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Nucleon interaction with °&Ni up to 150 MeV studied in the coupled-channels approach
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The soft-rotator model was applied to understand the collective nuclear structure, electromagnetic transition,
and the nucleofboth neutron and protgmnteraction data of®Ni in a consistent manner. It was found that the
model could describe the collective level structure®®i, which does not exhibit the typical rotational or
harmonic vibrational structure, up to excitation energy of 4.5 MeV modestly. The nucleon interaction data
were described up to 150 MeV reasonably well by the coupled-channels method with a coupling scheme
constructed consistent to the nuclear structur&®hi.

PACS numbgs): 25.40-h, 21.60.Ev, 24.10.Eq

. INTRODUCTION of &Ni where the collective structure is more vibrational in
hature. To realize our purpose we used a very small equilib-
rium deformation, but a very large softness to the quadrupole
deformation, so that the ground-state band could describe the
corresponding band in the(8) symmetry limit of the IBM-1

. 6]. Until now, no consistent attempts have been given to
ceeds 10% usually. Furthermore, for the design of theyascripe the low-lying collective level structure and nucleon
accelerator-driven nuclear wastes transmutation facilifigs scattering data of®Ni in such a unified framework. The
not only neutron- but also proton-induced cross sections Oﬁurpose of this work is to carry out such an analysis, intend-

58N i : ! .
Ni are requested for incident energies up to 150 MeV.  ing to use the results for a high-energy nuclear data evalua-
On the fundamental sid&®Ni is considered normally as a tion for 58Nii.

vibrational nucleus, and nucleon interaction cross section
calcula.tlons., using coupled—channels or dlstorted_-wavg Born Il. COUPLED-CHANNELS FORMALISM
approximationDWBA) formalism, are performed involving BASED ON THE SOFT-ROTATOR MODEL
the harmonic vibrational model. However, tR#Ni nucleus
does not exhibit a level spectrum characteristic to the har- The soft-rotator model was developed as an extension of
monic vibration; the degeneracy of the two-phonon triplet isthe Davydov-Chaban modgf] which takes account of the
broken considerably, showing that the anharmonicity effecvibration in nonaxial soft rotational nuclei. Here, the word
is large in this nucleus. Furthermore, the energy splitting of‘soft” denotes the possibility of stretching during the rota-
the yrast 0, 2%, 4%, and 6" levels is very irregular to be tion. The present version of the soft-rotator model includes
considered as harmonic vibrational states. Therefore, the cahe nonaxial quadrupole, octupole, and hexadecapole defor-
culation of nucleon interaction cross sections cannot ignorenations, and the8,, B3, and y vibrations[3-5]. The soft-
the effect of such anharmonicity, which implies that therotator model and its application as a base for creating a
nuclear structure information is very important for a correctreliable and self-consistent coupling scheme, built on the
understanding of the interaction cross sections of thisvave functions of the soft-rotator nuclear model Hamil-
nucleus. tonian, for coupled-channe(€C) optical model calculations

In the present work, we employ the soft-rotator model toare described elsewh€ei@]. Here, we give a brief description
desribe the collective level structure of théNi nucleus. of the model to make this paper reasonably self-contained.
This model was found to be very successful in describing the In this model we assume that excited states observed in
nuclear structure, nucleon interaction, @E2) transitions even-even nonspherical nuclei can be described as a combi-
for both very light ¢°C) [2] and heavy(actinide [3] nuclei.  nation of rotation,8-quadrupole, and octupole vibrations,
It is therefore a matter of big interest to see whether or noand y-quadrupole vibration. Instant nuclear shapes that cor-
the soft-rotator model4,5], frequently employed for rota- respond to such excitations can be presented in a body-fixed
tional nuclides successfully, is applicable in the mass regiosystem:

The *8Ni nucleus has attracted a good deal of attentio
from the applicational point of view since it is a component
of the structure materials of nuclear reactors 8rd fusion
devices, i.e., steels in which the overall portion %Ni ex-
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The HamiltonianA of the soft-rotator model correspond- <B3<®, nm/3<y<(n+1)m/3, 0<6,<2m, O<b,<m,
ing to the above nuclear shape can be formed according @nd  0<63<2m, with the volume element dr
the Pauli quantization techniq(i]: = B333]sin 3y1dB,dB:dyd, sin 6,d6,d6s. Here B2
=2M,8M,8§M is the measure of nucleus deformation with

