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1. Introduction 

The statics of fission is governed by the variation of a potential energy of the 
fissioning system as a function of deformation in the transition from the initial state to 
scission (see the last reviews [l]-[5]). Therefore, the most important characteristics of 
fissioning nuclei arc fission barriers determined as differences between the saddle-point 
and ground state masses 

B,=MV(A,Z)-M„{A,Z). (1) 

Various models used to calculate B/ can be classified in three categories: micro
scopic, semiclassical ot hybrid, and macroscopic (see [5] for a brief review). In the 
microscopic models the nucleus is studied as a many-body problem of an ensemble of 
nucleons moving in a self-consistent Hartree-Fock field with possible extensions (see 
[6] for a review). This method should provide the most accurate knowledge of the 
fissioning system. However the complexity of the effective nucleon-nucleon interaction 
and a great number of nucleons in a heavy nucleus make the calculations very difficult 
and too lengthy to be used in Monte Carlo calculations of competing fission and evap
oration processes. Therefore, for statistical applications, the "regular" part of fission 
barriers is usually either calculated in the framework of such macroscopic approaches 
as different versions of the liquid-drop model (LDM) [7J-[9], dropiet model [11, 12], 
single-Yukawa modified LDM [13], Yukawa-plus-cxponential modified LDM [10, 14,15], 
or phenomenologically approximated [16] in accordance with their experimental values. 

To estimate the "irregular" microscopic part of By, either different hybrid ap
proaches are used taking into account quantal corrections for shell and pairing effects, 
the finite range of the nuclear force, the effects of the diffuseness of the nuclear surface 
and other physics effects [7]-(l4], or certain different phenomenological approximations 
are used [16, 17]. Apparently, to date the most adequate description of macroscopic 
fission barriers for hot and usually rotating nuclei has been done by Sierk [15]. Sierk 
also performed a global fit for macroscopic B/ for nuclei with an atomic number from 
20 to 100 for the entire range of the angular momentum L for which a fission barrier 
exists and obtained a globa) representation of results which depends only on three 
variables: Л, Z and L. This global approximation is provided be the Fortran-77 sub
routine BARFIT that is available for users (see [15]) and may be easily incorporated in 
the statistical evaporation model calculations. But in certain cases this code may re
quire too much computing time to obtain a satisfactorily statistics in the Monte Carlo 
simulation of reactions. 

In the present work we compare different easy-computing approaches and models 
for fission barriers in order to find out their applicability for statistical calculations of 
nuclear reactions involving fission processes. 



2. Macroscopic and microscopic approaches for 
fission-barrier heights 

In the hybrid macroscopic-microscopic approach a fission barrier is given by a sum 
of a macroscopic smooth term and a microscopic term, each being in the general case a 
function of atomic Z and mass A numbers, excitation energy of the fissioning nucleus 
E', its angular momentum L and deformation (denoted by or) 

BS(A, Z, ЕГ, L,a) = BJ^A, Z, E", I,a) + B?""{A, Z, E", L,a). (2) 

Let us at the beginning do not take into account the excitation energy and angular 
momentum dependences of Bj. 

BITG73 approximation [16]. For fast statistical calculations Barashenkov et al. 
[16] has proposed to use a simple phenomenological approximation for fission barriers. 
The authors of [16] suggested not to calculate fission barriers during Monte Carlo 
simulations of nuclear reactions but to use the known experimental values by singling 
out of them the phenomenological "irregular" part which depends on shell corrections, 
residual interactions and other nuclear structure effects, and by approximating the 
remaining "regular11 part by a simple analytical expression 

BfnG73(A, Z) = B%A, Z) - W ™ ( A , Z) + W%1 TCn(A, Z). (3) 

The "regular" p it of the experimental fission barriers B°(A,Z) was well approxi
mated by the function (in MeV) 

H°f А Л - 1 2 5 + 1 +4-7(33.5 - Z*IAfl\ if Z*/A < 33.5 ; , 
« J H , ^ ) - " - 5 + j _ 2 . 7 ( 3 3 . 5 _ z 2 M ) 2 / 3 , W Z * / A > 33.5. W 

The "irregular" part was divided into two terms: a correction to the nuclear 
ground state mass SWfJ 73[A,Z) and a correction to the nuclear saddle-point mass 
SWg,TG73( A, Z). For 6W£'TC73(A, Z) the authors of [16] proposed to use the Cameron's 
shell and pairing corrections 

SWf,nm(A, Z) = Д (Z, Л") = S{Z, N) + P(Z, N) = 

= \S{Z) + P(Z)] + [S(N) + P(N)];(N = A- Z), (5) 

tabulated in [18], or the data 

A(Z, N) = S(Z) + P(Z) + S(N) + P(N), (6) 
tabulated in a subsequent work by Cameron ct al. [19] and, therefore, very convenient 
for numerical calculations of an evaporative cascade. 

In fig. 1, these two sets of Cameron shell corrections are shown for a collection 
of odd-odd nuclei together with the Myers and Swiatecki's LDM зЬеН corrections [7]. 
One can see that the discrepancy in the absolute values of two sets of Cameron's 
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shell corrections is small and only for some nuclei amounts up to 2 MeV, while the 
discrepancy between Cameron's and Myers and Swiatecki's values is more significant. 
For 6WB'T"™(A, Z) the following approximation (in MeV) was obtained: 

gWBmm(A z ) = J - ° - 5 f o r even Z 1 f 0 for even N "1 . . 
6W,„ \A,£)- ^ o f o r o d d z J + \ l f o r o d d / V / - {<> 

10 

5 

0 

S - 5 

- 1 0 

15 

Odd Z and Odd N 

. - Myers & Swiatecki (1967) 
a - Cameron (1957) 
A - T ru ran , Cameron & Hilf (19701 

50 100 150 200 250 A 
Fig. 1. Comparison of Cameron's (18), Truran, Cameron and Hilf's [19] and Myers and 

Swiatccki's [7] shell corrections. 

BG77 approximation [17]. Another simple semiphencmenological approximation 
for fission barriers has been proposed by Barashenkov and Gereghi [17]. The authors 
of [17] proposed to use a formula analogous to (3) to calcu.ate fission barriers 

BfG77(A, Z) = B°j(Z2/A) -A{A,Z) + SBG77(A, Z). (8) 

For A{A,Z) it was proposed to use the same Cameron's corrections (5) or (6), while 
for 6BG77(A>Z) it was suggested to use the following approximation: 

' 0, for even Z and even N ; 
6BG77(A, Z) = { Sf, for odd A ; 

2Sf, for odd Z and odd N ; 
(9) 

Sj = 1.248 MeV [20]. 
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For the macroscopic part of the fission barriers B°(Z2jA) it was proposed to use the 
LDM results in the parametrization of Cohen and Swiatecki [21] 

Щг'/А) = B'/DMicS63) = 

- а<А3'31 ° - 8 3 ( 1 _ x ) 3 ' f o r 2 / 3 < г < 1 : , i m 
s \ 0.38(3/4-x), for 1/3 < x< 2 / 3 , { ' 

where the fissility parameter x is given by 

1E% (ac/2as){l-k{(N-Z)/A]'}' { U > 

fas= 17.9439 MeV, 
i ac = 0.7053 MeV , (12) 
I fc = 1.7826 , 

(LDM parameters from [7]) 

and the surface £§ and Coulomb E£ energies of a spherical nucleus are given by 

E°=as{l-k[(N-Z)/A]*)A2*, (13) 

£° = асгг1А"3. (14) 
The phenomenological representation Ц0) approximates very well the macroscopic 

LDM fission barriers (see fig.2) which provides satisfactory agreement of BfG77 with 
the experimental data and, as Bfe77 are easily computed, it may be successfully used 
in Monte Carlo simulations of nuclear reactions involving fission. 

