The results of the calculations by Ignatyuk et al[2] may look too low for the #5Cm
fission cross—section above 8 MeV (Fig.166) and subsequently too high for the (n,2n) reaction
cross—section. In order to verify the STAPRE results, extensive calculations were made n
the energy region from 5 to 100 MeV using the GNASH code[40]. The results of these
calculations will be discussed in a further report, but one can mention here that the GNASH
calculations agree fairly well with the present STAPRE calculations of the fission cross—
sections (Figs.94,97,130,133,157,160,163,166,169,172), somewhat lower for the (n,2n) cross—
sections (Figs.95,98,134,158,161,164,167,170,173) and generaliy higher for (n,3n) cross-
sections (Figs.96,99,135,159,162,165,168,171,174).

For odd Cm isotope targets (even—even residual nuclei) some irregularities in the
(n,2n) reaction cross—sections can be seen in the energy region 7-8 MeV (Figs.167,179), as
well as for odd Pu-isotopes (Figs.104,110,116,122) and even Am-ISOtopes
(Figs.128,134,140). Complete lack of experimental data does not allow to verify whether the
effect is real or may be due to residual nuclei level density modeling used.

H5-249BK and #9-ICT: Experimental data on the fission cross-sections exist only for
2498k and “9Cf and therefore the results of calculations for other Bk and Cf isotopes can be
considered as an intellectual guess (Figs.187-213).

Comparison with the existing evaluated data libraries ENDE/B-VI, JENDL-3,
BROND-2 shows general agreement for major fissile nuclet and iarge discrepancies for minor
transactinides (Figs.214-277), in particular for the (n,3n) cross—sections.

3.2 Fission Barrier Parameters

In Table 3 the values of fission barrier parameters are given. These values were
obtained from the experimental data on fission cross—sections or from systematics and
extrapolation for nuclei where no experimental data are available. The penetrability
parameters hw, and hwy were taken from the work of Bjérnholm and Lynn[37]: for even-
even nuclei hw,=1.04 MeV, hwy=0.6 MeV; for odd-A: hw,=0.8 MeV, hwp=0.52 MeV; for
odd-odd: hw,= 0.65 MeV, hwy=0.45 MeV.

Fission barrier heights obtained on the basis of the generalized superfluid model
expressions with collective effects taken into account are different up 1o 0.5 MeV from the

results of the Fermi-gas model analysis.
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In the actinide region the gemeral theoretical approach for fission barrier height
calculations based on the shell comrection method may have the accuracy of 1-2 MeV([35].
Therefore the structure of the fission barriers for actinides was studied on the basis of the
phenomenological approach [15], [36], [37]. Calculations by Larsson and Leander[38] and
those of Howard and Moller[39] predict that the inner saddle point of the barrier will be
unstable with respect to axial deformation in Th-U nuclei for N=142-144 and, consequently,
the height of the barrier A will decrease. On the other hand, an increase in KmtA leads to an
increase of the value of E/*, as was shown by Smirenkin[16].

The impact of axial asymmetry on E/* increases from U to Cm [38]. This behavior
is correlated, as it is noted by Smirenkin[16], with a tendency in the analysis of fission
probability: the heavier the nucleus, the higher the sensitivity of description to the magnitude
of K_A(U).

The fission barrier hight parameters given in Table 3 are in general agreement with
those obtained by Ignatyuk et al{2], where the analysis was based on the superfluid nuclear
level density model, and are different up to 0.5 MeV from the values obtained by Kuprijanov
et al[15] where the Fermi—gas model was used. The parameters [2] for U, Np, Pu isotopes
agree within 0.1-0.2 MeV, and those for Cm isotopes data [2] are 0.1-0.2 MeV higher and
for Am 0.2-0.3 MeV higher than the present results. The fission barrier height parameters
[16] for U, Pu, Pa, Am isotopes agree within 0.2-0.3 MeV, for Th, Np 0.2-0.3 MeV lower,
and for Cm 0.4-0.6 MeV lower than the present parameters.

The accuracy of the fission barrier height parameters obtained in the present work
should be considered not higher than 0.3 MeV (0.5 MeV for some nuclei) and their values
depend on the model used, in particular the nuclear level density parametrization.
Calculations of the #%U fission cross—section made using the code GNASH showed that,
although for some nuclei (*°U, 26U) the fission barrier parameters agree with those obtained
with the code STAPRE, for nuclei #*U and ?7U they differ by 0.5 MeV (STAPRE results
are higher), which can be attributed to different level density models used in both codes.

4. Conclusion

The analysis of experimental data for fission and (n,2n) cross—sections available for
some nuclei showed that the data can be described in a consistent manner by the model
presently used. Based on this model the theoretical prediction of fission, (n,2n), (n,3n) cross—
sections was made for 50 isotopes of transactinides for which no experimental data are
available. Although some model parameters were fixed using the experimental data, it was
felt that the experimental data base was not sufficient for reliable data prediction. Any data
on the (n,2n) reaction cross—sections for nuclei heavier than Pu, even at one or two energy
points near 14 MeV, would be desirable.

