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A coupled-channel formalism based on the axial rigid-rotor model build on a saturated coupling
scheme was used for estimation of optical model potential of 228U for the nucleon incident energies
from 0.1 to 100MeV. Suggested best fit parameters allow description of experimental neutron and
proton scattering angular distributions and neutron total cross section data almost within experimental
errors. Predicted absorption cross section for neutron above 10MeV is 10% higher than adopted
earlier. Use of the saturated coupling scheme allows reliable prediction of neutron transmissions for
nucleon interaction with excited nuclear states (necessary for the statistical model calculation) as

well as for interaction with the ground-state band.
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1 Introduction

The optical model is one of the fundamental theoretical tools which provides the basis of nuclear
reaction data analysis and, hence, data evaluations for applied purposes. It suggests convenient approach
for predictions of total, scattering and reaction cross sections. Thus it is widely used in calculations for
direct reaction and quantum preequilibrium theory models, and, most importantly, in suppling particle
transmission coefficients necessary in nuclear data evaluation.

To get reliable results in terms of the optical model, one needs a carefully determined set of po-
tential parameters. Optimization of accelerator-driven minor actinide transmutation strategy requests
evaluation of cross sections of a large number of actinide nuclides up to 100 MeV region, above which
calculations with LAHET([1] or similar codes can be successfully applied. Below this energy, the coupled-
channels (CC) calculation is required for actinides, which are highly deformed in general, to obtain the
total cross sections, elastic and inelastic scattering angular distributions and transmission coefficients.
Most of the coupled-channels potential suggested for actinides are based on potentials determined by
Lagrange et al.[2], which was obtained to describe low energy 23®U experimental data, with some mod-
ifications to enhance agreement at higher energy region, e.g., total cross section from 10 up to 20MeV
incident energy[3]. We made an attempt in the present work to get the optical potential for 233U ap-
plicable up to 100MeV nucleon incident energies to have a tool for extending the evaluated actinide

nuclear data libraries to higher incident energies.

2 Coupled-channels approach to analysis of 2¥U

Necessary coupled-channels calculations were performed for coupling of the first J” = 0%....8% states
of 238U which we denote as the ”saturated coupling”. It was checked that inclusion of additional levels
does not influence the results of calculations noticeably. One must be aware that experimental data,
of course, can be described with a coupling of fewer levels. However, optical potential parameters
in such a case are then moved from the "real” ones to compensate lack of coupling strength, so such
optical potential parameters should be attributed to coupling scheme used and cannot guarantee reliable
prediction when used with any other coupling schemes. This was the reason to use the saturated coupling
in our investigations.

Automatic search procedure in code OPTMAN[4] was used for the estimation of optical potential
parameters. It was assumed that the coupled states were members of K™ = 0% ground-state rotational
band of an axially symmetric rigid-rotor.

The deformed nuclear optical potential arise from deformed instant nuclear shapes

R, ¢)=Ro{1+ Y BruYrl(®,¢) ;- (1)

A=2,4,6

The non-spherical optical potential is taken to a standard form:

Ve) = ~Valalr) +i {Woan ik olr) Wy fu(n)}
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A\?  1d L s
+ (;;'E) Vao;ﬁfao(r)o' - L+ Veoul(r), 2)
with the form factors given as
fir) = [1+exp(r—Ri)/a;)™', i=R,V,D and so, (3)

and deformed radii R; as described in Eq. (1) with Ry = r;A}/3. The subscripts i = R, V, D, Coul and
so denote the real volume, imaginary volume, imaginary surface, Coulomb and real spin-orbit potentials,

respectively, with energy dependencies given as
Va = VE+VAE, + (=) Chio(A - 22)/A+ 22' |AY3C.ou,
Wp = WB+WhE,+ (1) + Cuio(A - 22)/4,
Wy = Wp+WyE, (4)

where E, is energy of the projectile and W} changing at E, = Echange, While Z' and Z are charges of
incident particle and nucleus, respectively, and A denotes mass number of the target nucleus.

