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ABSTRACT

We present a coherent method of calculation for a set of neutron nuclear
cross sections in the energy range 1 keV ~ 20 MeV using the optical and statis-
tical model. This method is applied to neutron interactions with 238U. The choice
of experimental cc..straints leading to the determination of the various model
parameters is presented and discussed. We have obtained a coherent optical and
statistical parameter set which can be extrapolated easily and with great confi-
dence for complete and accurate calculations of neutron cross sections in this

mass region.

METHODE DE CALCUL COHERENTE DES SECTIONS EFFICACES NEUTRONIQUES
DE L'URANIUM 238 DE 1 keV A 20 MeV PAR LES
MODELES OPTIQUE ET STATISTIQUE

RESUME

Nous présentons une méthode de calcul cohérente d'un ensemble de sections
efficaces neutroniques dans le domaine d'énergie 1 keV — 20 MeV, utilisant les
modéles optique et statistique. Cette méthode est appliquée & 1'Uranium 238. Le
choix des donn€es expérimentales servant & la détermination des divers paramétres
des modéles est discuté. La paramétrisation cohérente obtenue peut &tre aisément
extrapolée pour des calculs complets et précis des sections efficaces neutroniques

de cette région de masse.



I - INTRODUCTION

Successfal technology of nuclear reactor requires accurate knowledge of
the neutron cross sections of uranium isotopes. We desceribe az method to obtzin
with great accuracy and easy extrapolation complete calculated values of these
neutron cross sections.

This paper presents an application of this method to the calculation of

238

direct and ccrxpound reaction cross sections of U over the incildent energy

range 10 keV to 20 MeV.

In this work, the total, the shape elastic and direct inelastic scattering

cross sections were obtained using an original method of parameterization of

the deformed optical potential. An improved version of the coupled-channel

code "JUPITOR 1" [l] provided the numerical results. The generalized neutron
penetrabilities resulting from these calculations were introduced into our
statistical model codes which describe the compound nuclear reactions such as
compound elastic and inelastic scattering, radiative capture, fission, (n,2n)
and {n,3n) reactions. We give the excitation functions of all the above cross
sections. Moreover some angular distributions are shown for elastic scattering

and for direct inelastic scattering to the 2% and L* states.

The formalism of the optical and statistical models used in the present
calculations is recalled in section II. The section III describes how our
procedure for determinating the model parameters is based on some carefully
selected experimental data (strength functions, total and fission cross

238

sections). The results from the application of this procedure to U are

given in section IV. The overall good agreement obtained between the present

238

coherent calculations and the available U experimental data is presented

and discussed in section V.

It is reasonable to hope that the same theoretical procedure can be
applied with confidence to the calculation of the neutron cross sections of

less well known neighbouring nuclei for which reguests have been made.



II - FORMALISM

II-1— General formulation
238

Since the U nucleus exhibits a high degree of deformity as shown by
the low-lying collective states of its discrete spectrum, the neutron interac-
tions must be analyzed in terms of & deformed optical potential, that is by

the coupled-channel model.

Differential shape elastic, direct inelastic and total cross-sections

e

are obtained in the usual way by solving the Schrddinger egustion with the

Hamiltonisn

Hz=Hy + T + V(r 0 ) (1)

T and Hp are respectively the kinetic energy of the relative motion and the

Hamiltonian of the target.

The generalized local optical potential V(r, 8, ¢ ) tekes the form

V[, 6,9)=- VE{ra,R)s 4w (d) F(r,a;ra'),(i )1 LV @) FER) @

MpcC r
The quantities r, 8, ¥ are the body-fixed ccordinates, and the radii

R and R' depend on the angle 6, deformation parameters 8o, 8) and

mass number A as follows :

Rer A 8, v (0 F B, YL (9)]
%gﬁhﬁﬁm+ﬁhW]

(3)

The function f(r,a,R) was taken tc have the Saxon-Woods form

-1

Flr,R) = [ e (27) ] (1)

The potential was expanded in Legendre polynomials up to order X = 8.
The formalism employed here is based on the coupled channel model developed

by T. Tamura DJ. For neutron energies high enough (E =10 MeV), the



so—celled adisbatic approximation was assumed. At lower energies, in a first
approach, the ground state and the first excited state coupling scheme (ot, 2%)
wes exploysd ; in = second spproach, a larger coupling scheme {OF, 2+, ¥*)

was taken.

The compound nuclear processes were calculated using the statistical
theory for the decay of the compound nucleus [2:]‘ In the energy range below
2 MeV, the reaction cross sections are derived from the formalism of Moldauer [3]
(statistical model with angular momentum and parity comservation and fluctu—
ation correction) whereas at higher energy they are calculated using a spin-
independent statistical model [%].

Following Moldauer, the reaction cross section is written

mn 2 ;
E)= 7 X 0. () B (E) 1§ m 0
K '( ) ¢ < 8 (e) > 4 cc’ Qc (E) < c(E) >Jn (5)

[y

‘where the indices ¢ and c' 1label the set of quantum numbers of the partial
waves in the entrance and exit channels respectively ; E is the incident
neutron energy, and JII are the spin and parity of the compound nucleus.

Moreover :

4
¢ (B)y = E;IT_(E—) 1-@_1;(5,11:)0:“(5»2 (6)

I

In this equation T. (E,JN) is a transmission co&fficient and Qan

is the statistical fluctuation parameter (O ¢ QCJH < 1) [3].

