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Nucleon interaction with 58Ni up to 150 MeV studied in the coupled-channels approach
based on the soft-rotator nuclear structure model
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The soft-rotator model was applied to understand the collective nuclear structure, electromagnetic transition,
and the nucleon~both neutron and proton! interaction data of58Ni in a consistent manner. It was found that the
model could describe the collective level structure of58Ni, 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 structure of58Ni.

PACS number~s!: 25.40.2h, 21.60.Ev, 24.10.Eq
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I. INTRODUCTION

The 58Ni nucleus has attracted a good deal of attent
from the applicational point of view since it is a compone
of the structure materials of nuclear reactors andD-T fusion
devices, i.e., steels in which the overall portion of58Ni ex-
ceeds 10% usually. Furthermore, for the design of
accelerator-driven nuclear wastes transmutation facilities@1#,
not only neutron- but also proton-induced cross sections
58Ni are requested for incident energies up to 150 MeV.

On the fundamental side,58Ni is considered normally as
vibrational nucleus, and nucleon interaction cross sec
calculations, using coupled-channels or distorted-wave B
approximation~DWBA! formalism, are performed involving
the harmonic vibrational model. However, the58Ni nucleus
does not exhibit a level spectrum characteristic to the h
monic vibration; the degeneracy of the two-phonon triple
broken considerably, showing that the anharmonicity eff
is large in this nucleus. Furthermore, the energy splitting
the yrast 01, 21, 41, and 61 levels is very irregular to be
considered as harmonic vibrational states. Therefore, the
culation of nucleon interaction cross sections cannot ign
the effect of such anharmonicity, which implies that t
nuclear structure information is very important for a corre
understanding of the interaction cross sections of
nucleus.

In the present work, we employ the soft-rotator model
desribe the collective level structure of the58Ni nucleus.
This model was found to be very successful in describing
nuclear structure, nucleon interaction, andB(E2) transitions
for both very light (12C) @2# and heavy~actinide! @3# nuclei.
It is therefore a matter of big interest to see whether or
the soft-rotator model@4,5#, frequently employed for rota
tional nuclides successfully, is applicable in the mass reg
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of 58Ni where the collective structure is more vibrational
nature. To realize our purpose we used a very small equ
rium deformation, but a very large softness to the quadrup
deformation, so that the ground-state band could describe
corresponding band in the U~5! symmetry limit of the IBM-1
@6#. Until now, no consistent attempts have been given
describe the low-lying collective level structure and nucle
scattering data of58Ni in such a unified framework. The
purpose of this work is to carry out such an analysis, inte
ing to use the results for a high-energy nuclear data eva
tion for 58Ni.

II. COUPLED-CHANNELS FORMALISM
BASED ON THE SOFT-ROTATOR MODEL

The soft-rotator model was developed as an extensio
the Davydov-Chaban model@7# which takes account of theb
vibration in nonaxial soft rotational nuclei. Here, the wo
‘‘soft’’ denotes the possibility of stretching during the rota
tion. The present version of the soft-rotator model includ
the nonaxial quadrupole, octupole, and hexadecapole de
mations, and theb2 , b3, andg vibrations@3–5#. The soft-
rotator model and its application as a base for creatin
reliable and self-consistent coupling scheme, built on
wave functions of the soft-rotator nuclear model Ham
tonian, for coupled-channels~CC! optical model calculations
are described elsewhere@8#. Here, we give a brief description
of the model to make this paper reasonably self-containe

In this model we assume that excited states observe
even-even nonspherical nuclei can be described as a co
nation of rotation,b-quadrupole, and octupole vibration
andg-quadrupole vibration. Instant nuclear shapes that c
respond to such excitations can be presented in a body-fi
system:
R~u8,w8!5R0H 11(
lm

blmYlmJ 5R0H 11b2FcosgY20~u8,w8!1
1

A2
sing@Y22~u8,w8!1Y222~u8,w8!#G
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1b3FcoshY30~u8,w8!1
1

A2
sinh@Y32~u8,w8!1Y322~u8,w8!#G1b40Y40~u8,w8!