The Coulomb potential Vo,ui(r) was calculated using a multipole expansion of the Coulomb potential
Veou for charged ellipsoid with a uniform charge density within the Coulomb radius Rc and zero

outside, as suggested by Satchler et al.[5]. For axial nuclei, up to the second order of ) BxoYao it reads
ZZ'e? r? Z27Z'e?
Vous = 22 [3- 5| 0tRo -n) + 2
3Z22Z'e?
~ 22 +1

8(r — Re)

[T"RE(HI)G(RC -r)+ R;\J,.—(A-H)g(,. _ Rc)] (BroYro)
S (1= NP RGI8(R — 1) + (A + DR O 06(r - Ro)

:\rxl ,
> m(,\’,\' 00 | A0) (Bx ® Bx")x0 Yao ()
AIAH

where A = (2) + 1)!/2, while the symbol ® means the vector addition, i.e.,
(Bx ® Ban) o = (A'A'00 | AO) BaroBaro, (6)

and 8(r) =1ifr>0and 6(r) =0if r <O.

Our Coulomb potential includes some modifications to the formula (5). Spherical term of it was
calculated taking account of diffuseness of charge distribution. Moreover, we truncated the square
terms (B ® Ba)yo Yao which lead to zero Coulomb multipoles. This is necessary for the nuclear
volume conservation[6].

As we intended to analyze neutron and proton scattering data simultaneously, our potential contains
a term ZZ'/AY3C.ou describing the Coulomb correction to the real optical potential and isospin terms

(=1)Z'*+1Cyis0(A — 22) /A added to real and (—1)Z +1Cyp0 (A ~ 2Z) /A to imaginary surface potentials.

3 Estimation of the optical potential parameters for %8U

The following experimental scattering data were involved in the current analysis: scattering data by

Haouat et al. for excitation of resolved 0%, 2+ and 4* levels for incident neutron energy 3.4MeV([8];

_2_
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scattering data by Smith and Chiba for excitation of a sum of 0%, 2+, 4%, 6 and 8% levels for twelve
incident neutron energies from 4.5 to 10.0MeV([9]; scattering data by Kinney et al. for excitation of a
sum of 0F 2%, 4%, 61 and 8 levels for incident neutron energies 6.44, 7.54 and 8.56MeV([10]; scattering
data by Baba et al. for excitation of a sum of 0%, 2%, 4%, 6% and 8* levels for incident neutron energy
6.1MeV([11]; scattering data by Kammerdiener for excitation of a sum of 0%, 2%, 4%, 6* and 8% levels
for incident neutron energy 14.1MeV[12); scattering data by Hansen et al. for excitation of a sum of
0*+, 2+, 4+, 61 and 8% levels for incident neutron energy 14.1MeV[13]; scattering data by Shen et
al. for excitation of a sum of 0%, 2+, 4+, 6 and 8% levels for incident neutron energy 14.2MeV[14];
scattering data by Hansen et al. for excitation of resolved 0%, 2%, 4t and 6% levels for incident proton
energies at 20 and 26MeV[15]; scattering data by King et al. for excitation of resolved 2+, 4* and
6% levels for incident proton energy of 35MeV[16]; scattering data by Takeuchi et al. for excitation of
resolved 0%, 2+, 4t and 6% levels for incident proton energy 65MeV[17]. Available scattering data with
neutron incident energies below 3.4MeV were not used in this investigation, as for such low energies
data contain compound contribution, that is significant and cannot be neglected while optical parameter
search. For chosen scattering experimental data we could assume that the interaction of nucleons with
2381J proceeds only via the direct mechanism and could organize optical parameter search comparing
experimental data with optical model coupled-channels calculations.

Evaluated neutron strength functions Sp = (1.10 £ 0.08) x 10~4(eV)~/2[18] and S; = (2.0 £0.5) x
10~4(eV)~1/2[19] and potential scattering radius R’ = (9.44 + 0.35) fm[19] were also used in parameter
search. Evaluated total neutron cross section with associated errors for energies from 0.250 up to
90MeV([19, 20] was also used in optical parameter search instead of experimental total cross section as it
shows scatter from smooth evaluated values. In addition to energy points in which experimental neutron
scattering data exist, total cross sections at 0.250, 1.3, 20, 29, 40, 50, 65 and 90 MeV were included in
the potential search. As a result, the total cross section data considered cover all the critical energy
points which are necessary to reveal the structure due to the Ramsauer effect. A detailed information
about the data used in the CC analysis is found in Table 1.