The ratio <9c(E)9c'(E)/6(E)>JH is given by the fluctuation correction
Jn ’
factor Foo' (E)

Fﬂ(e): {0 (€) 0..(€) /6(8) >,y _ = (1+2 8.+ ) de
C By (@ /<BE>, " | FTENETENT (58] %2

0

(1)



In equation(7) v, 1s the number of degrees of freedom in the c channel,

end i‘gﬂ {E,t) is the relative comtribution of the same channel =

Fl ey = te i’_f:[fec (E) >y (8)
v [T 8@

II-2- Fission cross sections

for incident energies below 2 MaV the individusl fission channel charac—
teristics have to be taken into account. Then, the total fission cross section
is calculated as in ref. [5]

e () =\ ¢, (E,77) . B (E, Ik (9)
h.F() L—JK']T ( ) )

)

and the differential fission cross section with fragment direction O relative

to the incident beam direction is given by

3
Sy ¢ (,0) = X:nr XKZC (E,7m). B(Eakm)W, (€, ©) (10)

2

J
with W:Ik (E)(").') = %(2.3'-4-1) I dMK <@) l

In these expressions oc(E,JH) is the cross section for formation
of the compound nucleus of total spin J and parity @I , deduced from the
coupled channel calculations. B(E ; JKNI) is the fission branching ratio cor-

rected for the fluctuation factor (cf eq. (7))

IKT
B (E,JKTT) = T:C’ (E'JKW) Fni (E) (11)

) T €3¢ T (6, T (E5W)

KT




Here, K and M are the components of the nuclear spin along the symmetry

. . . s - R - - J -
axis and the incident beam direction respectively. The fumction dy {@) is
the reduced rotastional wave function describing the orientation of the nucleus

at the saddle point.

The fission transmission coefficients Tf(E,JKH-) are obtained by solving
the Schrddinger equation with a two-humped fission deformation potential
constructed on three connected parabolas [Fig. l:l. In the first well, full
damping 1s assumed. In the second well, the dazping of the vibrational levels
into the intrinsic excited states is phenomenologically described by a complex
potential [S] . The detailed calculation of the y-ray (Ty(E,JII)), neutron

(T, {EJMN)), and fission (Tf(E,JKH)) transmission coefficients is given in Appendix.

Over the incident energy range 2-20 MeV the total fission cross section
has been written [6]
xr=3
v (&) = f(n,xn{) (12)
n,{
X=0
where o{n,xnf) is the fission cross section after evaporation of x neutrons
from the compound nucleus. Within the spin-independent statistical model we

have used in this energy range :

n,xnf)= € M (E) P(E, xn
R e vy B o

The compound nucleus formation cross section 0 (E) is obtained as the
sum of partial quantities o0y(E,JT) (cf eq. (9)) on all the available compound
nucleus states (JI). The second factor in equation (13) is the neutron branching
ratio. The partial widths I‘n(Ec), e (E,) and Ty(E,) are also given in Appendix.
P(Eq,xnf) is the relative probability that the compound nucleus at excitation

energy Ego emits x neutrons and then fissions. For x>1 :

EC- (51 4+ 51+... + S )

. v, (e) p(E) ——1nlEa) P [E, (e-)nf] de
_ Fh E&)ﬁ- I ER + I E,
'P(I:C)tn{-):.- ° — ( F( ) Y( )
&5, (g). p(g,)de (1%)



In these expressions €& 1s the centre—of-mass kinetic energy of the exit
neutron channel ; o,(€) 1is the inverse reaction cross section equal to the
compound nucleus formation cross section 3 @(Eg) 1is the level demsity in
the residuel nucleus at excitation energy Eg ; 57, Ss...5, are the neutron
separation energies for, respectively, the compound nucleus, the first resi-
dual mucleus, and so on. Tp(ER)/[Th(ER) + Tr(ER) + Ty(ER)T and P[Eg,(x~1)nf]
have the same meanings as those used in equation (13}, but for the residusl)

nucleus. For x = 1, the last residual nucleus can only fission, so :

Ec~5,
e (Ee)
es, (6) - ¢ (E)- Fo (B + Tp (E)+ My ()

E.- S,
/ g. 5, () Q(En)ds

o

de

o\

P(E. ,nf) = (15)

II-3- Radiative capture cross section

We here neglect the direct and semi-direct radiative capture phenomena.

Then, following equation (5), we use in the energy range 1 keV — 2 MeV :

“ny (E)= Zmo—c(l-:,m) PF (E, Im) F:j; (E) (16)

JI
In this expression TFp,Y (E) is given by equation (7), Py(E,JN) is

the y-ray branching ratio :

T, (E,3m)
R (E,J'n’) - (17
ZK Te (B, 7xmm) + Ty (E,7m)+ Ty (E) m)




II-%- Compomd inelastic amd {(n,xn) cross sections

The inelastic neutron cross section relative to the target nucleus
let in an excited state A (emergy E)x, spin Ip, parity @) is written,

from equation (3) :

_ Ju
5 (g)= s (E,3n) Px (,3m) b " () (18)
I

with the branching ratio

TTI(X)(E" E)u J'TT)

P, (€, 71)+
> T, M+ T, (€, 7m)+ Ty (€, I7T)

(19)

Jn . . . .
Fpon'y (E) is given by equation (7). Following the expression for the
neutron transmission coefficient Tp(3)(E-E,,JN) (see Appendix), the target

exit state can be a discrete or a continuous excited state.

For incident energies higher than 2 MeV, the spin-independent statis-

tical model is used. As for fission (equation (13)), we use :

G(n,xn):(c (E) . ‘rh (EC) . P(Ec)xn) (20)
[ (E)+ Te(E)+ M (e

(x=1,2,3

All terms of this equation have the same meanings as those of equation
(13) except for P(Eq,xn) which represents the relative probability that
the compound nucleus at excitation energy Er emits x neutrons and
then decays by y—emission. For x>1, P(Ec,xn) is identical to
P(Eq,xnf) (cf. equation (14)). For x =1 we have here :
Ec’s»x
(B

r\h (Eg)* ‘;\‘L(ER%* nf (ER)

€ o (€) ¢ (%) ae

(21)