1 (
m52,4

b4m@Y4m~u8,w8!1Y42m~u8,w8!#J . ~1!
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The HamiltonianĤ of the soft-rotator model correspond
ing to the above nuclear shape can be formed accordin
the Pauli quantization technique@9#:

Ĥ5
\2

2B2
H T̂b2

1
1

b2
2
T̂gJ 1

\2

2
T̂r1

\2

2B3
T̂b3

1
b20

4

b2
2

V~g!

1V~b2!1V~b3!, ~2!

where the kinetic energy operators for the vibrational m
tions are given as

T̂b2
52

1

b2
4

]

]b2
S b2

4 ]

]b2
D , ~3!

T̂g52
1

sin 3g

]

]g S sin 3g
]

]g D , ~4!

T̂b3
52

1

b3
3

]

]b3
S b3

3 ]

]b3
D . ~5!

The symbolV(x) denotes the confining potential for a vibr
tion of type x ~wherex5g, b2, or b3), taken to be of the
harmonic oscillator form which is parametrized by the sta
dependent equilibrium deformation and elasticity const
~or softness parameter!. The symbolT̂r represents the opera
tor of deformed nuclear rotational energy expressed in te
of the angular momentum operatorÎ i and principal moments
of inertia,

T̂r5(
i 51

3 Î i
2

Ji
5(

i 51

3 Î i
2

Ji
(2)1Ji

(3)1Ji
(4)

5
1

4B2b2
2 (

i 51

3 Î i
2

j i
(2)1a32j i

(3)1a42j i
(4)

, ~6!

where j i
(l)5Ji

(l)/4Blbl
2 and al25(Bl /B2)(bl /b2)2. Here

Ji
(l) stands for the principal moments of inertia in the dire

tion of i th axis in the body-fixed system due to quadrupo
octupole, and hexadecapole deformations depending ol

52, 3, and 4, respectively. The symbolÎ i denotes the pro-
jection of the angular momentum operator on thei th axis of
the body-fixed coordinate,b20 denotes the quadrupole equ
librium deformation parameter at the ground state~g.s.!, and
Bl denotes the mass parameter for multipolarity ofl. The
eigenfunctionsC of the Hamiltonian operator~2! are defined
in the space of six dynamical variables: 0<b2,`, 2`
04460
to

-

-
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-
,

,b3,`, np/3<g<(n11)p/3, 0<u1<2p, 0<u2<p,
and 0<u3,2p, with the volume element dt
5b2

4b3
3usin 3gudb2db3dgdu1 sinu2du2du3. Here bl

2

5(mblmblm* is the measure of nucleus deformation wi
multipolarity l. After an appropriate choice of the Hami
tonian parameters, this procedure gives us the rotatio
vibrational energy spectra for the low-lying collective leve
and the wave functions which are used to calculate the c
pling strengths to be employed in the coupled-chann
analysis as will be described immediately below.

As usual, multipoles of deformed nuclear potential a
determined, expanding it in Taylor series, consider
@(lmblmYlm(u8,w8)# to be small:

V~R!5V~Ri !1(
t51

max
] tV

]Rt U
R5Ri

Ri
t

t! S (
lm

blmYlm~u8,w8! D t

.

~7!