LDM approaches. In the LDM the experimental ground state mass for a nuclear 
equilibrium deformation a0 is given by 

M,xf = M0

LDM(a0) + S°(JV, Z) + P°(N, Z), (15) 

where M°DM >S t n e LDM macroscopic mass, S°(N,Z) and P°(N,Z) are shell and 
pairing corrections, respectively. For a nucleus undergoing fission (superscript !) with 
a deformation a1 at the saddle-point we have 

M' = M[DM(a!) + S'{N, Z) + P'(N, Z). (16) 

Substituting (15,16) into (1), we get 

B, = [MS

LDM{cl')-MlDM(aa)) + 
+ [SJ(N,Z)-S°(N,Z)} + [Pi(N,Z)~P°(N,Z)]. (17) 
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Commonly, in the literature the last equation is written in the following form '; 

B, = B°f - SW3, + £WV, (18) 

where B° is the macroscopic LDM fission barrier, SWg, = S°(N,Z) is the ground 
state shell correction and SWV = Sf(N, Z) + P'(N, Z) - P°(N, Z) is shell and pairing 
(or more exactly, the increase in the pairing energy between the transition state and 
ground state) corrections at the saddle-point. Usually (see, e.g., [1]), one makes the 
assumption that for a nucleus undergoing fission the major shell structure effects are 
destroyed as the nucleus deforms from the equilibrium ground state shape to the saddle-
point one, i.e., S*(N, Z) = 0. In general, up to now it is not a common point of view 
in the literature what is to be used for SW3p in (18). So, certain authors (see, e.g., 
[1, 22] neglect this term; others (see, e.g., [16, 17, 20]) use different phenomenokgical 
approximations for this term and, at last, the third group of authors (see, e.g., [23]) 
fits this term from the best description of experimental data. 

In the notation of Nix [27], the potential energy of a deformed charged drop relative 
to the spherical drop, i.e., the macroscopic LDM fission barrier Щ is given by 

Bj = Es — Es + Ec — Ec = 

= [(Bs-\) + 2x(Bc-l)}E0

s = b(x)E°s. (19) 

Here £°. and Ec are the Coulomb energies of a spherical and a deformed drop, re
spectively: Eg and Es are the total surface energy of a spherical and a deformed drop, 
respectively; x is the fissility parameter defined by (11); Bs and Be are the relative 
surface and Coulomb energies depending on the deformation of the drop and are tab
ulated (together with b(x)) in [27] as functions of the fissility parameter x; Eg and 
EQ are defined by (13) and (14). The values for the constants as , ac and к obtained 
from the best existing LDM fit to nuclear masses and fission barriers [7] are given by 
(12). In other models, the values of these constants differ from (12), which also results 
in changing b(x) and Щ. Fig. 2 shows the function »(z) calculated with Myers and 
Swiatecki's parameters (12), in the framework of the single-Yukawa modified LDM of 
Krappe and Nix [13] with the parameters 

as = 24.7 MeV , 
ac = 0.7448 MeV , (20) 
it = 4 . 0 , 

(for the nuclear radius parameter r 0 = 1.16 MeV and the range of the Yukawa function 
a = 1.4 fm), and in the framework of the Yukawa-plus-exponential modified LDM of 

lIn the present work, we confine ourselves to the analysis of only the one-humped fission barriers. 
In the case of transuranium nuclides the heights of double-humped fission barriers Bf and Bf are 
expressed by В} = У(щ) - IW,, + SW\r, where V(e»i) is the macroscopic fission barrier and SW'f 

a the shell correction for the i-th maximum of the potential energy which is counted off the liquid 
drop potential energy at the corresponding deformation, «J я 0.3 and aB » 0.6, 6W* ~ 2,80 MeV 
and SW* ~ O.S0 MeV [24]; and SW,, is calculated in the LDM [7]. (For a more detailed information 
about double-humped fission barriers see [23]-[26].) 
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Krappe, Nix and Sierk [14) with the parameters 
I a s = 21.7 M e V , 

ac = 0.7322 MeV , 
• a = 0.65 fm , (21) 

r 0 = 1.18fm , 
. ifc = 2.04 ; 

together with the approximation for 6(x) in the parametrization (10) of Cohen and 
Swiatecki [21]. One can see that for medium and heavy nuclei the old approximation 
of Cohen and Swiatecki (10) agrees veiy well with the LDM [7] prediction for b(x), and 
being easily computed, may be successfully used in numerical calculations. 

b(x) 

0.2 

0.1 

0.0 
0.0 0.5 1.0 

x 
Fig. 2. Macroscopic fission barriers (nnits of E$) as functions of the fisstlity parame

ter г for the LDM parameters [7] from [27] (marked as N69); in accordance with Cohen and 
Swiatccki's [21] parametrization (10) (marked as CS63); for the single-Yukcv/a modified LDM 
of Krappe and Nix [13] (marked as KN74); and for the Yukawa-plus-exponential modified 
LDM [U] (marked as KNS79). 

For nuclei along Green's approximation to the line of /3 - stability [28] 

N-Z = 0ЛА2/( A + 200). (22) 

in fig. 3 we comp; re macroscopic fission barriers calculated in the LDM with Myers and 
Swiatecki's parameters [7], in the single-Yukawa modified LDM [13], in the Yukawa-
plus-exponential modified LDM [14], and in the LDM with parameters of Pauli and 
Ledergerber [8] 

as = 19.008 MeV , 
ac = 0.720 MeV , (23) 
it = 2.84 , 

6 

\ , t - H69 
\ ~ 2 - CS63 

3 - KN74 ( a / r 0 = 1 . 2 1 ) -
4 - KNS79 ( a / r 0 = 0 . 5 5 j 



1 - MSG7 
2 - 14,71 
3 - KN7-1 ( a / i „ = l . 2 1 ) 
•I - KNS79 (а/г 0=0.5Г>) 
5 - SBG ' 

KNS79 (а /г 0 =0~55) 
SBG (a / r 0 =0.58G) 

50 100 ]50 200 250 300-A 

Fig. 3. Comparison of macroscopic fission barriers calculated for nuclei along Green's 
approximation to the line of/J - stability in the LDM with Myers and Swiatecki's parameters 
[7] (marked as MS67); with Paul! and Ledergerber's LDM parameters [8] (marked as PL71j; 
in the single-Yukawa modified LDM [13] (marked as KN74); in the Yukawa-plus-exponential 
modified LDM [14] (marked as KNS79), and obtained with Sierk's subroutine BARFIT [15] 
(marked as S86). The experimental points are from [11, 53]. 

For comparison, this figure also shows the experimental data from refs. [11, S3] 
and the results (marked by abbreviation S86) obtained (for L = 0) with the subroutine 
BARFIT of Sierk [15] which provides fission barrier heights as a function of Z, A, and 
angular momentum £ by a multiparameter approximation of results obtained by the 
Yukawa-plus-exponential modified LDM with the following parameters 

• e s = 21.13 MeV , 
ac = 0.7448 MeV , 
a = 0.6^ fm , 
r 0 = 1.16 fm, 

One can see that for medium nuclei fission barriers calculated with Pauli and Led
ergerber's parameters (23) are the highest (Bf-m"\PLl\) = 55.13 MeV) and those 
calculated in the LDM [7] are the second highest (B° ( m o l )(Af567) = 52.99 MeV, 
whereas those calculated in the single-Yukawa and Yukawa-plus-exponential models 
lying somewhat'lower (B° ( m a l )(A'N74) = 43.03 MeV, B°,[m")(KNS79) = 52.99 MeV, 
Bfm"\SS6) = 41.03 MeV). The three models KN74, KNS79, and S86 that include 
the finite range of nuclear force and the diffuse nuclear surface yield results that are 

(24) 
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very similar to each other, although for all nuclei the barriers calculated with the 
Yukawa-plus-exponential model [14] are slightly higher than those calculated with the 
single-Yukawa model [13], and the global approximation of Sierk [15] provides the low
est barrier heights. 