P(Ec‘n.): 0

E.- 5,

& o (& p (E) 4t



III — DARAMETER TOMTHATION PROCEDURES

SRIEVRNL LAY DL L e

ITI-1- Coupled channel optical model

Cross section calculations were performed with a revised version Eﬂ
of the coupled channel computer code "Jupitor-1" written by T. Tamura. We
thought that the generalized optical model with a unique and physically
coherent parameter Set was able to reprcduce neutron data at low energles
as well as not too high energies (10 eV to 20 MeV for example). As neutron
energies are increased from a few keV to several MeV, calculated values
become less and less sensitive to variation of optical parameters or to
the chosen coupling scheme. At low energies, the s and p-wave strength
functions are relsted through calculated transmission coefficients to the
compound nucleus formation cross section and thus to the imaginary part
of the potential. Moreover, the shape elastic cross section (oe) can be
related at very low energy to the experimental value of the potential
scattering radius (ge = 41 R'2). The total cross section is the only
calculated cross section directly comparable throughout the full energy
range to energy average measurements. For these reasons, we have adopted
here a new procedure for determining the optical model parameters. We
require first that we have satisfactory fits to the experimental values
of s and p-wave strength functions and pctentisl scattering radius.,

The parameter set so obtained is used to compute the total cross section

up to a few MeV, and so we deduce the energy variation of the depths of

the real and imaginary potential wells. The optical model parameters have so
been constrained to give good agreement with the experimental values of
strength functions, scattering radius and total ecross section over the

238, o

distinguish between the elastic and inelastie scattering to the first

full energy range. Above 3 MeV, it is almost impossible for

excited states. We will compare the experimental results to calculated
values obtained by summing differential scattering to the nuclear states

included in the coupling scheme with energies less than L00 keV.

Remark

Various experimental methods were used to obtain strength functions
and scattering radius, for example the analysis of resolved resonence data
and the analysis of average total cross section data from a few keV to
the MeV region. We have chosen to make comparisons betiween the calculated

values and the experimental results obtained from the R matrix theory
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enalysis of the average totel cross sections as was done by Uttley Bﬂ-
There hes besn = grezt number of measurements of the total nsutron cross
sections, so We have made compaxisons between calculated results and
dete extracted from the Evalusted Nuclear Data File (ENDF/BIV).

177-2- Statistical model parameters

In tke presence of fissicn competiticm, statisticel model calcula-

tions are based on an adjustment to various experimental fission data.

To calculate the fission transmission coefficients (equations (11,
(17) and (19), the fission energy, spins and parity (Ep, J, K, ) of the
fission channels must be found by fitting calculated fission characteris-—

tics to the known experimental values.

The data which are used to fix the fission parameters by the method

of the least—squares are

- The total fission cross-section : op,r (E) (equation (9))

- The differential fission cross section : op ¢ (E,®) or

%n,f (EJ:»/On,f (E,90°) (equation (10))
- The anisotropy of fission fragments (equation (10)) :
- o (]
a_(g) = W(E,0) /w (E,80) (22)

- The g coefficients of the Legendre polynomial expansion 1

o, f (€,0) :ZQ 2, (8) P, (eos 8) (23)

At neutron incident energies below 2 MeV, the following parameters
have been adjusted to obtain good agreement with the total fission cross

section :

a) Heights of the fission barriers for the exit channels which are
considered in the calculations. For each (J,K,lI) channel, the shape of
the barrier (three connected parsbolas) is chosen and remains unchanged
(fig. 1) (Ep - Ep = constant, Eg — Ep = constant), but the overall posi-
tion is adjusted.



b) The effective number of fission channels N (x,1) (equations
(A14) and (A15)). This parameter is adjusted to take into account the effect
of cther channels having the same (J,K,I}, but situated higher in energy.
Ve must note that the cross section of non-fissile nuclel is more sensi-
tive to the heights of the fission channels than to their effective
number in the lower part of incident neutron energies. At higher energy,
as the total fission cross section increases very rapidly, the effective
number of fission channels becomes the important parameter to adjust. The
imaginary potential Wp can be deduced from photofission anisotropies.

In this work, calculations have been performed assuming full damping.

At neutron incident energies higher than 2 MeV the coefficients
K1 and C (equations (A16) and (Al7) of Appendix) are the adjustable parame-
ters to fit the total fission cross section. The shape of the first-chance
plateau of fission (2 MeV - 6 MeV) determines the K1 and C coefficients
of the compound nucleus, the one of the second-chance plateau of fission,
those of the first residual nucleus, and so on. The simplified expressions
used for the fission widths and level densities together with the incerti-
tude about the heights of the equivalent single fission barriers involve

some ambiguity between the K1 and C parameters.

After the determination of the transmission coefficients, fission,
radiative capture, compound inelastic, elastic and (n,xm) cross sections are

obtained from equations (9), (10), (12), (16), (18) and (20).

Over the full range of incident energies there is an interdependence
between the barrier characteristics and the level densities. In the
present work, the heights and effective number of fission channels are
determined assuming, firstly, a definite shape for the barriers, and .
secondly, Fermi-gas and constant temperature level densities [§] with
associated parameters (shell correction and pairing energy for instance).
At higher energy the eguivalent single fission barrier characteristics
are taken from experiment, and the coefficients (such as K; and C)

related to level densities are adjusted to fission cross sections.
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IV - APPLICATION TO 238U