The essence of the coupled-channels formalism based o
soft-rotator model is in the account of the enhancemen
the coupling strengths as compared with the rigid-ro
model which arises because the dynamic variables appea
in the expansion of the deformed potential are averaged o
the appropriate wave functionsC which are solutions of the
Hamiltonian, Eq.~2!, describing rotational-vibrational state
of nonaxial deformed deformable nuclei. Such an enhan
ment is equal to^ i ubl

t u f &/blg.s.
t and this ratio is usually

greater than unity, as nuclei are rotating with increasing
locity for collective states with higher spinsI and thus are
increasingly stretched due to centrifugal forces so that e
librium deformationsblI t for states with higher spinsI are
greater than the equilibrium g.s. deformationblg.s.. As the
deformation potential energyV(bl) of the soft-rotator model
in terms of nuclear softnessml is considered to be
;(1/ml

4)(bl2blg.s.)
2, the coupling enhancement is larg

for nuclei with larger softnessml and vanishes for nucle
with smallml . Such enhancements are different for differe
combinations of initialu i & and final u f & states@which are
eigenfunctions of Eq.~2!#, and also depend on the powers
potential expansiont. In this way, the soft-rotator mode
takes account of the nuclear softness, predicting the redi
bution of the coupling strength, i.e., the particle current b
tween the channels, which in turn changes the estimate
direct level excitation cross sections compared with
rigid-rotor of harmonic-vibrational model.

The optical potential is taken to be a standard form:
5-2



nt
rm

b

ia

b
tia

un
in
ta
p
e

sf
hi
to
tro

vo
y
rm

a

ur
g
:

et

the
l for
o-

nd
an-

nd

-

t-
ng
ol-
f
en-

vels

te

n
The
the

to
.

il-

i-
d
e

eme
ost
on-

NUCLEON INTERACTION WITH 58Ni UP TO 150 MeV . . . PHYSICAL REVIEW C 62 044605
V~r !52VRf R~r !1 i H 4WDaD

d

dr
f D~r !2WVf V~r !J

1S \

mpcD 2

~VSO1 iWSO!
1

r

d

dr
f SO~r !s•L1VCoul~r !,

~8!

with the form factors given as

f i5F11expS r 2Ri

ai
D G21

, Ri5r iA
1/3,

i 5R, V, D, and SO. ~9!

For the reasons mentioned above we need the pote
expansion expressed with evident dependences on defo
tions. In the case of the Coulomb potentialVCoul(r ) such an
expansion with evident dependences of deformations
comes possible as we follow the suggestion of Basselet al.
@10#, using a multipole expansion of the Coulomb potent
VCoul up to the second order in(blmYlm for a charged
ellipsoid with a uniform charge density within the Coulom
radiusRC and zero outside. However, the Coulomb poten
used in the present work included some modifications@2#.
The spherical term of it was calculated, taking into acco
the diffuseness of the charge distribution. Our model
volves quadrupole, octupole, and hexadecapole ins
nuclear deformations; i.e., the Coulomb expansion of the
tential can in principle give additional coupling strength b
tween collective states with an angular momentum tran
of 0–8. However, in the Coulomb expansion used in t
model, we truncate the dynamic square terms which lead
zero angular momentum transfer. This is equivalent to in
ducing a dynamic negative deformationb00 in the radial ex-
pansion given in Eq.~1!,

b0052(
l

~21!lA2l11

4p
~bl ^ bl!00, ~10!

which is required as a condition to conserve the nuclear
ume, i.e., the nuclear charge@9#. This correction is necessar
to have the right asymptotic behavior for the spherical te
of the Coulomb potential which must be equal toZZ8e2/r .
The additional coupling due to the Coulomb potential w
obtained in the same manner as for the nuclear one@8# with
deformed radii as described above.

The subscriptsi 5R, V, D, andSO in Eqs. ~3! and ~4!
denote the real volume, imaginary volume, imaginary s
face, and real spin-orbit potentials, respectively. The stren
of these potentials is assumed to have the following form

VR5VR
01VR

1Ep1VR
2Ep

21~21!Z811Cv iso~A22Z!/A

1CCoulZZ8/A1/3,

WD5WD
0 1WD

1 Ep1~21!Z811Cwiso~A22Z!/A,

WV5WV
01WV

1Ep ,

WSO5WSO
0 1WSO

1 Ep , ~11!
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where Z8, Z are charges of incident particle and targ
nucleus, andA the target mass number. The symbolEp de-
notes the energy of the projectile and potential slopesWD