The optical potential parameters were searched for by minimizing the quantity x> defined by

. 1 S le — S { 2 / - / 2
2 - t,caic 1,eval cale eval
X - N+M+3 [ i=20:1 ( Asi,cval ) * AR:m:t *

) 2
i i & dU'iJ' /dncalc - daij/dnezp 2 + i Ototcar; — Ttoteval, ] (7)
K" 1 Adaij/dnexp AUtOtnvnli

i=1 j= =1

where N denotes number of experimental scattering data sets, K; number of angular points in each
scattering data set, M number of energies for which experimental neutron total cross section is involved.
The optical potential parameters allowing the best fit to the experimental data are presented in Table
2.
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4 Results and discussion

It is evident that the total neutron cross section data for 33U in the energy region from 0.1 up to
100 MeV (Fig. 1) and experimental neutron and proton scattering data (Figs. 2 to 34) are described
fairly well by the suggested optical model parameters. The x? are 1.66 for neutron and 3.15 for proton
experimental data. Overall x? is 2.14. The x? calculated for the same experimental data base and
optical parameters(3] is 11.2. One can see that our optical potential parameters describe experimental
data much better than potentials suggested by Lagrange et al.[2] and Young et al. [3]. The reason is as
follows. There is only one energy point at 3.4 MeV in the neutron data with resolved scattering with
excitation of the first three levels 0%, 2+ and 4% As we used both neutron and proton scattering data in
our potential search, we involved in our search a number of proton experimental points with resolved
excitation of 0%, 2+, 41 and 6% levels. Coupling strength of these states and thus scattering cross
sections are approximately proportional to square of deformations multiplied by derivatives of potential
form-factors. Account of experimental scattering data for resolved levels leads to much more reliable
determination of optical potential parameter geometry in our case, especially deformations 8y and
diffuseness a;. Furthermore, the proton scattering data covers energy region from 20 up to 65MeV, not
covered by neutron experiments except for the total cross section, allowing to fix energy dependences
of the potential parameters reliably.

It is interesting to compare the absorption cross sections predicted by different potentials. Here,
the absorption cross section is defined as the difference between total cross section and sum of direct
scattering cross sections. One can see that our potential parameters predict much higher one (Fig. 35)
than predicted by the Youngs’s potential above several MeV. To check the reliability of this prediction,
we repeated our search procedure several times starting from different initial optical parameter sets and
we got the same best fit 238U optical parameters each time. So we concluded that available experimental
data indicates high absorption cross section. '

The experimental angular distributions of all the scattered proton data, and scattered neutrons with
incident energies 7.54, 8.56[10], 7.5, 8.03, 8.4, 9.06, 9.5, 10.0[9] and in the vicinity of 14MeV[12, 15, 14],
measured for the energy loss less than 1MeV, are in fact differential cross sections of direct scattering
because the contribution of compound-nucleus mechanism for scattering with the above-mentioned
energy loss does not exceed 0.001 barn above projectile energy of several MeV. Our optical potential
allows to describe consistently both experimental total and scattering cross sections, while potentials
[2, 3] underestimate total cross section and display tendency to overestimate back-angle cross section for
higher incident energies. This explains the difference in absorption cross section predictions and gives us
confidence that our high absorption values are grounded on experimental data. Moreover, according to
Anikin et al.[21] the most probable values of the total cross section for interaction of neutrons with #34U
nuclei should be closer to the upper edge of the spread band of experimental values, this also supports
higher absorption.

It should be noted that the difference in predicted absorption cross section could substantially affect

the results of statistical (n,Xn) and (n,Xnf) cross sections predictions. This is particularly important

_4_
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for strongly fissile nuclei for which first chance non-emissive fission cross section o,y amounts to a
half of the absorption cross section for incident energies 10-20 MeV. Since the relative difference of the
Oabs —Ony CrOSS section values is larger than that of the 0,4, alone by about a factor of 2 or more, the the
relative difference in (n,Xn) process (X> 2) and (n,Xnf) for X> 1 will be twice or more larger than the
relative difference in predicted absorption cross sections o4s,. Absorption cross section and the fraction
of preequilibrium emission determine cross section of preequilibrium emission. The latter in fact was
fixed for actinides from comparison with the neutron emission spectra, the high-energy tail of the (n,2n)
reaction cross section, and other experimental quantities in the vicinity of 14MeV for 233U[22]. Hence,
the nuclear model parameters can be changed significantly as a result of fitting them to experimental
data using changed absorption cross section. This would in turn change the cross sections predicted by
these models for minor actinides, for which no experimental data are available.