~ he | . 1. 2. Z . ﬂgo multipolarity A. After an appropriate choice of the Hamil-
H=o5 i Te,+ STt 5Tt 55 Tt —5 V(Y . X . .
2B, 2 27 2 2B 3 B2 tonian parameters, this procedure gives us the rotational-
vibrational energy spectra for the low-lying collective levels
+V(B2) +V(B3), (2)  and the wave functions which are used to calculate the cou-

o L pling strengths to be employed in the coupled-channels

where the kinetic energy operators for the vibrational MO-gnalysis as will be described immediately below.
tions are given as As usual, multipoles of deformed nuclear potential are
determined, expanding it in Taylor series, considering

T __ii 2 9 > Y, .(0",¢")] to be small:

o2 aﬂz(ﬂz%), @ [Eubuiu@e)]

. a | . J max ot R! t
A ( . a) )
Tes™ g o5\ PO ©

The essence of the coupled-channels formalism based on the
soft-rotator model is in the account of the enhancement of
the coupling strengths as compared with the rigid-rotor

The symbolNV(x) denotes the confining potential for a vibra-
tion of typex (wherex=1y, B,, or B3), taken to be of the
harmonic oscillator form which is parametrized by the state,qqel which arises because the dynamic variables appearing
dependent equilibrium deformation and elasticity constan e expansion of the deformed potential are averaged over
(or softness paramefeiThe symbolT, represents the opera- the appropriate wave function which are solutions of the

tor of deformed nuclear rotational energy expressed in termgiamiltonian, Eq.(2), describing rotational-vibrational states

of the angular momentum operaigrand principal moments of nonaxial deformed deformable nuclei. Such an enhance-

of inertia, ment is equal to(i|B}|f)/B)4s and this ratio is usually
s - 5 R greater than unity, as nuclei are rotating with increasing ve-

s _Z Iiz_2 Iiz locity for collective states with higher spirsand thus are
) _I—i:l J'(2)+Ji(3)+‘]i(4) increasingly stretched due to centrifugal forces so that equi-

! librium deformationsB,, for states with higher spinksare

1 3 i2 greater than the equilibrium g.s. deformatifpys. As the
= 5 E %) _('3) ) (6) deformation potential energy(3,) of the soft-rotator model
4BoB; 1=1 iV +agy) i+ ag; in terms of nuclear softnesg:, is considered to be

~(UuH(By— 2 th ling enhancement is larger
where (" =J{"/4B, B} and a,,= (B, /B)(B,/B2)* Here for( rfﬁél)e(iﬁvkvithﬁlhgrsg)e,r tsoeftr(]:((a)s;fcX gngl ijlni(:k’les(,a f;[)rsnua(‘:lz'i3
J_im stands for the principal moments of inertia in the direc-ity small u, . Such enhancements are different for different
tion of ith axis in the body-fixed system due to quadrupole,compinations of initialli) and final |f) states[which are
octupole, and hexadecapole deformaAtlons depending on eigenfunctions of E¢(2)], and also depend on the powers of
=2, 3, and 4, respectively. The symhgldenotes the pro- potential expansion. In this way, the soft-rotator model

jection of the angular momentum operator on itieaxis of
the body-fixed coordinates,, denotes the quadrupole equi-
librium deformation parameter at the ground st@fss), and
B, denotes the mass parameter for multipolarityrofThe
eigenfunctionsl of the Hamiltonian operatd®) are defined
in the space of six dynamical variables<@,<<«, —©

04460

takes account of the nuclear softness, predicting the redistri-
bution of the coupling strength, i.e., the particle current be-
tween the channels, which in turn changes the estimates of
direct level excitation cross sections compared with the
rigid-rotor of harmonic-vibrational model.

The optical potential is taken to be a standard form:
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where Z', Z are charges of incident particle and target
nucleus, andA the target mass number. The symig| de-
, notes the energy of the projectile and potential sIoﬂ@
. d and W\l, may change aE,=E.anqe NoOticeable energy
c) (V50+'WSO)F mfso(f)ﬂ" L+Veoulr), losses due to collective Ie\l;el excita?tion of tAi nuclei as
compared with the nucleon incident energies involved in the
(8) analysis request the dependence of local optical potential for
with the form factors given as different channels, which was taken into account for diago-
nal potential elements as
1+ ex;{r R
a;

i=R, V, D, andSO (9 and for nondiagonal elements as

V(r)=—Vgfr(r)+i

d
4WDaDafD(r)_WVfV(r)

ks

-1

fi:

— 1/3
- R=nAT Vir=V(E,~E))