1

and WV
1 may change atEp5Echange. Noticeable energy

losses due to collective level excitation of the58Ni nuclei as
compared with the nucleon incident energies involved in
analysis request the dependence of local optical potentia
different channels, which was taken into account for diag
nal potential elements as

Vi f 5V~Ep2Ei !

and for nondiagonal elements as

Vi f 5VS Ep2
Ei1Ef

2 D ,

where i and f denote initial and final channels, whileEi
and Ef the corresponding level energies. As we inte
to analyze neutron and proton scattering data simult
eously, our potential contains a termCCoulZZ8/A1/3 describ-
ing the Coulomb correction to the real optical potential a
isospin terms (21)Z811Cv iso(A22Z)/A added to real and
(21)Z811Cwiso(A22Z)/A added to imaginary surface po
tentials.

III. ESTIMATION OF SOFT-ROTATOR NUCLEAR
MODEL HAMILTONIAN PARAMETERS DESCRIBING

LOW-LYING 58Ni COLLECTIVE LEVELS

The SHEMMAN code @11# was used to adjust the sof
rotator nuclear model Hamiltonian parameters, allowi
the description of the experimentally observed low-lying c
lective levels of the 58Ni nucleus. Initial assignment o
the soft-rotator model quantum numbers to the experim
tally observed low-lying collective levels of58Ni was
done in our standard approach. We considered yrast le
with spins and paritiesJp501

1 (g.s.), 21
1(1.454 MeV),

and 41
1(2.459 MeV) to be the members of the ground-sta

rotational band with K.0, 58Ni5nb2
5ng50. Second

Jp522
1(2.775 MeV) and firstJp531

1(3.420 MeV) levels
were assigned as members of theK.2, nb2

5nb3
5ng50

band. This allowed us to find initial soft-rotator Hamiltonia
parameters describing the chosen experimental levels.
initially adjusted Hamiltonian parameters made possible
assignment of the soft-rotator model quantum numbers
other observed levels, considered as levels of the g.sK
.0, nb2

5nb3
5ng50; K.2, nb2

5nb3
5ng50; and K

.0, nb2
51, nb3

5ng50 bands. After 58Ni experimental
levels were assigned in this way, the final nuclear Ham
tonian parameters were adjusted using theSHEMMAN code
@11#.

The rotational or vibrational structure is not very prom
nent in the case of the58Ni nuclide; nevertheless, we coul
describe the first five low-lying collective levels and som
others lying above, necessary for creating a coupling sch
of CC calculations, with an accuracy of about 10%. For m
of these levels the accuracy is better, except the levels c
5-3
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sidered as first levels of theK.0, nb2
51, nb3

5ng50

band withJp502
1(2.942 MeV) and 25

1(3.898 MeV). For
instance the first excited 21

1 level with measured energy o
1.454 MeV is predicted by the model at 1.269 MeV, the 41

1

level (Ex52.459 MeV) is predicted at 2.615 MeV, the 22
1

level (Ex52.775 MeV) at 2.806 MeV, and the 31
1 level

(Ex53.420 MeV) at 3.412 MeV. The model predicts th
experimentally measured level with 3.934 MeV excitati
energy, the spin of which is not assigned, to be theJp561

1

level of the g.s. band, with a predicted energy of 3.968 Me
The secondJp502

1 level with energy 2.942 MeV was de
scribed as the head of theK.0, nb2

51, nb3
5ng50 band.

However, the predicted energy 2.134 MeV is not in go
agreement with experimental value of 2.942 MeV. The le
with Jp521 of this band predicted with energy 3.615 Me
is assigned to the experimentalJp525

1 (3.898 MeV) one.

FIG. 1. Comparison of the experimental and calculated le
schemes. Thick lines show experimental levels described by
soft-rotator model. Note that above 3.5 MeV excitation energy,
to a lack of space and not to overcrowd the figure, we demons
only those experimental levels that are predicted by our model

TABLE I. The nuclear Hamiltonian parameters which are a
justed to reproduce the experimental level scheme.