IV-1— Coupled channel optical model parameters

We have noted that at low energies the total parameterisation was
very sensitive to the choice of nuclear deformation parameters. For this
reason, and because of large experimentgl errors associated with the
measurements, we have chosen deformation parameters derived from calcu-
lations based on the Nilsson model and the method of Strutinsky as
described by Mdoller [10]. The values are the following : B2 = 0.216,
8y = 0.067. The choice of optical rodel parameters is nol independent of
the choice of the coupling basis, so we present two sets of parameters
(cf. Table 1) determined by the same procedure (Chap. III) using the two
coupling bases (0%, 2%) ana (O*, 2+, 4*). In each case, the radial factors
of the coupling terms were taken as real, and the coupling potential was
the same for all the channels and related to the diagonal potential.
Although agreement was cbtained in both cases for the strength functions
and the scattering radius (cf. Table 2), a good agreement for the total
cross sections (cf. Figures 2a, 2b) was only obtained with the larger
coupling basis (ot, 2+, Lk*). Experimental values of the total cross
sections were extracted from references [ll, 12] . To complete the compa-
rison of total cross sections results, we mention that in the range of
energies 30 keV to 10 MeV, the calculated values (using the 0*, 2+, u4*
coupling basis) are very close to the recommended values of the experi-
mental evaluation of Smith [13]. Figures 2c and 2d show the comparisons
at 4 and 5.54 MeV of calculated and measured "elastic" angular distri-
butions. Since there has been no systematic redetermination of the para-
meters, these last results permit us to judge the adequacy of the para-
meterisation. Here again a better agreement is obtained with the larger
coupling basis and the associated optical parameters. The various
measurements reproduced here have been tsken from references [lh, 15, 16,
17] . In order to demonstrate the influence of optical parameters on
calculated values of strength functions and scattering radius, calcula-—
tions were performed using the 0%, 2%, L* coupling basis with smell
variations of parameters shown in Table 1. The modified parameters
and corresponding results are presented in Table 3 3 initial values
are in.the first colum, in the second and third colwms only V was

varied, in the fourth column W and a' were varied so that the



product Wa' vremains constant ; in the last colum Vg Wwas put equal

to zerc. These results explain the practical method of parameter deter-
mination : in a first step, V, &, ro are chosen to fit experimental wvalues
of R' and of the ratio -g% ; in a second step, W, &7, r] are chosen so

as to fit the experimental vsluwe of 53 and to obtain a better agreement
for Sy 1if necessary ; in these two steps, the spin orbit potential

1s chosen to have a standard value.

At low energies, the 0%, 2+, L* coupling basis was adopted as
explained, but at higher energies (10 MeV - 20 MeV), in order to reduce
the extensive calculation time, the so-called adigbatic approxivation
was employed with nearly the same set of optical pirameters. T e on’y
nev adjustement in this energy range has been made for W so as to match the
measured [18 ,19] "elastic” angular distribution (cf Fig.3a). We have
chosen to keep W constant above 10 MeV. The experimental E12,2Q] and
calculated neutron total cross sections from 10 MeV to 20 MeV are given
in Fig. 3b. The agreement between theoretical and experimental values
is quite good. In Fig. 3c a comparison is made in the energy range
2 MeV - 20 MeV between experimental values [ih,lS,lT,lQ,El] of the total
"elastic" cross section and calculated values of the sum of direct elas-
tic and inelastic cross sections (0+, 2+, 4*). It seems to us advisable
(as direct and inelastic scattering are not resolved) to compare in the
same energy range the experimental non elastic cross section with calcu-
lated values of the compound nucleus formation cross section. This

comparison is shown in Fig. 34.

Remark sbout the VrE ambiguity

The following example applied to 238U demonstrates clearly that
when this procedure of optical parameter determination is employed, the
well known Vr3 ambiguity disappears. Calculated values of strength
functions, potential scattering radius, and total cross sections for
different choices of V and r, are shown in Table L along with expe-
rimental or recommended values of these data. Results obtained with
adopted parameters are in the third columm ; in the second and fourth
columms results were obtained by varying V and ro 1in such a way that the
product Vr§ remains constant. In the fifth column ro was fixed at
the value 1.17 fm and V adjusted so as to fit the experimental values

of strength functions and potential scattering radius.
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IV-2- Statistical model parameters

38U introduced in the present calculations

. 2
The discrete levels of
are those given In Tedle 5 from xef. [22] « AL low nmextronm incident
energy (E<2 MeV), the continuous level density needed sbove the energy

of the last discrete level (1.1677 MeV) has “the following form :

e, () = L e (BeoEs) (24)

where the nuclear temperature T and E, are .btained from an adjustment

to the discrete level scheme. The resulting valves are :

E, = - 0.15 MeV and T = 0.41 MeV

239

To descyibe the level density of the compound nucleus U, the
conventional Fermi-gas formula of Gilbert and Cameron [9]

po(Ee) ~ exp [2 m)] has been adjusted to the mean level spacing
Dobs observed at the neutron resonance energies. The chosen value

Dopbs = 19 + 2 maV [23] gives a corresponding level density parameter

a = 30.924 MeV™L (with a pairing energy & = 0.69 MeV [Cook 23] ).

At higher neutron incident energy (E >2 MeV), the calculations take
into account only continuous level densities using the empirical formula

of Gilbert and Cameron for all the involved nuclei (239U to 236U)

a = A [oo0g17 S+ 0.120] Mev™

(25)
E = 25 4 150./A +0
x

In these expressions, A 1is the mass number, S, 1is the shell
correction and E, is the transition energy below which the level density
takes the form (2L4). In this case the T and E, parameters are deter-

mined by matching Qo> and €1 at the energy E4 .

The fission parameters have been obtained by fitting the calculated
total fission cross section to the experimental evaluation recommended
by Sowerby [-_21&:] . At lov incident energies (E <2 MeV), the shape of
the fission barriers is teken from Weigmann and Theobald EES] . The
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imaginary pert in the second well has been treated in the approximation

of complete damping (cf. Appendix).

I — —
The characteristics of fission chamnels (K- = 1/2 , 1/2*, 3/2 , 3/2*)
have been adjusted following the procedure described sbove. Resulting values

are indicseted in Table 6.