For the reasons mentioned above we need the potential E,+E;
expansion expressed with evident dependences on deforma- Vif:V( Ep— 2
tions. In the case of the Coulomb potent&l,,(r) such an
expansion with evident dependences of deformations bevherei and f denote initial and final channels, whilg,
comes possible as we follow the suggestion of Bassel.  and E; the corresponding level energies. As we intend
[10], using a multipole expansion of the Coulomb potentialto analyze neutron and proton scattering data simultan-
Veoul Up to the second order i, ,Y,, for a charged eously, our potential contains a te@ZZ' /A describ-
ell(ijpsoiFSI witf:ja uniform_ghage densitthiglin IthebCoqum_b Iing the Coulomb correction to the real optical potential and
radiusR and zero outside. However, the Coulomb potential; ; Z'+1p- _
used in the present work included some modificatifis |si)splzr]+tlerms {_12 /C”'SC’C(Q dZZ)(A added 0 rfeal and
The spherical term of it was calculated, taking into accoun# 1.) Cuwisol A—22)/A added to imaginary surface po-
the diffuseness of the charge distribution. Our model in_enuals.
volves quadrupole, octupole, and hexadecapole instant

nuclear deformations; i.e., the Coulomb expansion of the po- !ll. ESTIMATION OF SOFT-ROTATOR NUCLEAR
tential can in principle give additional coupling strength be- MODEL HAMILTONIAS\!;V PARAMETERS DESCRIBING
tween collective states with an angular momentum transfer LOW-LYING *Ni COLLECTIVE LEVELS

of 0—8. However, in the Coulomb expansion used in this
model, we truncate the dynamic square terms which lead to ot
zero angular momentum transfer. This is equivalent to introy,
ducing a dynamic negative deformati@gg in the radial ex-
pansion given in Eq(l),

The sHEMMAN code[11] was used to adjust the soft-
ator nuclear model Hamiltonian parameters, allowing
e description of the experimentally observed low-lying col-
lective levels of the®®Ni nucleus. Initial assignment of
the soft-rotator model quantum numbers to the experimen-
N+ 1 tally observed low-lying collective levels of®Ni was
Boo=— > (—1)* N 27 (Br®Br)oo, (100 done in our standard approach. We considered yrast levels
» with spins and parities)™=0; (g.s.), 2 (1.454 MeV),
which is required as a condition to conserve the nuclear voland 4 (2.459 MeV) to be the members of the ground-state
ume, i.e., the nuclear char@@]. This correction is necessary rotational band with K=0, 58Ni=nﬁ2=ny=0. Second
to have the right asymptotic behavior for the spherical termJﬁ:22+(2_775 MeV) and first™=3; (3.420 MeV) levels

. . I A2
of the Coulomb potential which must be equal4@’e“/r. were assigned as members of #e-2, Ng,=Ng,=N,=0

The additional coupling due to the Coulomb potential Wasb d. This all q find initial soft iitoni
obtained in the same manner as for the nuclear[8h&vith and. This allowed us to find initial soft-rotator Hamiltonian

deformed radii as described above parameters describing the chosen experimental levels. The
The subscripti=R, V, D andéo in Egs. (3) and (4) initially adjusted Hamiltonian parameters made possible the
denote the real volume, imaginary volume, imaginary surassignment of the soft-rotator model quantum numbers to

face, and real spin-orbit potentials, respectively. The strengtfither observed levels, cgnmdere_d as levels of the ig.s.
of these potentials is assumed to have the following form: =0, nBZ—nﬁs—ny—O, K=2, nﬁz_nﬂa_ny_o’ and K
=0, ng,=1, ng=n,=0 bands. After>*Ni experimental

VR:V%'FV]F}ED'FVEE[%"‘(_1)Z,+1Cuiso(A_22)/A levels were assigned in this way, the final nuclear Hamil-
nian parameters wer j in MMAN
+ CeouZZ 1AV Egl]a parameters were adjusted using $he code
WO " _— The rotational or vibrational structure is not very promi-
Wp=Wp+WpEp+(—1) Cuisol A= 22)/A, nent in the case of thé®Ni nuclide; nevertheless, we could
WO " describe the first five low-lying collective levels and some
Wy =Wy+WyEp, others lying above, necessary for creating a coupling scheme
" of CC calculations, with an accuracy of about 10%. For most
Wso:WgoJr WsoEp, 13 of these levels the accuracy is better, except the levels con-
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5
—3 —3 4
2+ o 3 2
4* Ny=Np3=Np=0
4r _(; ) 6" 1 ot
2* +
3* 3* 2
2+
—~ 3} 2% i
%J — 23+ o*
= 4+ K2
B 4t N =Ngy=ng3=0
EJ ot
w 2 K=0 1 0+
5 nY="B3=°’"B2=1
% o FIG. 2. Coupling scheme employed in the present calculation.
ki ot Arrows show the coupling used in the parameter search procedure.
1 - p
The level with spin and parity”=1; (2.901 MeV) is not
of a collective nature and we were not trying to describe it.
The level withJ™=4" found at 4.299 MeV is described as
ok ot o* | the member oK=2, ng =ngz =n,=0 for which the model
Ko predicts a 4.157 MeV excitation energy. The negative parity
Experiment "R Galculation level J7=3] (4.474 MeV) with predicted energy 4.452
MeV is described as the member of the negative pdfity