\v051.2470
mb20

51.9095 mg0
50.4000 g050.6272

a3250.0001 g450.14410 d450.6971
a4250.01486 me50.4707
h50.14556 dn57.4301
04460
.

l

The level with spin and parityJp511
1 (2.901 MeV) is not

of a collective nature and we were not trying to describe
The level withJp541 found at 4.299 MeV is described a
the member ofK.2, nb2

5nb3
5ng50 for which the model

predicts a 4.157 MeV excitation energy. The negative pa
level Jp531

2(4.474 MeV) with predicted energy 4.45
MeV is described as the member of the negative parityK
.0, nb2

5nb3
5ng50 band, the energy of which is de

scribed by energy splitting for symmetric and antisymmet
b3 oscillator function solutions, determining positive an
negative parity collective states of the soft-rotator model
cordingly @3#. Figure 1 demonstrates the comparison of e
perimental and predicted58Ni level schemes. Please no
that the level scheme of58Ni becomes very dense abov
excitation energy of 3.5 MeV, and our model was unable
describe many of the levels in this energy region. Howev
most of them are considered to be of a noncollective nat
Thus, we demonstrate only those levels that are predicte
our model in order not to overcrowd Fig. 1 above 3.5 Me
excitation energy.

The nuclear Hamiltonian parameters allowing the dem
strated level prediction are given in Table I. Here the phy
cal meanings of the parameters are explained briefly:
mx’s (x5b20, g0 , e) denote the nuclear softness para
eters for theb2 , g, and b3 vibrations, respectively;al2
5(Bl /B2)(bl /b2)2 where l53 or 4 as explained previ
ously; h, g4, andd4 determine the nonaxiality of octupol
and hexadecapole deformations; 2dn gives the energy split-
ting of a doubly degenerate level in the octupole vibrati
due to the tunneling effect; and the\v0 normalizes the over-
all scale of the predicted energy levels. The symbolsb20 and
g0 give the equilibrium quadrupole deformations at t
ground state. We considered the octupole deformation to
transformed asb35b2e which is in direct proportion to the
increase ofb2 due to centrifugal forces caused by nucle
rotations. It is shown in Ref.@12# that this enables one to
reproduce various patterns of level-energy intervals obser
experimentally for positive and negative parity bands
even-even nuclei. The equilibrium g.s. octupole deformat
is given as b305b20e0. The deformation parameter
b20, e0, and b4 are the parameters in our approach to

l
e
e
te

FIG. 2. Coupling scheme employed in the present calculat
Arrows show the coupling used in the parameter search proced

-

5-4
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TABLE II. Experimental scattering data involved in the CC optical analysis.

Energy Spin, parity, energy of the excited level
Reference Projectile ~MeV! 01(0.0) 21(1.454) 32(4.475)

Smith et al. @15# Neutron 4.5 a a
5.0 a a
5.5 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 Schmidt@25# Proton 20.0 a a

Van Hall et al. @26# Proton 20.4 a a
24.6 a a a

Ridley and Turner@20# Proton 30.3 b

Stovall and Hintz@21# Proton 39.7 b b

Blumberget al. @22,23# Proton 40.0 b b b

Fulmeret al. @24# Proton 61.4 b

Sakaguchiet al. @27# Proton 65.0 a

aData used for potential parameter adjustment.
bData used for comparison only.
b
s

e
n

d
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he
e
tiv

he
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nted
nd
oles

n-
een

d
tial.
are
d,
determined from an analysis of reaction data and will
given later~Table III! with the optical potential parameter
obtained simultaneously.

One can see from Table I that58Ni demonstrates a larg
softnessmb20

51.9095. It is consistent with the well-know
fact that nuclei withN andZ in the vicinity of magic num-
bers can be considered spherical for the g.s. and are
formed in excited states; for our model that means that s
58Ni nuclei are very soft tob2 deformations.