In the present paper, we test seven models to calculate macroscopic fission barriers, 
namely, proposed in: [16] (marked as BITG73); [17] (marked as BG77); [7] (marked as 
MS67); [8] (marked as PL71); [14] (marked as KNS79); [13] (marked as KN74); and 
[15J (marked as S86). For SWg, we test three sets of values, namely, the Cameron's 
corrections A(Z,N) defined by eqs. (5) and (6), and LDM shell corrections with Myers 
and Swiatecki's [7] parameters. For SW,r we test two sets of values, namely, as defined 
by eqs. (7) and (9). 

In table 1, fission barriers calculated by phenomenological [16] and semiphenomeno-
logical [17] methods with Cameron's [18] and Truran, Cameron and Hilf's [19] shell and 
pairing corrections are compared with the experimental values from the summary table 
IVofref. [11]. 

One can see that both these methods give results quite consistent with experimental 
data, although for lighter nuclei the approach proposed in [16] predicts fission barriers 
slightly closer to the experimental data and vice versa for heavier nuclei, independently 
of what shell corrections from [18, 19] we use. The results obtained with different shell 
corrections from [18, 19] differ appreciably only for neutron-rich and neutron-deficient 
nuclei. In these cases the use of shell corrections from [19] seems to be more preferable. 

The results of calculations of macroscopic fission barriers by models [7,8, 13,14,15] 
with Myers and Swiatecki's [7] shell corrections for microscopic parts of barriers are 
compared in table 2 with the same experimental data. One can see that all these 
methods provide fission barriers quite close to the experimental data. 

Figs. 4 and 5 show fission barriers calculated with methods proposed in [16, 17, 
7, 13, 8, 14] for nuclei along Green's approximation to the line of Я - stability to
gether with the experimental data. As one can Fee, for heavy nuclei all methods 
provide fission barriers in good agreement with experimental data. For this option the 
semipbenomenological approach of Barashenkov and Gereghi [17] permanently over
estimates the experimental data for nuclei lighter than Fb. Apparently, the Yukawa-
plus-exponential modified LDM [14] provides the best agreement of calculated barriers 
with the experimental data for the nuclei along the line of /3 •- stability. 

Excitation energy dependence of fission barriers . The change of properties of 
atomic nuclei with increasing excitation energies influences strongly the nuclear fissility. 
The calculations by methods of Tomas-Fermi [31] and Hartree-Fock [30] predict that 
"thermal" effects must lead to the Bj decrease. The investigations [30]-[33] of the 
dependence of B/ on nuclear temperature T show that the dependences of Coulomb 
E% and surface Eg energies on T are the following: 

ES(J) = Es(Q)\l - 0T2} 
Ec(T) = Ec(0)[l-aT2], (25) 
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Table 1 
Calculated in the framework of refs. [16, 17] (with shell and pairing corrections from [18] 

and [19]) and experimental (taken from the summary tabic tV of ref. [11]) values of fission 
barriers for isotopes of different nuclei 

I Isotope Exp. 
[И] 

Present calculations by different methods I Isotope Exp. 
[И] BITG73[16] BITG73[16] BG77[17] BG77[17] 

! shell <k pair. shell & pair. shell & pair. shell h pair. 

1 corr. from [18] corr. from [19] corr. from [18] corr. from [19] 
LU7l 27.3 27.65 25.62 32.40 30.36 

l79Tan 26.2 24.04 29.93 27.72 25.49 
mOsT6 23.7 22.62 25.22 23.77 21.25 
1в,Оз76 22.5 22.36 25.24 23.82 20.86 
™Оз7в 22.5 21.59 24.49 22.85 20.54 
ш1г„ 22.8 21.74 24.14 23.01 21.19 
, 8 9 /rv7 21.7 20.49 23.49 21.92 19.78 

, 9 8 я 9 8 „ 21.8 22.11 19.72 21.40 20.61 
20lTlM 22.3 22.47 21.12 22.60 21.27 

2 0 9 B t 8 3 22.6 24.24 24.68 24.10 23.66 
MTJ5i83 21.2 21.91 22.75 22.77 21.69 
2"Ром 18.6 19.62 19.44 19.24 20.05 
™Роы 21.5 20.21 20.91 20.80 20.74 
™Ром 20.4 19.93 21.47 21.21 21.48 
ll3Ates 16.8 15.32 17.45 17.39 18.00 
™Rass 8.30 8.22 8.91 8.53 8.22 
2 3 3 Т Л М 6.44 7.35 7.48 7.30 7.55 
mThx 5.95 6.65 6.71 6.46 7.33 
™Pa9l 6.18 6.09 6.77 6.95 6.45 
239r; 6.29 6.71 6.32 6.24 7.01 
™U92 5.60 6.13 5.63 5.51 6.86 
a,um 

6.40 6.56 6.32 6.28 6.69 
™un 

5.44 6.00 5.54 5.57 6.50 
™um 

5.75 6.32 6.05 6.23 6.31 
™um 

5.30 5.66 5.28 5.40 6.09 
™VM 5.49 6.05 5.72 6.11 5.87 

™Nm 6.04 6.01 6.24 6.46 6.15 
™Np»3 5.49 5.46 5.47 5.75 5.97 
'"Pun 4.60 5.76 4.73 4.75 6.32 
242Pn9i 

4.70 5.48 4.57 4.67 6.10 
M1Puai 

6.20 5.93 5.26 5.45 5.97 
3 4 0 P U M 4.85 5.38 4.58 4.73 5.83 
™PuM 5.48 5.83 5.28 5.52 5.67 
1 3 8 P u « 4.70 5.29 4.51 4.82 5.49 
' з в Р и м 4.55 5.00 4.28 4.68 5.10 
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Table 1 (continued) 

Isotope Exp. 
i l l ] 

Present calculations by different methods Isotope Exp. 
i l l ] BITG73[16] BITG73[16| BG77(17] BG77[17] 

shell & pair. shell fa pair. shell & pair. shell & pair. 
corr. from [18] corr. from [19] corr. from [18] corr. from [19] 

" M m » 6 / 5.70 5.48 5.81 5.77 
2 4 M m 9 5 6.40 5.60 5.47 5.88 5.53 
" M m , s 6.00 5.05 4.80 5.17 5.38 
™cmg6 

4.10 5.35 3.66 4.04 5.69 
^Cmae 4.25 5.56 4.22 4.44 5.60 
2i6Cmx 4.35 5.37 4.08 4.44 5.45 
шСтж 4.25 5.13 3.94 4.38 5.25 
2"Стж 4.25 5.06 3.97 4.47 4.99 
™Ст<к 4.15 5.00 3.92 4.57 4.68 
™Bk97 5.80 5.51 4.90 5.37 5.27 
™Вк97 1.35 5.15 4.52 4.85 5.22 
2 5 2 с / 9 8 

3.65 4.94 3.26 3.81 4.95 
2 5 0 с / 9 8 

3.95 5.18 3.84 4.23 4.88 
2 4 8 с / 9 8 

3.85 5.01 3.72 4.25 4.75 
2 4 6 с / 9 8 

3.85 4.80 3.60 4.21 4.57 
2 M F m „ n 3.35 4.50 3.00 3.66 4.36 
2 4 8 F m , o o 2.75 4.40 3.41 4.13 4.04 
™Fmlm 2.55 4.36 3.50 4.28 3.83 
M s f m ™ 2.62 4.84 4.23 5.10 3.71 
1 H f m 1 M 