_ _ =0, ng,=ng =n,=0 band, the energy of which is de-
hF'G' 1 i?”lzpl?‘”sonh"f the eXPe”meT‘?' aTd dcalcqt‘tzdb'evigcribed by energy splitting for symmetric and antisymmetric
schemes. Thick lines show experimental levels described by they - qiator function solutions, determining positive and

soft-rotator model. Note that above 3.5 MeV excitation energy, du egative parity collective states of the soft-rotator model ac-
to a lack of space and not to overcrowd the figure, we demonstrate

only those experimental levels that are predicted by our model. CorQ|neg [3]. Figure 1 derE?O.nStrateS the comparison of ex-
perimental and predictedNi level schemes. Please note

that the level scheme of®Ni becomes very dense above
sidered as first levels of th&=0, ng =1, ng.=n,=0  excitation energy of 3.5 MeV, and our model was unable to
band withJ™=0, (2.942 MeV) and 2(3.898 MeV). For describe many of the levels in this energy region. However,
instance the first excited}?level with measured energy of most of them are considered to be of a noncollective .nature.
1.454 MeV is predicted by the model at 1.269 MeV, thHe 4 Thus, we d_emonstrate only those IeveI; that are predicted by
level (E,=2.459 MeV) is predicted at 2.615 MeV, thg 2 OU' model in order not to overcrowd Fig. 1 above 3.5 MeV

level (E,=2.775 MeV) at 2.806 MeV, and the;3level excitation energy. L .
(E,=3.420 MeV) at 3.412 MeV. The model predicts the The nuclear Hamiltonian parameters allowing the demon-
X— . . .

experimentally measured level with 3.934 MeV excitationigla tnquali\ilﬁlsprgglgfn ::er?(la\;g?sma:;aatgs Il'ai'_r']ee:je :)r:ﬁefﬁ)hytsrl;e
energy, the spin of which is not assigned, to be ifie- 6 9 P P Y

level of the g.s. band, with a predicted energy of 3.968 Mev xS (X=Bz, vo, €) denote the nuclear softness param-
. eters for theB,, 7y, and B3 vibrations, respectivelya,
T_nt 3 A
The second™=0, level with energy 2.942 MeV was de- _ / /8,)2 wh _ lained ;
scribed as the head of the=0, n, ~1, n, —n =0 band. o\ B2)(Ay/B2) where\=3 or 4 as explained previ-
BT BT Ty *ously; n, v4, andé, determine the nonaxiality of octupole

However, the predicted energy 2.134 MeV is not in goodand hexadecapole deformations},2gives the energy split-
agreement with experimental value of 2.942 MeV. The leveking of a doubly degenerate level in the octupole vibration
with J7=2" of this band predicted with energy 3.615 MeV due to the tunneling effect; and ties, normalizes the over-
is assigned to the experimentill=25 (3.898 MeV) one. all scale of the predicted energy levels. The symigysand
vo give the equilibrium quadrupole deformations at the
TABLE I. The nuclear Hamiltonian parameters which are ad-ground state. We considered the octupole deformation to be

justed to reproduce the experimental level scheme. transformed ag;= B,€ which is in direct proportion to the
increase ofB, due to centrifugal forces caused by nuclear
fhiwg=1.2470 rotations. It is shown in Ref{12] that this enables one to
Kp,,=1.9095 M, =0.4000 Yo=0.6272 reproduce various patterns of level-energy intervals observed
az,=0.0001 v4=0.14410 8,=0.6971 experimentally for positive and negative parity bands of
a,,=0.01486 w.=0.4707 even-even nuclei. The equilibrium g.s. octupole deformation
7=0.14556 8,=7.4301 is given as Bip=PB€ey- The deformation parameters

B2, €9, and B, are the parameters in our approach to be
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TABLE Il. Experimental scattering data involved in the CC optical analysis.