IV. ESTIMATION OF THE OPTICAL POTENTIAL
PARAMETERS

Nuclear wave functions of the soft-rotator model with t
adjusted nuclear Hamiltonian parameters, given in Tabl
were used to construct the coupling among seven collec
58Ni levels @01(g.s.), 21

1(1.454 MeV), 41
1(2.459 MeV),
04460
e

e-
h

I,
e

22
1(2.775 MeV), 02

1(2.942 MeV), 25
1(3.898 MeV), and

31
2(4.475 MeV)# in the CC calculations using theOPTMAN

code@11,13#. Preliminary numerical results showed that t
inclusion of additional levels influences the numerical resu
by much less than experimental errors. Levels coupled
current calculations and the coupling scheme are prese
in Fig. 2. Each pair of levels having the same parity a
levels themselves are coupled by all possible even multip
with angular momentum transfer up to 8\ and by odd mul-
tipoles with angular momentum transfer up to 7\ for pairs of
levels with different parity. The Coulomb interaction e
hances the coupling in all the pairs of levels except betw
01(g.s.) and 02

1(2.942 MeV) states~as square terms which
lead to Coulomb potential zero multipoles were truncate!,
so these levels were coupled only by the nuclear poten
We must emphasize that levels from various bands
coupled in our model not only with the ground-state ban
5-5
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but also with each other, without any additional assumptio
Such a feature is absent in most of the previous analyse

Experimental data used for the optical potential sea
were taken from the EXFOR database@14#. The following
experimental neutron scattering data were involved in
current analysis: angular distribution measurements of n
trons scattered on the g.s. and the first 21 excited level for 11
incident energies from 4.5 to 10 MeV of Smithet al. @15#;
analogous experimental results for incident neutron ener
7.904, 9.958, 11.952, and 13.941 MeV of Gusset al. @16#;
elastic scattering angular distribution measured for 1

FIG. 3. Comparison of experimental and calculated58Ni total
neutron cross sections up to 150 MeV incident energy. Solid l
present calculation.
04460
s.

h

e
u-

es

7

MeV incident energy by Tutubalinet al. @17#; scattered neu-
tron angular distribution measurements for the g.s. and
first 21 excited level for 16.934 MeV incident energy o
Perdoniet al. @18#; and experimental scattered neutrons a
gular distribution data for the g.s. and the first 21 and 32

levels at 24 MeV incident energy of Yamanoutiet al. @19#.
Proton interaction data are rather scarce, so we can

the 30.3 MeV incident proton elastic scattering angular d
tributions measurement of Ridley and Turner@20#; data on
inelastic proton scattering angular distributions by the fi
21 and 32 levels at 39.7 MeV by Stovall and Hintz@21#; 40
MeV incident proton elastic scattering angular distributio
measured by Blumberget al. @22#, supplemented by mea
surements of angular distributions for the first 21 and 32

levels for the same incident energy by Frickeet al. @23#; and
the elastic scattering angular distribution measured for 6
MeV incident energy by Fulmeret al. @24#. We can use for
comparison the scattering data@25–27# for 20, 20.4, 24.6,
and 65 MeV incident energies, which have no reliable e
perimental errors in EXFOR because they were compiled
reading the graphs presented in publications.

Detailed information about the data used in the CC ana
sis can be found in Table II. The evaluated neutron stren
functionsSl 50,1 and 58Ni total neutron interaction cross sec
tion s tot , based on Refs.@15,28#, up to 20 MeV incident
neutron energies and the natural Ni total cross section
rected for other Ni isotope contamination~accounting for the
fact that s tot is proportional toA2/3 for different isotopes!
were also used. The data from Ref.@29–32# covering the
entire region of incident neutron energies necessary w
also used in the optical potential adjustment. One can
that we did not include scattered angular distribution data
nucleon interaction energies below 7 MeV in the adjustme
As checked, for such incident energies we could not guar
tee that the compound interaction contribution to angular d
tributions is less than the experimental errors and can
neglected. For lower energies, the energy loss even for
first 21

1(1.454 MeV) excited level decreases the nucleon

:

TABLE III. The optical potential parameters allowing the best fit of the experimental data. Strength and incident energyE in MeV; radii
and diffusenesses in fm.