2.62 | 4.33 3.50 4.44 3.57 

where the nuclear temperature T is given by 

T = yfflli ; E = E' - Д/ . 
Here E' and a are the excitation energy and level density parameter of a nucleus, 
respectively. Д/ = \• • H/vA (MeV] is the pairing energy of a fissioning nuclei; x = 0, 
1, or 2, respectively, for odd-odd, odd-even, or even-even nuclei. For constants a and 
0 in [30) it was found that 

a = 1 • 10- 3McV- 2 

0 = 6.3157- 10~3MeV-2. (26) 

Barashenkov el al. [29] proposed to estimate the dependence of Bj on E" by the 
following empirical relation 

B,(E) = By(0)/(1 + y/Wj2A) (27) 
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Table 2 
Calculated in the framewurk of different models (macroscopic Bj - in accordance with 

[7, 8, 13, 14, 15] and shell corrections from [7]) and experimental (taken from the summary 
table IV of ref. [11]) values of fission barriers for isotopes of different nuclei 

1 Isotope Exp. 
[Ill 

Present calculations by different ..lethods 1 Isotope Exp. 
[Ill MS67[7] PL71[8] К N74 [13] KNS79(M] S86[15] S86[15J 

I 

without 
shell cor. 

with shell 
cor. from [7] 

1 ' "£«71 | 27.3 28.28 28.93 24.85 27.01 24.13 23.69 
1 7 9 7 'a 7 3 

1 26.2 25.49 25.73 22.44 24.69 22.12 21.43 
1 в 8 0*7б 23.7 21.25 20.89 18.77 20.31 19.03 18.06 
le7Os76 22.5 20.86 20.81 18.96 20.27 18.84 17.78 
,mOs7e 22.5 20.;4 20.79 19.21 20.30 18.65 17.57 

1 , 9 1 / r , 7 
22.8 21.19 20.65 18.93 20.45 17.98 18.31 

i 1 8 9 / r 7 7 21.7 19.78 19.84 18.65 19.72 17.63 17.11 
"sH9so 21.8 20.61 20.17 19.99 20.85 14.60 18.81 

2 0 , r / 8 1 
22.3 21.27 20.71 20.74 21.55 13.61 19.71 

™Bim 22.6 23.66 22.44 22.04 23.37 11.94 22.30 
207Bia3 21.2 21.69 20.94 21.03 21.94 11.70 20.49 
гпРо*4 18.6 20.05 18.78 18.45 19.72 11.00 18.82 
2 " /Ч4 21.5 20.74 19.70 19.60 20.68 10.90 19.60 j 
"°P0S4 20.4 21.48 20.65 20.77 21.67 10.79 20.40 1 
2nAtsi 16.8 18.00 17.13 17.27 18.13 9.90 17.02 I 
r'7Rass 8.30 8.22 6.39 5.46 7.09 7.81 7.1C 

1 *3Thm 6.44 7.55 5.82 5.00 6.39 6.34 6.51 
3aTkm 

5.95 7.33 5.76 5.06 6.36 6.30 6.34 
232Pa91 6.18 6.45 5.34 5.09 5.95 5.49 5.63 
239/7 6.29 7.01 5.41 4.80 5.84 5.06 5.04 [ 
238/г 5.60 6.86 5.39 4.87 5.84 5.03 5.93 
WU„ 6.40 6.69 5.35 4.94 5.83 4.99 5.80 
»tf M 5.44 6.50 5.2П 4.99 5.80 4.94 5.66 
235/г 

^92 5.75 6.31 5.22 5.02 5.75 4.89 5.50 
234 ly 

^92 5..Ч0 6.09 5.13 5.05 5.69 4.84 5.33 
«Ifo 5.49 5.87 5.02 5.06 5.60 4.78 5.14 

J MJVP93 6.04 6.i5 5.09 4.95 5.56 4.3'. 5.37 
™NPm 5.49 5.97 5.02 4.99 5.52 4.29 5.23 
шРи94 4.60 6.32 4.97 4.62 5.39 3.95 5.46 
2"Рщ< 4.70 6.10 4.97 4.79 5.42 3.88 5.32 
2i'Pu9, 6.20 5.97 4.94 4.86 5.41 3.8* 5.22 
™Рчы 4.85 5.83 4.90 4.91 5.38 3.79 5.11 
2 3 9 P%4 5.48 5.67 4.84 4.95 5.34 3.75 4.97 
" 8 P % 4 4.70 5.49 4.77 4.97 5.28 3.70 4.83 
M 6 P a 9 4 J 4.55 5.10 4.57 4 97 5 . 1 1 J 3.58 4.48 
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Tabic 2 (continued) 

Isotope Exp. 
[П] 

Present calculations by different methods Isotope Exp. 
[П] MS67[7) PL71[8) KN74[13] KNS79[14] S86[15] S86[15] 

without 
shell cor. 

with shell 
cor. from [7] 

"<Am 9 5 6.21 5.77 4.77 4.74 5.25 3.38 5.05 
»Um„ 6.40 5.53 4.72 4.86 5.23 3.30 4.86 
M M i » „ 6.00 5.38 4.68 4.90 5.20 3.25 4.75 
' "Cm» 4.10 5.69 446 4.36 4.87 3.05 4.91 
""Cm» 4.25 5.60 4.55 4.56 5.00 2.99 4.89 
и в С я » 4.35 5.45 4.58 4.70 5.07 2.93 . 4.80 
u,Cmm 4.25 5.25 4.56 4.82 5.07 2.85 4.65 
™стж 

4.25 4.99 4.47 4.88 5.U1 2.75 4.43 
" ° c m 9 6 

4.15 4.68 4.31 4.89 4.88 2.65 4.15 
""Bhr 5.80 5.27 4.36 4.53 4.76 2.58 4.63 
"'Bfcsr 4.35 5.22 4.39 4.62 4.81 2.55 4.61 
M 2 C 7 / « 3.65 4.95 4.16 4.49 4.54 2.22 4.38 
2 5 0 c / M 

3.95 4.88 4.23 4.66 4.64 2.16 4.35 
»«C/« 3.85 4.75 4.24 4.78 4.68 2.08 4.26 
" e c / , 8 

3.85 4.57 4.20 4.84 4.66 2.00 4.11 
, H f - » 1 M 3.35 4.36 3.89 4.56 4.26 1.55 3.96 
M « F m 1 0 o 2.75 4.04 3.89 4.84 4.31 1.33 3.71 
" • Л п м о 2.55 3.83 3.77 4.82 4.21 1.25 3.51 
s 4 i ^ , o o 2.62 3.71 3.69 4.7. 4.13 1.21 3.39 
M < f m 1 0 o 2.62 J 3.57 3.59 4.74 4.04 1.16 3.25 

Earlier, by means of the classical thermodynamics Yamaguchi [34] has derived the 
following relation: 

Bf(E) = Bf(0)(l - E/E0), 

where Eo = aTl, J'o ~ 9 MeV. 
At last, one has to mention the recent attempt of Newton, Popescu and Leigh [35] 

to interpolate the results of Garcias et al. [36] 2 on the evolution of the fission barriers 
as a function of temperature and angular momentum by a simple formula that can be 
incorporated in a statistical model code. 