In the incident energy range 2 MeV — 20 MeV, the X1 and C parameters
(see Appendix) obtained are tabulated in Table T together with the other
model parameters such as neutron separation energies [26] . ©Xperimental

y-ray widths [27] and equivalent single fission barrier By [28].
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¥V ~ PISULTS AND DISCUSSION

The coupling scheme and optical parameters were chosex so as to
satisfy the carefully chosen experimentsl constraints, namely the
s and p-wave strength functions, the potential scattering radius and the
total cross section over the full energy range. The model adjustments
emphasize the minima and mexima of the total cross section. This procedure
was succcssful in the determination of a coherent parasmeter seot approvriate

238, . ... 22
to 7 U. These same parameters applied to

Sy produced a similar good
agreement with the same neutron basic data. Obviously, in this case,
different nuclear deformation parameters had to be employed

(Bo = 0.206, By = 0.086). Thus, we have confidence in the application

of this method to neighbouring nuclei for which no experimental data
exist. Though no automatic parameter determination procedure was employed,
very good agreement was obtained for the "elastic" angular distribution.
238U, that the latest "elastic"

scattering measurements of Kinney [}f] were not yet known when the para-

We mention for example, in the case of

meter determination was achieved. Comparisons of these experimental

results are shown for incident neutron energies of 6.44 and 8.56 MeV in

Fig. 4a and Fig. L4b respectively. At these energies, the experimental
resolution was g 0.309 MeV, and thus not adequate to resolve elastic
scattering from inelastic scattering related to the first three excited
states. The true shape of differential elastic scattering so differs from
that observed at high energies ; for example, comparison is made in Fig. bc
for an incident neutron energy of 14.0 MeV between the observed [3!] and the
calculated "elastic" scattering angular distributions, whereas Fig. 4d

shows at the same ene?gy the calculated elastic and inelastic scatte-

. N .
ring cross sections.

The theoretical angular distributions of the direct 2+ and 4+
component of inelastic scattering at various energies are shown in Fig. 5a
and Fig. 5b.

Remark

The new optical model determination procedure employed here was
further extended to various spherical (A = 89,93), vibrational (A = 148)
or rotational (A = 152,154) nuclei using different coupling schemes. The
procedure has also been explained elsewhere (ref.[32]), wvhere it was

referred to as the "SPRT" method.



The calculated radiative capture cross section is in good agreement
with the experimental date [2L] for energies below 1 MeV (Fig. ). Above
this energy the calculated cross sections are very sensitive to the
continuous level density parameters Ey end T (eq. 24). This leads to
an overestimaticn of the radiative capture cross section if compared to
the Sowerby experimental evaluation I?ﬁ] . The comparison between the

calculated arnd experimental total elastie scattering cross sections is

vbe

very satisfactory as shown in Fig. T over the energy range 100 keV - 1 MeV,
The compcimd and direct inelastic scattering cross sections are given wp
to 2 MeV in Table 8 for the first two excited levels {2% at 0.0L5 MeV

and 4+ at 0.1L8 MeV). For these two levels, the calculations point out

the great importance of the direct excitation process for inelastic
scattering mainly above 1 MeV. In the energy range 1 MeV - 3 MeV, these
two calculated cross sections seem in fairly good agreement with recent
measurements of Smith [291 . For the other excited states the present
results are slightly below the experimental and celculated values of
MecMurray [22] (Fig. 8).

The (n.2n) and (n,3n) calculated cross sections are tabulated in
table 9. Fig. 9 presents a comparison of these results with experimental
measurements [BQ]. There is good general agreement for the (n,2n) reaction
except above 15 MeV where the calculated cross section decreases too
rapidly. In this energy range, just above the (n,3n) reaction threshold,
the employed spin independent statistical model is certainly not adequate
and a more realistic model with angular momentum and parity conservation
is necessary. Moreover, to refine the calculations, the preequilibrium
emission should be introduced also. Nevertheless, by adjustment
to the total fission cross section over a large energy range (2 MeV -~ 20 MeV),
the present method determines the energy variation of widths of several

239U, 238U ang 237 238

nuclei ( U in the case of a

U target). Using these

widths, fission and (n,xn) cross sections of neighbouring nuclei (237U

nd 236U) can be calculated. In Ref.[6] this method has been extended to

232U to 239U.

a.

U isotopes from
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CONCLUSION

The coupled chanmel optical model analysis presented here has been
successful in describing a great variety of neutron data for 238U. This
success 1s due tc the optical potentiel determinstion ~rocedure. The strength
and the geometry of the potentials were determined at low neutron energies
(E € 1 MeV) by fitting to the strength fumctioms (Sgp, S7), the potentisl
scattering radius (R") and the total cross sections (og (E)). so, for
newtiren capiure caleulations it was not necessary to compute adequate
neutron transmission coefficients using the so—cslled "strength function
model” or another local optical model parameter set [33] . The energy
dependences of the real and imaginary potential strengths were obtained
by fitting the total cross section at higher neutron energies. Using this
procedure (SPRT-method.BZ]), it is necessary to adopt an increase of the
surface peaked absorption with the neutron energy ; the large experimen—
238U did not

permit the investigation of the onset of volume absorption. This optical

tal uncertainties of neutron non elastic cross sections for

potential determination differs greatly from those usually employed,

which are based mainly on fits to the elastic angular distribution. Never-
theless, it is clear that the agreement between our predictions and measure-
ments of "elastic" angular distribution is good. As regards the inelastic
neutron scattering cross sections from the members of the ground state
rotational band, the present work illustrates clearly the need for

coupled channel calculations for deformed nuclei.

It can be seen that the present statistical model analysis shows
good general agreement with the various experimental cross sections
related to the formation of a compound nucleus. By an adjustment to the
total fission cross section, the various neutron, y-ray and fission
branching ratios can be calculated and then used with confidence
to determine the cross sections of other reactions such as radiative
capture up to 3 MeV, (n,xn) reactions, compound elastic and inelastic
scattering. At low incident energy, some characteristics of the two-humped
fission barrier are obtained by solving numerically the Schrddinger
equation and fitting the results to the total fission cross section. For
238U these channel characteristics are similar to other determinations
[hQ]. At higher incident energy, this method enables both the {n,xn)

and fission cross—sections to be properly related.