Nevertheless we must keep in mind that standard axial rigid-rotor CC optical model approach has
inherent drawback that can lead to ~0.2 barn overestimation of reaction cross section in the vicinity of
3.5 MeV incident energy. The thing is that axial rigid-rotor CC approach takes into account coupling
of ground state rotational band only. While last Geel[23] experiments showed that for neutron incident
energy 3.51 MeV, cross section of level excitation with energy losses Ex = 0.63—0.89 and 0.89~1.32 MeV
are 0.056 £+ 0.012 and 0.18 & 0.05 barn, respectively. One can easily check that for such incident energy
2387J levels with the quoted excitations are excited through direct mechanism, impact of compound
process is less than ~ 5%. That means that levels from other than ground state bands are excited via
direct mechanism. For the first Ex = 0.63 — 0.89 MeV group these are levels of K ~ 0~ band and for
Ex = 0.89 —1.32 MeV levels of K ~ 2% and higher K ~ 0% bands. So measured direct excitation cross
section of levels from other than ground state band is more than half of the measured J™ = 2% ground
state level excitation [8] and thus cannot be ignored.

We are develdping soft-rotator CC approach(7, 24, 25, 26], which allows the account of coupling of all
the excited levels including negative K ~ 0~ band. In case of 233U we can describe collective excitations
and couple them for coupled-channels calculations up to excitation energies ~2 MeV. Preliminary calcu-
lations with coupling including main levels of three rotational bands other than ground state show that
soft-rotator model predictions are in good agreement with Geel experimental data [23]. Calculated cross
section of level excitation with energy loss Ex = 0.89—1.32 MeV is ~ 0.20 barn and is mainly the sum of
K ~ 2* band 2*(1.0603 MeV) = 0.13 barn, 3*(1.1056MeV) = 0.01 barn, 4*(1.1677MeV) = 0.03 barn
level excitations and excitation of six levels from two higher K =~ 0% bands, each less than 0.01barn.
Calculated cross section of negative parity band level excitation with energy loss Ex = 0.63 —0.89 MeV
is ~ 0.04 barn.

Axial rigid-rotor and non-axial soft-rotator based CC approach optical models with fitted optical
parameters predict the same experimental total cross section and direct scattering cross section with
excitation of ground state band levels. In the vicinity of 3.5 MeV incident energy non-axial soft-rotator
optical model predicts additional ~ 0.24 barn direct scattering cross section on levels other than ground

state band. Hence, the absorption cross section predicted by the soft-rotator CC approach in the vicinity

_5_
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of 3.5 MeV will be lower than the predition of the axial rotor CC by this amount. Such difference in
absorption cross section predicted by both models decreases with the growth of neutron incident energy,
as cross section of level excitation from other bands decreases with the energy and is ~ 0.05barn for
neutron incident energy ~ 14MeV.

To our regret we are not ready to demonstrate final results for soft-rotator model in this paper. Such
calculations are very time consuming, as we need to include a lot of additional levels in coupling scheme

and we still have no unique 238U optical potential for incident neutrons up to 100MeV.

5 Concluding remarks

We have used a saturated coupling scheme for the analysis of nucleon + 238U interaction so that the
optical parameters are not influenced by lack of coupling for axial rigid-rotor case. This means that
potential suggested can be used for analyses of nucleon interaction with excited (states of the ground
state rotational band) 238U nuclei, as such calculations involve rebuild coupling scheme, predicting
correct nucleon transmissions for outgoing nucleons leaving nuclei excited. Such transmissions are

necessary for account of competing nucleon emitting channels in statistical model calculations.
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Table 1: Experimental scattering data involved in CC optical analysis

Reference

Projectile

Energy
(MeV)

Spin, parity, energy of the excited level
0%(0.0) 2%(0.044) 4%*(0.248) 6*(0.307) 3 ot..8*

Haoaut et al.[8]

34

o ] o

Smith and Chiba[9)

4.5
5.0
5.5
5.9
6.5
7.14
7.5
8.03
8.4
9.06
9.5
10.0

Kinney et al.[10]