In the present paper we estimate the influence of "thermal" eifects on B/ (see figs. 
4 and 5) in two ways, namely, by means of relation (25) with a and /? given by (26) for 
a ~ A/10 (the results are marked by abbreviation SCM76), and by phenomenological 
relation (27) (the results are marked by abbreviation BGIT74). One can see that the 
phenomenological approach (27) provides a stronger decrease in Bf with increasing 

2Recentfy Garcias tt al. [36] have made calculations of nuclear fibsion barriers by using a Thomas-
Fermi model, which self-consistently incorporates the eifects of rotations and temperature, with the 
Skyrme ?VV force. But this method is too difficult to be used in Monte Carlo calculations of fission 
processes. 
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excitation energy in comparison with the approach (25). This is most appreciable 
for medium weight and light nuclei with the energies of excitation above 50 MeV. 
"Thermal" effects may cause a tenfold increase of the nuclear fisrility for Z'2/A < 27 
(see, for example, [37]). 

1.2 - E=0 MeV 
3 - E=S0 UiV (SCM76) 
A - E=50 MeV (BGIT74) 
5 - E=I50 MeV (SCM76) 

Е=1Ь0 MeV (BGIT74) 

- E=0 «ev 
E=50 MeV (BCIT74) 

5 - E=150 MeV 10GIT74) 

BITG73 1 

fcw\ 1 
50 100 150 ZOO 250 300 0 50 100 150 200 250 300 A 

Fig. 4. Comparison of fission barriers predicted by phenomenologica! f!6| (marked as 
B1TG73) and semiphenomenological [17] (marked as BG77) approaches with the experimen
tal data [11, 53] for nuclei along the line of 0 - stability. The solid lines are the results for 
zero excitation energy (smooth lines — only the macroscopic part of Bj\ "irregular" lines 
— with Cameron's [18] shell and pairing corrections). The dashed lines show the results of 
calculations for excited nuclei for the values of excitation energies E indicated in the figure. 
The results of calculations for the dependence of fission barriers on the excitation energy as 
proposed in [29] are marked by the abbreviation BGIT74; and for the one proposed in [30], 
by the abbreviation SCM76. 

T h e d e p e n d e n c e of fission b a r r i e r h e i g h t s on t h e r o t a t i o n of nuc le i . In 
ref. [38] from the measured angular correlations and distributions of fission fragments 
produced in the bombardment of a2Th targets with different projectiles it has been 
found that in the case of proton-induced reactions the upper limits of the mean angular 
momenta transferred to the fissioning nuclei are small. As one can see from table 3, 
only a :mall fraction of the grazing angular momentum is left in the fissioning nuclei. 

The high relative angular momentum in the entrance channels seems to be taken 
away by the cascade ejectiles or by fast pre-equilibrium particles [38]. Therefore, in 
calculations of such reactions in the first order it is possible to neglect the dependence 
of Bj on the angular momenta L of fissioning nuclei. On the contrary, in heavy-ion 
induced reactions the momenta of fissioning nuclei are high (see, e.g., [4]) and the 
dependence of Bj on L must be taken into account. 

13 



50 100 150 200 250 300 0 50 100 150 200 250 300 Л 

Fig. 5. Comparison of fission barriers calculated in the framework of the LDM [7] (ab
breviation MS67), the LDM [8] (abbreviation PL71), the Yukawa-plus-exponential modified 
LDM [14] (abbreviation KNS79), and the single-Yukawa modified LDM [13] (abbreviation 
KN74) with the experimental data [11, 53] for nuclei along the line of /3 - stability. The 
remaining notation is the same as in fig. 4. 

Several approaches for the description of fission barrier dependence on the angular 
momenta of rotating nuclei are used to date. 

One of the most extensively used and perhaps the most successful theoretical model 
for this purpose is the Rotation-Liquid-Drop Model ( R L D M ) of Cohen, Plasil and 
Swiatecki [9]. However, questions have been raised about the general validity of the 
RLDM [39, 40]. 
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Table 3 
The mean angular momentum transfers < L > of fissioning nuclei and the maximum 

possible angular momentum in the entrance channel, i.e., the grazing angular momentum 
lmax for different reactions [38] 

System £,-, MeV •man '* < /, >, ft 
p +»* Th 140 

250 ' 
500 
1000 

25 
35 
49 
70 

4 
1 
1 
1 

d+™2Th 70 
140 
500 
1000 

25 
37 
72 
102 

13 
11 
5 
5 

a + - 3 2 Th 2S0 
1000 

75 
148 

17 
7 

a+l97Au 280 72 28 

Later on Mustafa et al. [10] have proposed a model which differs from the RLDM in 
the shape parametrization and in the calculation of the Coulomb, surface, and rotation 
energies. The authors of [10] used the two-center-model shape parametrization which 
allows for triaxial shape variations and a continuous transition from one-center to 
two-center shapes with a smooth neck. Mustafa et al. [10] calculated the surface 
energy with the Yukawa-plus-exponential folding function of Krappe, Nix and Sierk 
[14] which incorporates the effects of the finite range of nuclear force and the diffuse 
nuclear surface, and calculated both the Coulomb and rotation energies with surface 
diffuseness described by the Yukawa folding function. 

A further development of this approach has been done by Sierk [15]. Sierk used 
a highly accurate numerical techniques, a flexible shape parametrization which allows 
accurate estimation of the convergence of results as a function of the number of degrees 
of freedom of the nuclear shapes considered, and a more perfect set of parameters for 
calculations in comparison with [10]. In addition, Sierk has approximated his results 
for many hundreds of nuclei in a useable form in two computer subroutines B A R F I T 
and M O M F I T which provide accurate values for fission barrier heights and saddle-
point moments of inertia as functions of Z, Л and L, and can be easily incorporated 
in statistical evaporation models. 

At last, one has to mention the following phjnomenological approach frequently 
used in statistical calculations (see, e.g., [16, 41]) to estimate the dependence of Bj on 
L. In this approach one assumes that the nuclear rotation energy ER is not available 
for excitation energy released in the fission and evaporation processes. This implies 
that the fission barrier Bj(L) for a fissioning nucleus with the angular momentum L 
can be written as 

B,(L) = B,(0) - ( B £ - Bj?). (28) 
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Неге £д* and E$ are nuclear rotational energies for the ground state and at the saddle-
point, respectively 

_L(L + l)h* 
h R - 2Jrt ' 

_ L(L + \)h* 

Jrb = ОЛМпг2

0А5/3. 

(29) 

(30) 

L is the angular momentum of nucleus, Mn is the nucleon mass, and for the moment 
of inertia of a nucleus at the saddle-point Jn the values calculated and plotted in [42] 
or tabulated in [21] are used. 

As one can see from fig. 6, Strutinsky's [42] results for moments of inertia of nuclei 
at the saddle-point are very close to Cohen and Swiatecki's ones [21]; thus, concrete 
numerical calculations may be done with any of them. 

. 5.0 

4.0 

3.0 

2.0 

к 1.0 

0.0 

1 - SLrulinsky(65) 
2 - Cohen &'SffiatecKi(63) 

0.0 0.5 
x 

1.0 

Fig. в. Comparison of Strutinsky's [42] and Cohen and Swiatecki's [21] prediction for 
moments of inertia of nuclei at the saddle-point as functions of the fissility parameter x. 

As an example, fig. 7 shows macroscopic fission barriers of rotating nuclei with 
ji.Terent values of angular momentum L calculated in accordance with (28-30) with 
the LDM [7] parameters and Strutinsky's [42] values for J,p, and, for comparison, 
fission barriers computed with Sierk's subroutine BARFIT as functions of the mass 
number for beta-stable nuclei. 