Energy Spin, parity, energy of the excited level
Reference Projectile  (MeV) 0%(0.0) 2" (1.454) 3 (4.475)
Smithet al.[15] Neutron 45 a a
5.0 a a
55 a a
5.9 a a
6.5 a a
7.14 a a
7.5 b b
8.029 a a
8.399 a a
9.06 b b
9.5 a a
Gusset al.[16] Neutron 7.904 b b
9.958 b b
11.952 b b
13.941 b b
Tutubalinet al.[17] Neutron 14.7 b
Perdoniet al.[18] Neutron 16.934 b b
Yamanoutiet al.[19] Neutron 24.0 b b b
Tesmer and Schmid25] Proton 20.0 a a
Van Hall et al. [26] Proton 20.4 a a
24.6 a a a
Ridley and Turnef20] Proton 30.3 b
Stovall and HintZ21] Proton 39.7 b b
Blumberget al.[22,23 Proton 40.0 b b b
Fulmeret al.[24] Proton 61.4 b
Sakaguchgt al.[27] Proton 65.0 a

8Data used for potential parameter adjustment.
®Data used for comparison only.

determined from an analysis of reaction data and will be22+(2_775 MeV), G (2.942 MeV), Z(3.898 MeV), and
given Iater_(TabIe Il) with the optical potential parameters 37 (4.475 MeV)] in the CC calculations using thePTMAN
obtained simultaneously. , code[11,13. Preliminary numerical results showed that the
One can see from Tal_JIe I thaﬂ\“ demonstrates a large inclusion of additional levels influences the numerical results
softness,=1.9095. It is consistent with the well-known "\, jess than experimental errors. Levels coupled in
fact that nuclei withN and Z in the vicinity of magic num-  cyrrent calculations and the coupling scheme are presented
bers can be _conS|dered spherical for the g.s. and are dg; Fig. 2. Each pair of levels having the same parity and
fS%rmed in excited states; for our model that means that sucfyyels themselves are coupled by all possible even multipoles
Ni nuclei are very soft t3, deformations. with angular momentum transfer up td &nd by odd mul-
tipoles with angular momentum transfer up th for pairs of
V. ESTIMATION OF THE OPTICAL POTENTIAL levels with differgnt .parity. The_ Coulomb interaction en-
PARAMETERS hances the coupling in all the pairs of levels except between
07(g.s.) and §(2.942 MeV) stategas square terms which
Nuclear wave functions of the soft-rotator model with thelead to Coulomb potential zero multipoles were truncpted
adjusted nuclear Hamiltonian parameters, given in Table Iso these levels were coupled only by the nuclear potential.
were used to construct the coupling among seven collectiviye must emphasize that levels from various bands are
*8Ni levels[07(g.s.), Z (1.454 MeV), 4 (2.459 MeV), coupled in our model not only with the ground-state band,
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5 ; . - - - - - MeV incident energy by Tutubaliet al. [17]; scattered neu-
_ 58, 1. tron angular distribution measurements for the g.s. and the
45 Total cross section of *"Ni | first 2* excited level for 16.934 MeV incident energy of
¢ x Perdoniet al. [18]; and experimental scattered neutrons an-
gular distribution data for the g.s. and the first 2nd 3
4 Brusegan etal., 1994 x| levels at 24 MeV incident energy of Yamanoetial.[19].
"SS}Z’J Ay o Proton interaction data are rather scarce, so we can use
35 Gionmeha ot al” 1968 —o—|  the 30.3 MeV incident proton elastic scattering angular dis-

x Dietrich et al., 1997 ——=—

tributions measurement of Ridley and Turi&0]; data on
inelastic proton scattering angular distributions by the first
2% and 3 levels at 39.7 MeV by Stovall and Hinf21]; 40
MeV incident proton elastic scattering angular distributions
measured by Blumbergt al. [22], supplemented by mea-
surements of angular distributions for the first 2and 3
levels for the same incident energy by Friagkeal. [23]; and

the elastic scattering angular distribution measured for 61.4
MeV incident energy by Fulmeet al. [24]. We can use for
comparison the scattering datas5—27 for 20, 20.4, 24.6,
and 65 MeV incident energies, which have no reliable ex-
perimental errors in EXFOR because they were compiled by
reading the graphs presented in publications.