The accuracy of the calculations of the (n,3n) reaction cross—sections is much lower
than for (n,2n} due to their larger sensitivity to model parameters.
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In the actinide region the general theoretical approach for fission barrier height
calculations based on the shell correction method may have the accuracy of 1-2 MeV[35].
Therefore the structure of the fission barriers for actinides was studied on the basis of the
phenomenological approach [15], [36], [37]. Calculations by Larsson and Leander[38] and
those of Howard and Moller[39] predict that the inner saddle point of the barrier will be
unstable with respect to axial deformation in Th-U nuclei for N=142~144 and, consequently,
the height of the barrier A will decrease. On the other hand, an increase in KmtA leads to an
increase of the value of EfA, as was shown by Smirenkin[16].

The impact of axial asymmetry on E¢* increases from U to Cm [38]. This behavior
is correlated, as it is noted by Smirenkin[16], with a tendency in the analysis of fission
probability: the heavier the nucleus, the higher the sensitivity of description to the magnitude
of K_A(U).

The fission barrier hight parameters given in Table 3 are in general agreement with
those obtained by Ignatyuk et al{2], where the analysis was based on the superfluid nuclear
level density model, and are different up to 0.5 MeV from the values obtained by Kuprijanov
et al[15] where the Fermi-gas model was used. The parameters [2] for U, Np, Pu isotopes
agree within 0.1-0.2 MeV, and those for Cm isotopes data [2] are 0.1-0.2 MeV higher and
for Am 0.2-0.3 MeV higher than the present results. The fission barrier height parameters
[16] for U, Pu, Pa, Am isotopes agree within 0.2-0.3 MeV, for Th, Np 0.2-0.3 MeV lower,
and for Cm 0.4-0.6 MeV lower than the present parameters.

The accuracy of the fission barrier height parameters obtained in the present work
should be considered not higher than 0.3 MeV (0.5 MeV for some nuclei) and their values
depend on the model used, in particular the nuclear level density parametrization.
Calculations of the 23U fission cross-section made using the code GNASH showed that,
although for some nuclei (3*°U, Z°U) the fission barrier parameters agree with those obtained
with the code STAPRE, for nuclei Z°U and #7U they differ by 0.5 MeV (STAPRE results
are higher), which can be attributed to different level density models used in both codes.

4. Conclusion

The analysis of experimental data for fission and (n,2n) cross-sections available for
some nuclei showed that the data can be described in a consistent manner by the model
presently used. Based on this model the theoretical prediction of fission, (n,2n), (n,3n) cross—
sections was made for 50 isotopes of transactinides for which no experimental data are
available. Although some model parameters were fixed using the experimental data, it was
felt that the experimental data base was not sufficient for reliable data prediction. Any data
on the (n,2n) reaction cross—sections for nuclei heavier than Pu, even at one or two energy
points near 14 MeV, would be desirable.

The accuracy of the calculations of the (n,3n) reaction cross—sections is much tower
than for (n,2n) due to their Jarger sensitivity to model parameters.
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The STAPRE code used in the present work gives the possibility to describe the
fission cross—sections in a logical manner taking into account the shell and collective effects
in the level density and enhancement coefficients in the fission channel. The weak side of
the code may lie in a rather simple version of the exciton model used in STAPRE. At
energies above 15 MeV the binary reactions are largely determined by the preequilibrium
component and calculations become sensitive to the accuracy of that model. Therefore in the
second part of the work for the generation of nuclear data for many transactinide nuclei in
the energy region from 10 to 100 MeV the code GNASH will be used where a more
advanced version of the preequilibrium model had been incorporated.
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The STAPRE code used in the present work gives the possibility to describe the
fission cross—sections in a logical manner taking into account the shell and collective effects
in the level density and enhancement coefficients in the fission channel. The weak side of
the code may lie in a rather simple version of the exciton model used in STAPRE. At
energies above 15 MeV the binary reactions are largely determined by the preequilibrium
component and calculations become sensitive to the accuracy of that model. Therefore in the
second part of the work for the generation of nuclear data for many transactinide nuclei in
the energy region from 10 to 100 MeV the code GNASH will be used where a more
advanced version of the preequilibrium model had been incorporated.
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The STAPRE code used in the present work gives the possibility to describe the
fission cross—sections in a logical manner taking into account the shell and collective effects
in the level density and enhancement coefficients in the fission channel. The weak side of
the code may lie in a rather simple version of the exciton model used in STAPRE. At
energies above 15 MeV the binary reactions are largely determined by the preequilibrium
component and calculations become sensitive to the accuracy of that model. Therefore in the
second part of the work for the generation of nuclear data for many transactinide nuclei In
the energy region from 10 to 100 MeV the code GNASH will be used where a more
advanced version of the preequilibrium model had been incorporated.
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Table 1 Deformed Potential Parameters Obtained by Haouat et al 5]
and Used in the Present Work