6.44
7.54
8.56

Baba et al.[11]

6.1

Kammerdiener[12]

14.1

Hansen et al.[13]

14.1

Shen et al.[14]

14.2

O|jlojOojOo|OC ®©@¢ @e]O © ¢ ¢ ¢ O ® ¢ O ® e O

Hansen et al.[15]

TipIBiBIB

20.0
26.0

King et al.[16]

P

35.0

Takeuchi et al.[17]

p

65.0

(o]
ojojo o
ojJojlo o

o- data used for potential parameter adjustment

e- data used for comparison only



JAERI-Research 99-040

Table 2: The optical potential parameters allowing the best fit of experimental data

Vg = 46.65 — 0.307E + 0.001E?

Wp = 4.49 + 0.491E E<11.2
9.99 - 0.071(E-112) E>11.2
Wy = 0.0 E<11.2
0.100(E -11.2) E>11.2
Voo = 6.02
rr = 1.2616
rp = 1.2331
ry = 1.245
1.23 E<L25
rc =4 1.23-0.0181(E—-25) 25> E >35
1.049 E>35
Ccuot = 0.366
Ts0 = 1.12
Ba20 = 0.219

ap = 0.643
0.567 + 0.0022E FE <11.2
ap =
0.5916 E>11.2
ay = 0.324
ac = 0.291
Cviso =5.0 Cwiao =9.0
as0 = 0.59 — 0.002F
,340 = 0053 ﬂso = —0.0065

Strength and incident energy E in MeV; radii and diffusenesses in fm.
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Fig. 1. Neutron total cross section of 238U from 0.1 to 100 MeV. The solid line denotes
the result calculated by the optical potential obtained in this work, while the broken curve is
obtained with Young's potential. Experimental data are shown by various symbols.
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Fig. 2. Neutron elastic scattering cross section of 23U at 3.4 MeV. The full circles denote
experimental data obtained by Haouat et al. Various lines are the results of CC calculations :

present OMP (solid line), OMP of Lagrange (dash-dotted line), OMP of Young (broken line),
and OMP of Maslov (dotted line).
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Fig. 3. Neutron ineastic scattering cross section to the Ist excited state (2¥) of 28U at 3.4
MeV. Meaning of the symbol and lines are the same as in Fig. 2.
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Fig. 4. Neutron ineastic scattering cross section to the 2nd excited state (4%) of 233U at
3.4 MeV. Meanings of the symbol and lines are the same as in Fig. 2.
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Fig. 5. Neutron scattering cross section for excitation of a sum of 0%, 2%, 4%, 67 and g+
levels of 238U at 4.5 MeV. The open squares denote experimental data obtained by Smith and
Chiba. Meanings of the lines are the same as in Fig. 2.
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Fig. 6. Same as Fig. 5 but at 5.0 MeV.
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Fig. 8. Same as Fig. 5 but at 5.9 MeV.
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Fig. 9. Neutron scattering cross section for excitation of a sum of 0%, 2%, 4%, 6% and 87
levels of 238U at 6.1 MeV. The open hexagones denote experimental data obtained by Baba et
al.Meanings of the lines are the same as in Fig. 2.
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Fig. 10. Neutron scattering cross section for excitation of a sum of 0%, 2+, 4*, 6% and 8%
levels of 28U at 6.5 MeV. The open squares denote experimental data obtained by Smith and
Chiba. The open traiangles denote experimental data obtained by Kinney et al. Meanings of
the lines are the same as in Fig. 2.
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Fig. 11. Same as Fig. 10 but at 7.14 MeV.
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Fig. 12. Same as Fig. 10 but at 7.5 MeV.
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Fig. 13. Same as Fig. 10 but at 8.03 MeV.