Detailed information about the data used in the CC analy-
sis can be found in Table Il. The evaluated neutron strength
FIG. 3. Comparison of experimental and calculafNi total ~ functionsS;_q ; and 58\i total neutron interaction cross sec-

neutron cross sections up to 150 MeV incident energy. Solid linetion oy, based on Refd.15,28, up to 20 MeV incident
present calculation. neutron energies and the natural Ni total cross section cor-

rected for other Ni isotope contaminati¢eccounting for the

but also with each other, without any additional assumptionsfact that o, is proportional toA?” for different isotopes

Such a feature is absent in most of the previous analyses. were also used. The data from R&29-32 covering the
Experimental data used for the optical potential searckentire region of incident neutron energies necessary were
were taken from the EXFOR databaskt]. The following  also used in the optical potential adjustment. One can see
experimental neutron scattering data were involved in théhat we did not include scattered angular distribution data for
current analysis: angular distribution measurements of neuiaucleon interaction energies below 7 MeV in the adjustment.
trons scattered on the g.s. and the firstéxcited level for 11 As checked, for such incident energies we could not guaran-
incident energies from 4.5 to 10 MeV of Smiét al. [15]; tee that the compound interaction contribution to angular dis-
analogous experimental results for incident neutron energiesibutions is less than the experimental errors and can be
7.904, 9.958, 11.952, and 13.941 MeV of Gessal. [16]; neglected. For lower energies, the energy loss even for the
elastic scattering angular distribution measured for 14.first 2/ (1.454 MeV) excited level decreases the nucleon en-

Ciotal (DArNS)

1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140

Energy (MeV)

TABLE Ill. The optical potential parameters allowing the best fit of the experimental data. Strength and incidentzimekigV/; radii
and diffusenesses in fm.

Vg=52.33-0.394 +0.0010E2

4.40+0.126E E<25.75
P™\7.645-0.0571E—25.79 E>25.75
1.16+0.05F E<25.75
V7| 2.628+0.05647E—25.79 E>25.75
Vso=4.80 W2,=0.0 W5o=0.0
rp=1.2275 ar=0.593+0.0011%
rp=11371 0.509+ 0.0025F E<25.75
7105741 E>25.75
ry=1.0967 a,=0.493+0.00426
r50:1.1232 a50:0.660
re=1.2437 ac=0.573
Ccuo=0.493 C,iso=0.85 Cuiso=3.25
BZO: 00788 330: 32060: 00805 34: 00142
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ergy in outgoing scattering channels to the energy region

with resonance structur@xperimentally observed in the to- 1010 | 584 1

tal cross section for neutrons; see Figwhich can influence Ni(n,n) Ground State

the results of the potential search. We therefore could assum Smith et al. 1982

that the interaction of nucleons witffNi for experimental Guss et al., 1985 —&—

Tutubalin et al., 1974 —a—
Perdoni et al., 1988 —&—
Yamanouti et al., 1979 —a—

data involved for optical potential search proceeds only via 448
the direct mechanism, which can be described by the optica
model.

Using one of theoPTMAN code[11,13 options, the opti-
cal potential parameters were searched by minimizing the
quantity x? defined by

5.9 MeV (x10%)
7.5 MeV (x107)

7.904 MeV (x10°)

i (dO’ij /dQCmC_dUij /dQeXpt)z

Ao dQexpt 8.029 MeV (x10%) |

8.399 MeV (x10%)

AS

2 2
M [0 -0 1 —
tot 1 tOtevalw SIcali SIevali
i=0 9.06 MeV (x10%)

eval; eval;

'dQ2 (mb/sr)

whereN is the number of experimental scattering data sets,s
K; the number of angular points in each data set, Mnithe
number of energies, for which the experimental neutron total
cross section is involved. During the optical parameter
search, the parameters of the nuclear Hamiltonian were fixec
except for,uyo; it was impossible to determine this Hamil-
tonian parameter by analyzing the level scheme alone, sinc
no levels withn, =1 are observed in our analysis 6fNi

level scheme due to our assignment.

9.5 MeV (x10%)

9.958 MeV (x10")

11.952 MeV (x10°)

13.941 MeV (x10™")

14.7 MeV (x10?)

V. RESULTS AND DISCUSSION 16.934 MeV (x107)

A. Coupled-channels analysis

The adjusted optical potential parameters, allowing the
best fit to the the experimental data, are presented in Tabl
[1l. It is evident that the total neutron cross section data for
%8Ni [15,28—32 in the energy region from 3 to 150 MeV
(Fig. 3) and available experimental neutron and proton scat-  10® . : . . . .
tering data(Figs. 4—9 are described fairly well by the 0 30 60 90 120 150 180
present model in a consistent manner. The ovarals 4.5, Sc.m. (deg)
which means that the experimental data are described on fiG. 4. Comparison of experimental and calculated angular dis-
average within approximately two experimental errors. Weyibutions for neutrons elastically scattered fréfiNi. Solid lines:
consider such a quality of description acceptable, yet somgresent calculation.
comments are necessary.