Thus we have obtalned over a large incident energy range a complete
and coherent ot of z numher of imporitant cross sections by using conjoin—
tly the optical and statisticel models. The methods employed here can be
easily extended to provide a consistent set of calculated cross sections

for less-known neighbouring nuclei or in energy ranges where experimental
data are too scarce.

The authors are graterfully indebted to Dr R.L. WALSH for a critical
reading of the manuscript.
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APPENDIX

TRANSMISSION COBFFICIENTS AND WIDTHS

y-ray transmission coefficients

The y—ray trensmission coefficients of egquations (11), (17) and {19) are
written in the form :

Jn
TK' (E,In)= 2n Qm (E°)FV (EG) (A1)

vhere e«TH(EC) is the Fermi-gas level density [Q] of the compound nucleus
in its state (E.JW). When the giant dipole resonance is taken into account,

the radiative width Ty JI[(Ec) is given by the expression

-3'~1
.‘. E) C Y‘ / [ (8 (sr (T‘ S (sl",_) eJ"n"(E‘i‘e),:;\.e (A2)
+(&

CET (€N CEE) L En) €1 (E)

The proportionality constaisi Cy is obtained by normalization to

experimental I'y values for slow neutron resonances, when they are known.

If not known, T, values of neighbouring nuclei with the same A parity

are taken. 03, I'yj, €81 and o2, Tp, €o. are respectively the cross

sections, widths and energies of the giant dipole resonance (for 238U cf.[BQ]).
This radiative width can also be deduced from the single particle formalism

Dﬂ . Assuming only electric dipole radiations, we have in this case :

Jl: J+1

I Ee
FY (EC)= C, Z € € (Ec-e)/ € (Ec> de (A3)
IT=2T-1 Yo



For lower ensrgies, equation (A3) seems better than eguation (42). The
spin—indepandent radistive width TY(EC) of equations A3), (1), (15), {20)
and (21) has the form of equations (A2) and (A3), but without the sum over
J' 2nd with & spin—independent level density. When using the simplified
statistical model, the single particle formalism is preferred at excitation
energies below the neutron separation energy and the giant dipole resonance

formalism above this excitation energy.

Neutron transmission coefficients

e The neutron penetrabilities le(E) and compound nucleus formation
cross—section 0.(E) needed in the statistical models are deduced from the
coupled channel calculations.

The total neutron transmission coefficients (equations (11), (17) and
(19) for the exit channels with the target nucleus left in discrete excited
states A (energy E), spin I, and parity‘nx) or in continuous excited states

A' (energies Ep, spin Iy', and parity HA') are :

T, (g, ZLZ 0y (E- E-) TU +
D ININ f eh,@ € T @ w
=Z,\ Toy (E-E,,IT)

where the angular momentum summations are limited by the usual relations

between the total nuclear spin 3, the target spin TA and the spin ¥ and
>

orbital momentum 1! of the neutron

o

-J’ = -I’x + 5_. E'+ (A5)

<

In the r.h.s. of equation (AL), the first term contains a summation
over all the A discrete levels of energy less than E , and the second

term takes into account a continuous level density when E 1is greater
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than the energy Ej of the higher discrete level.

The neutron width of the compound nucleus at excitation energy ZEa
when using the spin-independent statistical model in equatioms (13), (1k),

(15), (20) and (21),is given by :

Ec-S

P 2 g
F‘n (E‘): :;'2(_“;,5_%&_‘):;7 .u' €. 0';(6) e (Ez.° 5'6) e (46)

In this equation s is the neutron spin, u the reduced mass in the
exit channel, e (E.) and e (EC—S—E) are respect® mly the level densities
of the compound and residuzl nucleus. The forma. i1 of Gilbert and Cameron
was chosen for determining the level densities needed in the calculations
of these widths. S is the neutron separation energy from the compound

nucleus and ¢ the energy of the emitted neutron.

Fission transmission coefficients

The fission transmission coefficients T¢(E,JKI) in equations (11), (17)
and (19) are computed exactly for a fission barrier defined in terms of two

parsbolic peaks connected by a third parabola for the second well (Fig. 1).

Let us denote by V and W the resl and imaginary parts of the
potential. At the excitation energy Eg these regions are characterized

as follows :

Region III : B =R s vV =0 s, W =0,

e

Relative to the B8 deformation coordinates in the considered fission

channel, the plane wave function is given by :

lP‘JKTT = exp (-'l. kﬁ)_ nJKTT exp (i- kﬂ) (AT)

whers k = \/Qch/‘ﬁ and u 1is the assumed constant inertial parameter.



Pegion I : g8 ¢ 8

The wave function for complete damping is =

-

wsmr = Apn =P ("’klg ) (a8)
and the flux @4 ccmpletely absorved :
TRT : (a9)
Region IT : B; € B <€ B¢
In this region, the potential is
3 2
VE +). 1 : ( -0, 0
J. FRISRE YRR BBJ) (A10)

(3=12,3,)

with Ey= Ep, Ep=Egy, E3=ER. wj is the barrier width. The negative

parabolic imaginary potential is localized in this region with a maximum

absolute value W, at B = Bp . Wy can be determined from photofission
anisotropies. If Ey is the y-ray incident energy, the following linear

dependence has been found to be adequate [5] .

\A/m (MQV) = W; (EY- Ez.z ) + WI (E in MeV) (A11)
The absorbed flux in this well is :
2 2
¢, (Fwm )= 1. lAmr“ _‘nn«rl (a12)

The requirement that the wave functions and their derivatives be contin-

uous at the points B; and B, determines the coefficients Ajgxy and
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N gxm - In region II the wave function is calculated by solving the Schrddinger

equation :

[-i‘} 4L, V(B)‘ 'Lwn (8)- E*] v (5) =0 (a13)

JIKT

At excltation energies close to Ep we can assume

To(E7k Iéd (e @, (37) 7 <:.<P§)(+J ';:)(:Krb} Nelem)

vhere P,(JKN) and PB(JKH) are the Hill-Wheeler [39] penetration factors
for the single barriers A and B . N, (JKN) is the effective number of.
fission channels taking into account the effect of other (J,K,II) channels

higher in energy.