I 
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60 

50 

w 30 
ffl 

20 

10 

0 

—I 1 r-

L is angular momentum for beta-s table nuclei 
(Units of "h) 

L=0 S86 

0 50 100 150 200 250 300 A 

0 

L is angular momentum for beta-stable nuclei 
(Units of H) "* 

J r A. = 0.4Mnr«*Ae/s 

r 0 - 1.2 fm 
— — — - r 0 ~ 1.4 fm 

MS67 + S65 

50 100 150 200 250 300 A 
Fig. 7. Calculated fission barriers for rotating nuclei with different values of the nu

clear angular momentum L as functions of the mass number for beta - stable nuclei. Lower 
fig.: the LDM [7] with Strutinsky's [42] values for moments of inertia of nuclei at the saddle-
point, in accordance with(28-30); upper flg.: predictions of Sierk's [15] subroutine BARFIT. 
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One can see that for small values of the angular momentum L and A < 200 the 
[ilicnomonological approach (28-30) with the LDM [7] predicts significantly higher val
ues for fission barriers than the Yukawa-plus-exponential model [15]. But for A > 200 
and/oi high values of the nuclear angular momentum L the results obtained in both 
these approaches are similar. 

Fig. 8 shows fission barrier heights calculated within different models for 153Tb, 
1 7 s 0 s , and 219Np nuclei a? functions of the angular momentum L. One can see that 
fission barriers calculated phenomenologically by (28-30) in the LDM [7] with Struti-
nsky's values for moments of inertia of nuclei at the saddle-point are similar to those 
calculated in the Yukawa-plus-exponential model [5] and to Mustafa's et al. [10] pre
dictions. Our concrete calculations show that Sierk's subroutine BARFIT [15] needs 
about a tenfold increase of computing time in comparison with calculations according to 
(28-30). Thus, in concrete Monte Carlo calculations which need much computing time 
to obtain a good statistics we can successfully use the phenomenological approach (28-
30) to estimate the dependence of fission barriers on the angular momentum of nucleus. 

- M u s t a f a e t a l . ( 1 9 8 2 ) 
- S i e r k (19B6) 

Jr.b. = 0.4M niVV / 3 

42 2 0 > <™„ 

m 

0 10 20 30 40 50 60 70 80 90 100 
Angular M o m e n t u m L (Units of h) 

Fig. 8. Calculated fission barriers as functions of the angular momentum for 1 5 3 T 6 , 
I 7 6 0 . s and 229Np. Solid and dashed lines are our calculations in accordance with (28-30) for 
the LDM [7] and Strutinsky's [42] values for moments of inertia of nuclei at the saddle-point 
for r 0 = 1,4 fm and r 0 = 1.2 fm, respectively. The op;n circles show the tabulated results of 
Mustafa et al. [10]. The solid circles are the results obtained with the subroutine BARFIT 
of Sierk [15]. 
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3. Analysis of fissility of excited compound nuclei 

T h e m r i n re lat ionship for particle emiss ion and fission w i d t h s . In this sec
tion, we will use the fission barriers considered above to analyze the energy dependence 
of the fissility of different excited compound nuclei. In the Weisskopf statistical theory 
of particle emission [431 and J ie Be' T and Wheeler [44] theory of fission the partial 
widths Tj for the emission of a particle j (j = n ,p , rf, t? lie,a) and Г/ for fission are 
expressed by the following approximate formulae (units: k = с = 1; see, e.g., [23, 41]): 

U,-B, 

Y, = {2sl + 'J"1' / VLWPJWJ - B, - E)EdE , (31) 
T2Pc{Uc) J 

о 
Here pc, pj, and p; are the level densities of a compound nucleus, residual nucleus 
produced after the emission of the j - t h particle, and of fissioning nucleus at the fission 
saddle point, respectively; mj, Sj and Bj are the mass, spin and the binding energy of 
the j - t h particle, respectively; Bj is the fission barrier height. In the present work, we 
calculate the binding energies of particles through the use of Cameron's [18] formulae; 
cr[nv(E) is the inverse cross-section for absorption of the j - t h particle with kinetic energy 
E by the residual nucleus. We use here for <^„„{Е) the approximation proposed by 
Dostrovsky [45]: 

°-L(£) = «*«.«*,• (i + § ) • (33) 
where 

тгЯ? ; Rj = f0Ay/ ; f„ = 1.5 fm Si 

rv„ = 0.76 + 2.2/1 j V 3 ; 

/3 n = (2 .12 /17 / / 3 -0 .05 ) /Q„ . 

For charged particles /?,•. = Vj , where V, is the effective Coulomb barrier and the 
constants ctj are calculated for every concrete nucleus by interpolation under the values 
given in ref. [45]. The angular momentum L dependence of the level density is taken 
into account by the relation p{E",L) = p(U, 0) where V = E' - En and ER are 
respectively, the "thermal" and rotational energies of the nucleus; 

Uc = E--Ee

R-A,;Uj=E'-

19 



Неге Е" is the lotU excitation energy of the compound nucleus; Е'я, E'H-, and EH are 
tbe rotational energies for the compound, residual, and fissioning nucleus at the saddle 
point, respectively, and are determined by the formulae (29,30); 

Д с = x • 1 2 / V X ; Aj = x • Ю/у/~АЙ ; and Д , = * • 14/у/Ж (in MeV) 

are the pairing energies for the compound and residual nuclei, and for the fission 
raddle point, respectively, A/j = Ac - Aj where Ac and A, are the mass numbers of 
the compound nucleus ar.d of the j-th particle, respectively. 

In the Fermi-gas approach for the nuclear level density 

f>(B") = Const • exp{2\faE~-} , 

for particle emission Г, and fission Г/ widths ^3i-S2), one obtains (see, e.g., [46]): 

(2s,- + l)m,-o;r2A2/ J 

najexp(i\/al.Uc) 
- [6 + (*? - Щ + Щ - 6)е^р{к,)]/{4а^} , (34) 

Г = 1 + (^/ - l)exp(k,) 

where B'„ = Bn - ii„ • B; #„ ^BJ + VJ; fc,- = 2 ^ ( f / j - Щ) ; k, = 2y/a~J{U1 - B;)-. 
ac, aj, and a/ are the level density pararr.zV r for the compound and residual nuclei, 

and for the fission saddle point, respectively. 
In the case of transuranium nuclei, when double-humped fission barriers are used, 

we define the fission width by the expression (see, e.g., [23]): 

Г л Г в (36) 
I'A + ГБ 

where Гл and Tg are the partial widths for the corresponding s^dd'e points. We 
calculate each of these widths by formula (35) with the own shell correction. 

Comparison with Experiment. By now a lot of experimental data are available 
on the nuclear fissility and fission cross-section of heavy nuclei induced by different 
probes (see the reviews [l]-(4]). The fissility is the ratio of the fission cross-section 
to the inelastic interaction cross-action P/ = 0y/o-(„. For a given excited compound 
nucleus the fissility may be estimated as the ratio of partial widths Г//Г ( < 1,, where 

We have analyzed, by using formulae (34-35) and fission barriers regarded above, 
practically all the data on nuclear fissility published in the review [1]. Let us show here 
only some exemplary results. As an example, measured [1] and calculated fissilities 
for 1 8 9 / r , , 8 8 0 s , U9Ta, and mI.u nuclides are si.own in fig. 9. The calculations 
were performed with fission barriers from ref. [14] without taking into account the 
dependence of Bj on the excitation energy £*, with Cameron's [19] shell and pairing 
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corrections, the third Iljinov, Mebel's et al. systematics for the level density parameter 
without an explicit taking into account of collective effects, for *he values of the ratio 
<Ч/ап indicated in the figure. 