One can se¢Fig. 6) that our calculations underestimate (see Figs. 7 and)9We relied on Stovall and Hintz’s data
the angular distributions of neutrons with incident energy 5.921] in the potential parameters search due to the reason
MeV, scattered on the A 1.454 MeV) level. For the same mentioned above. This determines lower predicted angular
reason the predicted elastic scattering for this incident energglistribution values for 3 level excitation as compared with
underestimates the experimental values, predicting a deepgz3] for 40 MeV and[26] for 24.6 MeV incident energies.
valley for about 135° scattering anglésg. 4). It proves, as Above we mentioned the redistribution of the coupling
discussed above, that the contribution of the compound scastrength in different channels without any additional assump-
tering mechanism for such energies could not be neglectedions as the inherent feature of tH€C) approach builds
This was the reason not to include experimental scatteringn wave functions of the soft-rotator Hamiltonian. The
data for incident energies below 7.5 MeV in the optical po-*equilibrium” quadrupole *Ni deformation,, was found
tential parameter search. to be 0.0788 in this analysis, which gives an “effective”

Experimental angular distributions of protons scattered byleformation of 0.195, when averaged I8, oscillation
27(1.454 MeV) and especially J4.474 MeV) levels functions, resulting in a 0.925 fm “effective” deform-
[21,23, which are measured for almost the same incidenttion length for direct excitation of the ‘21454 MeV)
energies 39.7 and 40 MeV accordingly, are in contradictiorlevel. The latter value can be compared with 0.9 fm used

24.0 MeV (x107

044605-7



SUKHOVITSKI~I, LEE, CHANG, CHIBA, AND IWAMOTO PHYSICAL REVIEW C62 044605

. 581 +
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10 1
Tesmeretal, 1972 v 108 | Smith et al., 1982 —e—
Van Hall et al.,, 1977 o Cuss et al., 1985 —&—
Ridley et al., 1964 —a— Perdoni et al., 1988 —e—
Blumberg et al., 1966 —e— Yamanouti et al., 1979 —a—

Fulmer et al., 1967 —o—]
Sakaguchi et al., 1981 ¢
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108 09 080000040 0 000 gy J
1 \/-\_ 59 MeV (x10%)
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7.5 MeV (x107)
10* | —Copm !
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i L] ........... %
24.6 MeV (x10%) \ % 8.029 MeV (x10°)
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g 30.3 MeV (x10%) g et Pony,y
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6 | 3
65.0 MeV (x10°) 10 3 24.0 MeV (x10)
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8o m. (deg) 0. (deg)

FIG. 5. Comparison of experimental and calculated angular dis- FIG. 6. Comparison of experimental and calculated angular dis-
tributions for protons elastically scattered fro?Ni. Solid lines:  tributions for neutrons scattered to thé #1.454 Me\j level of
present calculation. %&Ni. Solid lines: present calculation.

, ) ) , , without additional assumptions. It is the result of the stretch-
n th_e h_armonlc OSC'.”ator model analysis ofNi angulqr ing of a soft rotating®*Ni nucleus due to rotations incorpo-
distributions [33]. This fact shows the softness ofNi rated in the present model.

to such a degree of freedom, a feature ignored in the fre- 1o \olume integrals per nucleon for the real central part
qu+entI%/ (imployed rigid-rotator model. The result of our ;0 ated from the present potential are plotted in Fig. 10
<Q 85/0;) value determining one-step eXC|tat|02n ff the where it is compared to the same quantity calculated from
0, (2.942 MeV) level is 15% lower thaf0"|B3|21),  global potentials: the neutron and proton potentials of Walter
while (07[8,]21 )(21]B,/05 ) determining the two-step ex- and Gus$34] and proton potential of Schwanet al.[35]. It
citation strength is 35% lower. This results in the lower cou-is evident that the present results are consistent with these
pling strength decreasing the predictesl @vel excitation  widely accepted potentials. Especially the present proton re-
value compared with the model assuming a consg@ynt sult gives a smooth transition from the lower-energy region
value, which requests for such models an appropriate detefwhere it is in excellent agreement with the Walter-Guss po-
mination of B, for each pair of channels. This is what we tential) to the higher-energy region to agree with the poten-
call the redistribution of the coupling strength, which leadstial of Schwandtet al. In the overlapping region of the po-
to the redistribution of nucleon current in a different channeltentials of Walter and Guss and Schwaedtal, these two
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102 . : : ; . .
. , 102 | 58np; ) - J
SENi(p,p’) 24" (1.454 MeV) Ni(n,n) 3,"(4.474 MeV)
Tesmeretal, 1972 v H Yamanouti et al., 1979 —a—
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v Stovall et al., 1964 —e—] & I
Fricke et al., 1969 —s— £
g 103} 1
®
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5 24.0 MeV
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10% . \ \ \ ) .
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20.4 MeV (x10%)