Nucleus

PTh

ZiSU

238U

Py

ZAZPU

Vy: Real Potential

W, Surface
Imaginary
Potentjal

Vo Spin-Orbit
Potential

1z=1.26, a,=0.63

46.4 - 0.3E
46.4 - 0.3E
46.2 - 0.3E
462 - 0.3E
46.0 - 0.3E

1p=1.26, a,=0.52

3.6 + 04E

33 + 04E

36 + 04E

3.6 + 04E

35 + 04E

1=1.12, a,=0.47

6.2

6.2

6.2

6.2

6.2

Quadrupole
Deformation

B

W

0.190

0.220

0.198

0.220

0.204

Hexadecapcle
Deformation

(B

0.071

0.080

0.057

0.070

0.051
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Table 2 Nuclear Level Density Parameters

Nuclide Spin
20Th 2.5
ZlTh 0.0
Z*Th 0.0
Bipy 1.5
B4Pa 1.5
Zpy 0.0
=y 0.0
By 2.5
B3y 0.0
Béy 3.5
=1y 0.0
=tU 0.5
By 0.0
NP 2.5
ZIpy 0.0
2Py 0.5
H¥py 0.0
Hipy 2.5
#3py 0.0
H5py 0.0

242AII] 2-5

*Am 1.0

¥ Am 2.5

*Cm 0.0

#Cm 2.5

¥5Cm 0.0

#Cm 3.5

*'Cm 0.0

#3Cm 4.5

*Cm 0.0
=Bk 3.5
=0Ct 4.5
Bt 0.0

B, (MeV) D, V) a (MeV™)
e
6.793 0.53 19.00
5.117 9.60 20.10
4.786 19.00 20.05
5.570 0.45 19.30
5219 0.59 20.10
6.090 0.69 21.70
5.743 4.60 19.20
6.843 0.55 18.85
5.208 10.60 19.11
6.545 0.44 19.70
5.125 15.40 19.10
6.143 3.50 19.48
4.804 20.80 19.72
5.488 0.52 18.70
5.656 8.00 18.30
6.534 2.30 19.10
5241 13.60 18.95
6301 0.90 19.70
5.037 17.50 19.25
4.720 24.00 19.93
5.539 0.55 18.45
6.363 0.40 19.90
5.366 0.60 18.84
5.694 12.80 17.45
6.799 0.81 18.10
5.522 12.00 18.15

6456 1.90 19.70
5.156 32.00 17.43
6.211 1.40 18.20
4.713 33.00 19.17
4.966 1.00 18.80
6.621 0.70 18.15
4.805 27.00 19.40




Table 3 Fission Barrier Parameters for Transactinides
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Fissioning Fissioning

Nucleus ESMe EfBj MeV) Nucleus EAMe EBMeV
g 6.10 6.60 #2pyg, 5.60 5.35
*Thgy 6.20 6.60 3Py, 6.00 5.70
#Theg 6.20 6.45 Py, 5.50 5.20
S0Thg, 6.10 6.35 #3pug, 5.75 5.60
BlThg, 6.35 6.60 #0py, 5.50 5.20
2?Theg 6.00 6.40 25 Amgs 5.70 4.80
Z*They 6.20 6.50 #9Amg; 6.70 5.60
“They 6.00 6.40 #1Amg, 5.90 5.10
Bpa,, 5.80 5.90 M2 Amy, 6.70 5.70
Blpy,, 5.70 570 5 Ammgs 6.05 5.10
Bepa, 6.00 6.40 #4 Arnge 6.70 5.90
B3pay, 5.90 6.00 HAmgs 6.10 5.00
“*Pag, 5.90 6.00 A8Amg 6.30 5.20
21U, 6.50 5.80 #Cmy, 6.9 4.9
B 6.00 5.60 #1Cmy, 7.2 52
B3y, 6.60 5.70 H2Cmy, 6.7 5.1
Uy, 6.10 5.70 I Cmy, 7.0 5.4
B3, 6.10 5.90 H4Cmygg 6.7 52
2ty 6.10 5.80 3 Cmgg 6.8 55
=1y 6.80 6.00 #8Cmyg, 6.3 5.3
28y 6.30 5.60 H1Crmgg 6.5 52
By 6.20 6.00 #BCrmgg 5.8 5.0
g 6.40 5.50 9Cmg, 6.2 51
Npy; 5.50 5.10 B0Cm,, 5.5 4.3
Z4Npys 5.70 5.40 Y4B, 6.8 4.6
25Npy; 5.80 5.40 5Bk, 7.0 4.7
Z8Npys 6.10 5.90 #5Bk 73 5.0
2Npqs 6.20 530 7Bk, 6.6 4.7
Z¥Npys 6.20 .6.00 3Bk, 7.1 5.0
Z9Npes 5.90 5.30 “Bkq, 6.4 4.6
BPpuy, 5.70 520 “Bkg, 6.7 4.7
Bopug, 5.70 5.40 HICEog 6.3 4.1
“7Pug, 6.10 5.90 B0CEoe 6.7 4.6
bl ST 5.90 5.50 Bt 6.7 43
9Py, 6.40 5.80 BACf. 6.1 3.9
0Py, 6.15 530 B3y, 59 4.0
#lpy,, 6.35 5.65
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