10 " 

10 "3 

10 ~4 

clO "5 

^ 1 0 "" 
i o - 7 

10" 9 

1 0 -IO-
20 30 40 50 60 70 80 90100 

Fig. 8. Excitation energy dependence of the fissility Tf/Ttot of different nuclei. Curves 
are the results of our calculation with KNS79 [14] fission barriers, C70 [19] shell corrections, 
the third lljinov, Mebel ct al. [23] systematics for the level density parameter without the 
explicit taking into account of collective 'jfFects. Experimental po.nts were taken from the 
review [1]. The used values for the ratio c.f/a„ are shown in figure. 

One can see tha t in this approach one obtains a good description of experimental 
data. Our analysis shown that for every nuclide it is possible to select a concrete model 
for the fission barrier, shell and pairing corrections, a systematics for the level density 
parameter, and to fit the value of the ratio a/jar for obtaining a very good description 
of the experimental data. But it is not possible to describe well the experimental 
fissilities for all nuclides with a fixed set of these options. 

The calculated fissilities are the most sensitive to the used values of the rat io aj/an. 
As an example, fig. 10 shows how the calculated fissility of the excited 1 8 9 i > nuclide 
depends on the ratio a.j/an. One can see that for high excitation energies E' > 50 
MeV a small increase of the ratio a//a„ from 1.04 to 1.13 results in an increase of the 
calculated fissility more than one order of magnitude. 

Fig. 11 shows the fissilities of the w3Ir nuclide for the ratio o / / a„ = 1.114, the third 
Ujinov, Mebel's et al. [23] systematics for the level density parameters, Cameron's [19] 

" 7 a L u l 

tip a f / a „ ( 0 s ) = 1 . 0 7 0 
Г а , /а„(Та) = 1.100 

/ / / a , / a n ( L u ) = 1.095 
_ i L J i i . . i i i 
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Fig. 10. Dependence of the calculated iissility of the excited 1 8 9 / r compound nucleus 

on the used values for the ratio df/an. The remaining notation is the same as in fig. 9. 

shell and pairing corrections calculated with different fission barriers, namely, BITG73 
[16]; BG77 [17]; MS67 [7]; PL71 [8]; KN74 [13]; KNS79 [14]; and S86 [15] without tak
ing into account the dependence of B/ on E'. One can see that for this option all the 
used fission barriers provide a correct description of the shape of the calculated curves, 
and by fitting the value of the ratio a / / a n it is possible to obtain a good description 
also for the absolute value of the fissility for each regarded model for Bf. 

An example of the dependence of the calculated fissilities on the form of the energy 
dependence of the fission barriers B/(E') is shown in fig. 12. Our analysis shows 
that for the interval of excitation energies regarded here it is possible to fit the value 
of the ratio a//an to describe the da ta with the dependences Bj(E") proposed both 
by Barashenkov et at. [29] and by Sauer et al. [30], as well as without an explicit 
dependence of Bf on E'. To elucidate better this question, it is necessary to analyze 
the fissilities and fission cross-sections in a larger range of incident/excitation energies. 

An example of influence of the angular momentum on the fissility of an excited 
fissioning nucleus is shown in fig. 13. One can see that for small values of the angular 
momentum L < 20 (that is realized, e.g., in the case of nucleon-nucleus interactions 
at intermediate energies) we can neglect the dependence of the fission barriers on the 
angular momentum in calculations of the nuclear fissilities. On the contrary, for high 
values of L ( that is realized, e.g., in heav> i . i-induced reactions) taking into account 

22 



20 30 40 50 60 70 80 90 
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Fig. 11. Dependence of the fissility of the exited 1 8 9 / r compound nucleus on the fission 
barriers used in the calculations. The remaining notation is the same as in fig. 9. 

the dependence Bf(L) not only increases the absolute values of the fissilities several 
orders of magnitude but also significantly changes the shape of the dependence of 
nuclear fissility on the excitation energy of a rotating fissioning nucleus. 

Fig. 14 shows how the theoretical fissility depends on the systematics for the level 
density parameter used in the calculations. One can see that Malyshev's systematics 
for a(Z,N) provides a good description of the shape (and by fitting the ratio asjan, 
of the absolute value) of the nuclear fissility as a function of E' only for low values 
of E'. Cherepanov and Iljinov's [47] and lljinov, Mebel's et al. [28] systematics for 
a(Z, N, E') allow one to obtain a good description of the data in a larger interval of 
£*, reproduce very close results and seem to describe the data better than the popular 
systematics of Ignatyuk et al. [48]. 

4. The fission cross-section 
In this section, we incorpoiate all the above-considered systematics for fission bar

riers, shell and pairing corrections, level density parameters, and formulae for the 
calculation of the fission width in the Cascade-Exciton Model (СЕМ) of nuclear reac
tions [50] and calculate the fissioii cross-section for intermediate-energy proton-induced 
reactions. A detailed description of the СЕМ may be found in [50]. Therefore, we state 
here only that the СЕМ assumes that the reactions occur in three stages. 
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Fig. 12. Dependence of the fissility of the exited 1 8 9 / r compound nucleus on the form of 
tie excitation energy dependence of fission barriers Bf(E'). The remaining notation is the 
same as in fig. 9. 

The first stage is the intranuclear cascade in which primary particles can be rescat-
tered several times prior to absorption by, or escape from the nucleus. The excited 
residual nucleus formed after the emission of the cascade particles determines the 
particle-hole configuration that is the starting point for the second, pre-equilibrium 
stage of the reaction. The subsequent relaxation of the nuclear excitation is treated 
in terms of the exciton model of pre-equilibrium decay which includes the description 
of the equilibrium evaporative stage of the reaction. The СЕМ uses the Monte Carlo 
method to simulate all three stages of the reactions. 

The fission cross-section Oj is determined by the ratio of the number Nj of fission 
events to the total number Nt of Monte Carlo simulations 

P N i N* m i 

where cv„ = aseamNin/N, is the total reaction cross-section; Nin is the total number of 
simulated inelastic interactions; a9C0m is the geometrical cross-section for the projectile-
target interaction. In the case of low-fissioning nuclei (e.g., gold) Nt « Nt, and as a 
consequence, a large number of cascades should be calculated to obtain the value <7/ 
with a sufficient statistical accuracy, and the calculation of oy becomes extremely 
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Fig. 13. Dependence of the fissility of the exited ia9Ir compound nucleus on the value 
of its angular momentum L. The dependence of fission barriers on the angular momentum 
Bj(L) were calculated under the formulae (28-30) with ro = 1.2 fm. The remaining notation 
is the same as in fig. 9. 

time-consuming. Therefore, here, besides the direct calculation of the fission cross-
section through expression (37), following Barashenkov et al. [29], we have carried 
out Monte Carlo sampling by means of the statistical functions Wn = J J , = I

 w™ a n c ' 
Wf = 1 — W„, where Wn is the Monte Carlo calculated probability for the nucleus to 
"drop" the excitation energy E" by the chain (cascade) of N successive evaporations 
of particles; Wf is the probability for the nucleus to fission at one of the chain stages; 
to„, = 1 — Wfi is the probability of particle emission at the г-th stage of the evaporative 
cascade; uy, is the corresponding fission probability which is easy to determine using 
the formulae (34-35) for the widths T, and Гу. After the subsequent averaging of the 
Wf value over the total number jV,-r, of the cascades followed, and the multiplication 
of the result by the corresponding total cross-section <r,„ for inelastic interactions, we 
obtain the following expression for the fission cross-section: 

As an example, the incident energy dependences of experimental and calculated 
within this formula fission сгОЕЗ-sections for proton-gold and -uranium interactions are 
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Fig. 14. Dependence of the fissility of the exited 1 8 9iY compound nucleus on the sys
tematic, foi the level density parameter used in calculations; a//o„ = 1.114. The remaining 
notatic л is the same as in fig. 9. 

shown in fig.15. We performed these calculations with Cameron's [18] shell and 
pairing corrections, third Iljinov, Mebel's et al. [23] systematica for the level density 
parameter, Krappe, Nix and Sierk's [14] fission barriers with the dependences Bj(E') 
proposed by Barashenkov et al. [29], by Sauer et al. [33], as well as without a de
pendence of Bj on E". The values used for the ratio aj/a„ are shown in the figure. 
One can see that by choosing the corresponding values for the ratio af/a„ the СЕМ 
reproduces correctly the shape and the absolute value of the fission cross-sections in 
the interval of bombarding energies regarded here, independently of the form of the 
dependence B/(E") used in the calculations. Analogous results have been obtained 
also for other targets. A more detailed analysis of fission processes in the framework 
of the СЕМ will be done in a separate paper. 