24.6 MeV (x10")

FIG. 8. Comparison of experimental and calculated angular dis-
tribution for neutrons scattered to theé 34.475 Me\) level of the
%8Ni. Solid lines: present calculation.

difference in the present neutron and proton potentials,
caused mainly by the Coulomb correction term, lies in a
reasonable range, which agrees also with that of the Walter-
Guss potential. We did not compare here the volume inte-
grals for the imaginary potential because the global poten-
tials considered here are for spherical model calculations
while the present potential can be smaller than them due to
the fact that the coupling to the excited levels is considered

39.7 MeV (x10%)

40.0 MeV (x10™")

-6 1 L L L L L
30 60 90 120 150 180

ec.m. (deg)

10

FIG. 7. Comparison of experimental and calculated angular dis-
tributions for protons scattered to thé 21.454 Me\j level of 5Ni.
Solid lines: present calculation.

do/dQ (mb/sr)

potentials have a slight inconsistency with each other be-
cause the proton potential of Schwaradtal. is lower than

the Walter-Guss neutron potential in spite of the fact that the
Coulomb correction must enhance the proton potential no-
ticeably compared to the neutron one. Here we must recal
that the Walter-Guss potential was determined by consider-
ing the scatterindboth of neutron and protorand neutron

total cross section data simultaneously as was done in thi
present work, while the potential of Schwaradtal. was de-

termined by taking account of the proton scattering, mostly
analyzing power, data alone. Therefore we consider it to be

. explicitly.

Finally we give a rough estimate of the uncertainties of

10°

10

the deduced parameters. In our case yRevalue has a flat

BNi(p,p’) 3,7(4.474 MeV)

Van Halletal., 1977 o
Stovall et al., 1964 —e—
Fricke et al., 1969 —a—

o
S dhad

**

24.6 MeV (x10%)

39.7 MeV (x10")

40.0 MeV (x10°%)

30

60 90 120 150 180

O¢.m. (deg)

acceptable to have an agreement with the Walter-Guss po- FIG. 9. Comparison of experimental and calculated angular dis-
tential while having a slight disagreement with the potentialtributions for protons scattered to the 34.475 Me\) level of the
of Schwandet al. at the low-energy region. Furthermore, the %Ni. Solid lines: present calculation.
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500 k T The B(E2;07(g.s.)—2;) transition probability was cal-
N T e o, | culated as 0.0134” b? with the account of inner dynamic
— o Walter-Guss fneutron) variables up to square terms. The experimental value is
E 400 - e ] evaluated to be 0.0138? b? [36]. The experimentally mea-
> - . sured upper limit value for th&(E2;4; —2;) transition
€ 300 L ] probability is 0.057e*b® [36], which is equal to
< 0.028 e?b? in our calculations. Considering the fact that no
- i i parameter was adjusted to calculate this quantity, our predic-
200 e, ] tion is in good agreement with the experimental value.
PN N T T [N TN TN T T [N T T N S
0 50 100 150 VI. CONCLUDING REMARKS

Projectile Energy (MeV) The soft-rotator nuclear model and CC method with a

FIG. 10. Volume integrals per nucleon of the real central part ofcOUPling based on the soft-rotator model wave functions
the present potentiabolid lines for neutrons and dashed line for Were applied to analyze ayallabf@Nl experimental total,
protong compared to that of the Walter-Guss neutfopen circles ~ nucleon scattering, collective level structure, and electro-

and proton(solid circles potentials and that of the proton potential Magnetic transition rates in a consistent fashion. It was found
of Schwandtet al. (solid squares that the model gives a modest success in describing the col-

lective low-lying level structure oP®Ni which exhibits nei-
ther the typical rotational nor the vibrational spectra, while
mated as deviations of the parameters which are required %Jgpetgu1c5|?)0hr)|é<]}e|t[aigtlr%r:;gr?1§ev:ﬁf ddtﬁg(t:gzﬁﬂ ;iaggg?ob;%mgg
give a notlceablg change " fof at least one |nd|V|duaI_ used for the analysis of the nucleon interaction with other
energy angulgr distribution. In this approach the unCertamt}ﬁuclei in this mass region to validate the usefulness of the
of Vg was estimated as 0.5 MeV, thoseWp, andWy as 0.2 reqent method. The results of the present work can be used
MeV, that ofrg as 0.003 fm, those ofp, Iy, andrc as o the evaluation of high-energy nuclear data BRi for
0.005 fm, and those of the diffuseness parameters as 0.0Qpylication purposes such as accelerator-driven transmuta-
fm. tion technology.

minimum valley, so the potential uncertainties were esti
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