At excitation energy E v Ej , the transmissicn coefficient becomes :

1} (E,JKn) = [sbd (J'KTT)-HPa (Tk) 'PA (JKTr)] N (Fwr) (A15)

The transition from equation (Al4) to equation (A15) is done at the

excitation energy where Py(JKN) + Pp(JXm) =1 .

In the spin independent statistical calculations (E, > 2 MeV) we

consider an equivalent single paraboliec fission barrier.

At excitation energies * high enough above the height By of this

barrier, the fission width is
E*-BF
r (E )— _ .KL___/ f (s) de (AL6)
F - 27w (E*) €

vhere X; 1is an adjustable parameter. ef (e) is the Fermi-gas level densi-
ty at energy € for the saddle point deformation where the level density

rarameter is ay instead of a . It has been found convenient to choose &
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simple energy dependence of af 1in the form :

a = a+ (A7)

<
B*

where C 1s adjustable.

In this energy range, the different couples of free parameters Kj
and C of the involved nuclei are deduced by fitting to the experimental

total fission cross-sections.

At excitation energies close to the fission barrier By , the fission

width is determined from the Hill-Wheeler [3i] penetrability factor

E*
PF (E*) = —Kl—— / of (¢) de (418)
270(E*) J 1. exp[-an(E*.BF-s)/F.w]

where ® 1s the circular frequency of the inverted harmonic oscillator

potential which simulates the fission barrier.
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Base v o a W Ty a' Vg
states MeV fermis | fermis ‘MeV fermis | fermis MeV
3+ 0.3E E<h MeV
+
(0¥, 2%) 4¥7.4% - 0.3 E 1.25 0.65 1.250 0.70 7,50
3.72+0.12E E = hMeV
2,7+0.4E Es10MeV
+ L+ 4+
(07,2, 4) 47.5 - 0.3 E 1.24 0.62 1.260 0,580 7,50
6,7 E210 MeV
TABLE 1

Optical potential parameters for each set of base states

- 62 ~



TABLE 2

SO X th 5] x th R'(fermis)
Experimental 1.00 + 0.15 2.5 + 0.5 9.18 + 0,18
Theoretical
(0%, 2% 0.9%4 1.96 9.08
Theoretical 0.95 2.14 9,24
(O ] 2 9 h )

_OE_

Comparison between experimental and theoreticel velues of s and p-wave
strength functions (Sp, 91) and potential scattering radius (R') for 238U.

The experimental values are taken from reference [8] . The optical model

parameters are those of table 1.



V= h8;0

Vg = 0

Coupling Optical V = L47.0 W= 3.33

basis parameter modified modified a' = 0.47 mcdified
ot 0% )t set of table parameter parameter modified parameter

w0 1 parameters

4
Sp x 10 .95 1.06 0.89 0.99 0.92
S x 10" 2,14 1.89 2.57 2.01 2,17
R'(fermis) 9.24 9.45 9.02 9.20 9.2k
TABLE 3

—— — ——

Sensitivity of calculated values of strength functions and scattering radius to

various optical potential parameters.

. .



re= 1,17 ¥

Experimental | ro= 1.31 fm ro= 1,240 Fnm o= 1.17 Fm
or _ _ - ; -
recommended | ' - K256 MeV | V= L7.5 HeV v = 553 MeV V = 52,0 MeV
values VrO adjustment adopted parameters Vr0 adjustment adjustment to
'
(1) (2) (3) (4) S0+ 514 BT (5)
L
8o x 10 1.00 + 0.15 1.0b 0.95 0.85 1.05
sp x 10° | 2.5 +0.5 1.67 2.1k 2,78 2,07
R'(fermis) | 9.18 + 0.18 9.80 9.24 8.71 9.23
op (10keV) 17.02 15.41 13.90 15.70
barns
op (100keV) 12.21 12.7h 12.02 11.39 11.73
barns
barns
op (1 MeV) 7.18 7.3L 7.1h 7.05 6.48
barns
TABLE b
Vrg ambiguities for 238U

Experimental values for Sg, S; and R' are taken from [BJ and recommended values of the btotal cross sec-
tions (op) from ENDF/BIV.
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Energy Spin Parity
{MeV)

0.
0.043
0.148
0.307
0.6801
0.T7319
0.8266
0.9272
0.9309
0.9503
0.9663
0.997L . +
0.9974
1.0373
1.0459
1.06
1.06
1.1056
1.1285
1.1285
1.1677
1.1677

Noo
]

+—~
o+ o+ 4+

NN H O VW O
I

=W N W NN Ww
+ 4+ o+ o+

TABLE 5

238

Energy level scheme of U taeken from

reference [22] .




Fission Kn
channel Ep wA EIT wTT Ep wg Ne

Kn 1 MeV 1,2 MeV | 1,6 MaV
1/2 (=) | 6.3947{ 1,05 2,4847 1 6.07h47 0.5 0.348 0,516 | 2,737
1/2 + 6,k117 " 2.507 n 6,097 " 1.120 1,239 | 2,465
3/2 - 6.357 " 2,447 " 6,037 " 0,411 0,673 2,662
3/2 + 6,3919 " 2,819 " 6.0719 " 1.29 1.h21 2,368
5 NKv
Kn 3,169 3,849 | 10,232

TABLE 6

Adjusted values of some fission parameters (see Fig, 1).