10 ~0m—r——— 1T
: %y E _=8.4 MeV
O SMITH and CHIBA, 1996
— ——- LAGRANGE
?3 1 ' -—— YOUNG E
G P W™ e MASLOV :
ko) ]
B ~—— PRESENT
©
01 3 E
[ 22
- \\\ X
WA
\ AN
0.01 ¢ S
; ) IS RTINS S U TN SN SR SHUE (I SN S S S 'y
0 30 60 90 120 150 180
8(deg.)
Fig. 14. Same as Fig. 10 but at 8.4 MeV.
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Fig. 15. Neutron scattering cross section for excitation of a sum of 0%, 2%, 4%, 6% and
8+ levels of 238U at 8.56 MeV.The opened traiangles denote experimental data obtained by
Kinney et al. Meanings of the lines are the same as in Fig. 2.
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Fig. 16. Same as Fig. 10 but at 9.06 MeV.
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Fig. 17. Same as Fig. 10 but at 9.3 MeV.
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Fig. 18. Same as Fig. 10 but at 10.0 MeV.
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Fig. 19. Neutron scattering cross section for excitation of a sum of 0%, 2+, 4*, 6+ and 8*
levels of 238U at 14.1 MeV. The open circles denote experimental data obtained by Hansen et
al. while full squares by Kammerdiener. Meanings of the lines are the same as in Fig. 2.
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Fig. 20. Neutron scattering cross section for excitation of a sum of 0%, 2%, 4%, 6+ and 8%
levels of 238U at 14.2 MeV. The full triangles denote experimental data obtained by Shen et
al. Meanings of the lines are the same as in Fig. 2.
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Fig. 21. Proton elastic scattering cross section for 28U at 20 MeV. The open diamonds

denote experimental data obtained by Hansen et al. The solid line shows calculated data with
the present optical potential, while the broken line with the OMP of Young.

2oy E_=20 MeV (2")
0.01 - ¢ HANSEN ET AL, 1982
1 \\, - % ——— YOUNG
E —— PRESENT
=3
G
ke,
O
©
.00 —4b—or—-r—~——rd e
60 90 120 150
6(deg.)

Fig. 22. Proton inelastic scattering cross section to the st excited state (2*) of **U at 20
MeV. Meanings of the symbols and lines are the same as in Fig. 21.
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Fig. 23. Proton inelastic scattering cross section to the 2nd excited state (4%) of 23U at
20 MeV. Meanings of the symbols and lines are the same as in Fig. 21.
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Fig. 24. Proton elastic scattering cross section for “*°*U at 26 MeV. The open diamonds
denote experimental data obtained by Hansen et al. The solid line shows calculated data with
the present optical potential, while the broken line with the OMP of Young.
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Fig. 25. Proton inelastic scattering cross section to the st excited state (2%) of 233U at 26
MeV. Meanings of the symbols and lines are the same as in Fig. 21.

\  *®U E=26MeV (4%
\ © HANSEN ET AL., 1982
0.001 £\ -y -
i \ ~-— YOUNG
= \\ —— PRESENT
n
S
G
°
O .
B
00001 bt 1 O
30 60 90 120 150
6(deg.)

Fig. 26. Proton inelastic scattering cross section to the 2nd excited state (4*) of 2®U at
26 MeV. Meanings of the symbols and lines are the same as in Fig. 21.
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Fig. 27. Proton inelastic scattering cross section to the 3rd excited state (6%) of 28U at
26 MeV. Meanings of the symbols and lines are the same as in Fig. 21.
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Fig. 28. Proton inelastic scattering cross section to the lst excited state (2F) of 2387 at
35 MeV. The full diamonds denote experimental data obtained by King et al. The solid line
shows calculated data with the present optical potential, while the broken line with the OMP
of Young.
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Fig. 29. Proton inelastic scattering cross section to the 2nd excited state (4*) of 28U at
35 MeV. Meanings of the symbols and lines are the same as in Fig. 28.
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Fig. 31. Proton elastic scattering cross section for 28U at 65 MeV. The reversed full
triangles dnote data measured by Takeuchi et al. Meanings of the lines are the same as in Fig.
28.
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Fig. 32. Proton inelastic scattering cross section to the 1st excited state (2+) of 233U at 65
MeV. Meanings of the symbols and lines are the same as in Fig. 31.
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Fig. 33. Proton inelastic scattering cross section to the 2nd excited state (4*) of 238U at
65 MeV. Meanings of the symbols and lines are the same as in Fig. 31.
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Fig. 34. Proton inelastic scattering cross section to the 3rd excited state (6T) of 28U at
65 MeV. Meanings of the symbols and lines are the same as in Fig. 31.
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and sum of direct reaction cross sections. The solid line denots the calculated result with the
present OMP, the broken line with Young’s OMP.
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