4. Summary and conclusion 
Thus, the review and comparative analysis of the models for description of fast-

computing single-humped fission barriers for statistical calculations are given. Our 
analysis shows that the simple and not time-consuming phenomenological approaches 
of Barashenkov et al. [16, 17] provide equally good descriptions of the experimental 
fission barriers with Cameron's [18] and Truran, Cameron and Hilf's [19] shell and 
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pairing corrections both very convenient for Monte Carlo calculations. Nevertheless, 
for neutron-rich and neutron-deficient nuclei the use of the shell corrections from ref. 
[19] seems to be more preferable. When one uses the Myers and Swiatecki's [7] shell 
corrections popular in the description of nuclear fission, the Yukawa-plus-exponential 
modified LDM [14] provides the best agreement of calculated Bf with the experimental 
data for the nuclei along the line of /2-stabiIity. 
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Fig. 15. The energy dependence of the fission cross section for nuclei of gold and ura
nium. Calculations were performed with KNS79 [14] fission barriers, Cameron's [18] shell 
and pairing corrections, third Iljinov, Mebel's et al. [23] systematics for the level density 
parameter, for the dependences of B/ on E~ proposed by Barashenkov er al. (BGIT74) [29], 
by Sauer et al. (SCM76) [30], as well as without the dependence of Bj on E'. The values 
used for the ratio a / / o n are shown in the figure. The experimental points are taken from the 
summary table 159 of the monograph [51]. 

Our estimation of the reduction of the fission barrier heights with increasing ex
citation energy E' has shown that the phenomenological approach (27) proposed by 
Barashenkov et al. [29] provides a significantly stronger decrease of B/ with increasing 
E' in comparison with the approach (25) of Sauer er al. [30]. "Thermal" effects may 
cause about a tenfold increase of the nuclear fissility for medium weight and light nuclei 
with the excitation energies above 50 MeV. 
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It has been shown that if one takes into account the dependence of fission barriers 
on the angular momentum of a fissioning nucleus, the phenomenological approach 
with formulae (28-30) provides results similar to those obtained by Mustafa's et al. 
[10] and Sierk's [15] models, but needs about ten times shorter computing time in 
comparison with the subroutine BARFIT of Sierk and, therefore, is more convenient 
for Monte Carlo calculations. For all this, let us note that Strutinsky's [42] results for 
the moments of inertia of nuclei at the saddle-point are very close to the Cohen and 
Swiatecki's [21] ones, so the concrete numerical calculations may be done with any of 
them. 

Nuclear fissility P/ for different excited compound nuclei as functions of the excita
tion energies E' have been studied. We performed a detailed analysis of the dependence 
of theoretical fissilities on the models for Bj and functional forms Bj = Bj(E') and 
Bj = Bj(L), on the systematics for the level density parameter, and on the values of 
the ratio 0//fln used in calculations. It has been found out that for every nuclide it is 
possible to select a concrete model for Bf, a(Z,N,E*), shell and pairing corrections, 
and to fit the ratio aj[an for obtaining an excellent description of experimental data. 
But it is impossible to describe well the experimental P/ simultaneously for all the 
nuclides with a fixed set of these options. The theoretical Pj are the most sensitive to 
the values of the ratio a//o„ used in calculations. We nave found out that Cherepanov 
and Iljinov's [47] and Iljinov, Mebel's et of. [23] systematics for a(Z,N, E') allow one to 
obtain a good description of nuclear fissilities in the hole interval of excitation energies 
regarded here, reproduce very close results and seem to describe the data better than 
the popular systematics of Ignatyuk et al. [48]. 

It has been shown that the Cascade-Exciton Model of nuclear reactions is able 
to reproduce correctly the shape and the absolute value (let us recall that the СЕМ 
predicts the absolute values for all calculated characteristics and does not require any 
normalization to adjust the results) of the fission cross-sections for proton-nucleus 
interactions at intermediate energies. This fact, together with a good description of 
proton- and neutron-induced particle production published in [50, 52], indicate the 
predicative power of the СЕМ and the possibility of using the СЕМ to provide nuclear 
data at intermediate energies needed for different important applications, e.g., for the 
transmutation of long-lived radionuclides produced in reactors with a spallation source. 

From our point of view, very voluminous but unco-ordinated experimental data 
on fission processes obtained by now in separate measurements do not permit one to 
discriminate various models for fission barriers and to determine simultaneously the 
value of the ratio 0 / /a n . New complex data on fission processes, measured simultane
ously with the characteristics of all emitted particles and fragments for such reactions 
where the fission cross-section is of the same order of magnitude with the particle-
and fragment-production cross-sections, and the analysis of all these data in a unique 
approach may clear up these questions. Such "complete" measurements are possible 
and desirable in the near future at the FOBOS setup in the JINR FLNR. 

The author would like to thank A.J. Sierk who kindly sent him the subroutines BARFIT 
and MOMFIT used in this work. Helpful discussions with E.A. Cherepanov, M.G. Itkis 
and V.V. Pashkevich are gratefully acknowledged. 
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Машник С.Г. Е4-93-78 
Оптимальные систематики одногорбовых 
барьеров деления для статистических расчетов 

Дан сравнительной анализ феноменологических подходов и моделей 
для описания одногорбовых барьеров деления. Обсуждается зависи
мость барьеров деления от углового момента и энергии возбуждения 
делящихся ядер. Проведен анализ экспериментальных данных по зави
симости делимостей компаунд-ядер от энергии возбуждения в рамках 
статистического подхода с использованием различных моделей для барь
еров деления, оболочечных поправок, парных корреляций и параметров 
плотности уровней с целью выяснения их надежности, и пределы приме
нимости для монте-карловского расчета испарительных каскадов. Ис
следована энергетическая зависимость сечений деления для протон-ядер
ных взаимодействий при промежуточных энергиях в рамках каскадно-
экситонной модели ядерных реакций. Предложен эксперимент на 
установке ФОБОС ЛЯР ОИЯИ. 
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Mashnik S.G. E4-93-78 
Optimal Systematics of Single-Humped Fission Barriers 
for Statistical Calculations 

A systematic comparison of the existing phenomenological approaches 
and models for describing single-humped fast-computing fission barriers are 
given. The effects of angular momentum and excitation energy dependence 
of fission barriers are discussed. The experimental data on excitation energy 
dependence of the fissility ГУГ^ of compound nuclei are analyzed in the 
framework of the statistical approach by using different models for fission 
barriers, shell and pairing corrections and level density parameter in order 
to identify their reliability and range of applicability for Monte Carlo 
calculations of evaporative cascades. The energy dependence of fission cross-
sections for reactions induced by intermediate energy protons has been 
analyzed in the framework of the Cascade-Exciton Model. A proposal for 
measurements at the FOBOS setup in the JINR FLNR is given. 

The investigation has been performed at the Laboratory of Theoretical 
Physics, JINR. 
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