The first column gives the fission

channels considered in the present calculations. Colums 2 to 7 give the adoptad values, in

MeV, of their heights and curvature characteristics. The last three columns give the effective

numbers of fission channels and their sum at the incident neutron energies indicated in MeV,

- %€ -



U isotopes Sp(MeV) Bf(MeV) r $XP(eV) K1 C'
239 h,.8032 6.15 0,02k 2.308 0.45
238 6.1436 5.80 0,035 0,602 0.00
237 5.1245 6.30 0,029 5,00 0.95
236 6.5451 5.75 0,035 1,374 0.00
TABLE 7

Neutron separstion energies, fission barriers, experimental y-ray widths and

adjusted parameters of the (n,xnf) and (n,xn) cross sections.

- GE -
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TABLE 8
E (MeV) . 45,0 keV (2+) 14B.0 keV (L4+)
cN DI CN DI
i
0.060 0.1685 0.0018
0.070 0.2656 0.0036
0.080 0.3465 0.0059
0.090 0.k151 0.0085
0.100 0.4743 0.0113
0.200 0.8139 0.0453 0.0051 0.0001
0.300 0.970L 0.0793 0.0292 0.001k
0.400 1.0512 0.1109 0.0699 0.0052
0.500 1.0963 0.1416 0.1219 0.0122
0.600 1.123% 0.1720 0.183%4 0.0225
0.700 1.1122 0.2024 0.2460 0.0356
0.800 1.0405 0.2322 0.2853 0.0507
0.900 0.9882 0.2611 0.326)4 0.0669
1.000 0.8765 0.2883 0.3478 0.0833
1.200 0.5753 0.3360 0.2860 0.1140
1.400 0.4073 0.3720 0.2320 ©.133%0
1..600 0.2987 0.3980 0.1929 0.1580
2.000 0.1868 0.42%0 0.1383 | 0.1800

Compound (CN) and direct (DI) inelastic scattering cross

238

sections for the first two excited states in U. Cross

sections are given in barn.




Neutron (n,2n) (n,3n) (n,f) (nyn'f) (ny2nf) (n,3nf) Total fission
Incident cross-section |cross-section|cross—section| cross-section|cross-section|cross-section| cross-section
??;Z%K (Barn) (Barn) (Barn) (Barn) (Ba?n) (Barn)
2 0.521 0,521
3 0.519 0,519
4 0.508 -5 0,508
5 0.522 0,25 10 0,522
5.5 0,533 0,24 1073 0,533
6 0.541 0.019 0,560
6,5 0.038 0.548 0,214 0,763
T 0.363 0,554 0.363 0,917
8 1.108 0,558 0,410 0,968
9 1.47 0.609 0,376 0.985
10 1.63 0.619 0,394 -10 1,013
11 1.70 -3 0.611 0.h1k 0.38 10_5 1.025
11,5 1.72 0.36 10 0,607 0,419 0.68 10 1,026
12 1.72 0.032 0.603 0.1416 0.5 1077 1,019
13 1.35 0.43 0.597 0,408 0.99 1077 1,007
1k 0.78 0.90 0.591 0.h416 0.088 1,095
15 0.39 1.13 0,585 0.40 0.26 1,245
16 0.20 1.23 0.580 0.39 0.35 -6 1,32
17 0.112 1.29 0.576 0.37 0.39 0.43 10_5 1.336
18 0.065 1.32 0.572 0.36 0.41 0.90 10 1,342
19 0.039 1.28 0.567 0.35 0.39 0.076 1,383
20 0.024 1.11 0.562 0.3% 0.38 0.2% 1,532
TABLE 8
38

(n,xn) and (n,xnf) cross sections of 2

model.

U in the energy range 2 MeV - 20 MeV calculated from the statistical

- l€ -
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FIGURE CAPTIONS

Fig. 1
a) Reeld part V(B) and imaginary part W(B) of the double-humped

fission barrier.

b) Adopted shape of the fission barrier for the penetrability cal-

culations.

Fig. 2
Choice of the coupling basis

The curves are coupled channel calculations using two sets of base

states. The optical model parameters are the ones of table 1.
- Total neutron cross section

a) 0.01 MeV £ E £ 1 MeV
b) 1 MeV ¢ E € 1D MeV

- M"Elastic" differential scattering neutron cross section for

an incident energy of :

c) 4 MeV
a) 7.54 Mev

Fig. 3
Comparisons of experimental and calculated values of neutron cross

sections in the energy range 10 -~ 20 MeV, The curves are coupled channel

calculations using adiabatic approximation.

a) "Elastic" differential scattering neutron cross section
for an incident energy of 15 MeV.

b) Total neutron cross section.

¢) Integrated "elastie" neutron cross section.

d) Comparison of calculated compound nucleus formation
cross section to experimental values of non elastic
neutron cross section extracted from the compilation

made by SCHMIDT [34].



Fig. 7

Fig. 8

Fig.9

"BElastic" differential scattering neutron cross sections as tests

of the adopted parameterization for an incident energy of

a) 6.4 MeV

b) 8.56 MeV

¢) 1t MeV

d) the various components of the differential “elastic"

scattering meutron cross section for an incident energy of 1k MeV

Calculated values of the direct inelastic differentisl scattering

neutron cross section 3o the levels

a) 2% (L5 keV)
b) 4 (148 keV)

Celculated neutron radiative capture of 238U from 1 keV to 2 MeV.

The experimental data are the ones of Ref. [21&] .

Comparisons of experimental and calculated values of the elastic

scattering cross section. The experimental values are from references

[35,36,37] -

Calculated neutron inelastic cross sections of the excited discrete

levels of 238

U. The direct inelastic cross section is included for
the first two levels. The experimental data are the ones of references
[22] ana [29]. For the first two levels, the dashed curve gives the
ENDF-BIV evaluation; for the other levels, the dashed curve represents

the results of calculations from reference [22] .

238

a) Calculated neutron fission cross section of U (full line)

adjusted to the experimental evaluation of Sowerby (Ref.[2’4]) {dashed
curve).
b) calculated (n,2n) and (n,3n) cross sections compared to

experimental data of references [30:[ .
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