VR552.3320.394E10.00107E2

WD5H4.4010.126E E<25.75

7.64520.0577~E225.75! E.25.75

WV5H 1.1610.057E E<25.75

2.62810.0547~E225.75! E.25.75
VSO54.80 WSO

0 50.0 WSO
1 50.0

r R51.2275 aR50.59310.00115E
r D51.1371

aD5H0.50910.00253E E<25.75

0.5741 E.25.75
r V51.0967 aV50.49310.00426
r SO51.1232 aSO50.660
r C51.2437 aC50.573
CCuol50.493 Cv iso50.85 Cwiso53.25
b2050.0788 b305b20e050.0805 b450.0142
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ergy in outgoing scattering channels to the energy reg
with resonance structure~experimentally observed in the to
tal cross section for neutrons; see Fig. 3! which can influence
the results of the potential search. We therefore could ass
that the interaction of nucleons with58Ni for experimental
data involved for optical potential search proceeds only
the direct mechanism, which can be described by the op
model.

Using one of theOPTMAN code@11,13# options, the opti-
cal potential parameters were searched by minimizing
quantityx2 defined by

x25
1

N1M12 F(
i 51

N
1

Ki
(
j 51

Ki S ds i j /dVcalc2ds i j /dVexpt

Ds i j /dVexpt
D 2

1(
i 51

M S s tot
cali

2s totevali

Ds totevali

D 2

1(
i 50

1 S Sl cali
2Sl evali

DSl evali

D 2G ,

whereN is the number of experimental scattering data s
Ki the number of angular points in each data set, andM the
number of energies, for which the experimental neutron to
cross section is involved. During the optical parame
search, the parameters of the nuclear Hamiltonian were fi
except formg0

; it was impossible to determine this Hami
tonian parameter by analyzing the level scheme alone, s
no levels withng>1 are observed in our analysis of58Ni
level scheme due to our assignment.

V. RESULTS AND DISCUSSION

A. Coupled-channels analysis

The adjusted optical potential parameters, allowing
best fit to the the experimental data, are presented in T
III. It is evident that the total neutron cross section data
58Ni @15,28–32# in the energy region from 3 to 150 MeV
~Fig. 3! and available experimental neutron and proton sc
tering data ~Figs. 4–9! are described fairly well by the
present model in a consistent manner. The overallx2 is 4.5,
which means that the experimental data are described
average within approximately two experimental errors. W
consider such a quality of description acceptable, yet so
comments are necessary.

One can see~Fig. 6! that our calculations underestima
the angular distributions of neutrons with incident energy
MeV, scattered on the 21(1.454 MeV) level. For the sam
reason the predicted elastic scattering for this incident ene
underestimates the experimental values, predicting a de
valley for about 135° scattering angles~Fig. 4!. It proves, as
discussed above, that the contribution of the compound s
tering mechanism for such energies could not be neglec
This was the reason not to include experimental scatte
data for incident energies below 7.5 MeV in the optical p
tential parameter search.

Experimental angular distributions of protons scattered
21(1.454 MeV) and especially 32(4.474 MeV) levels
@21,23#, which are measured for almost the same incid
energies 39.7 and 40 MeV accordingly, are in contradict
04460
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~see Figs. 7 and 9!. We relied on Stovall and Hintz’s dat
@21# in the potential parameters search due to the rea
mentioned above. This determines lower predicted ang
distribution values for 32 level excitation as compared wit
@23# for 40 MeV and@26# for 24.6 MeV incident energies.

Above we mentioned the redistribution of the couplin
strength in different channels without any additional assum
tions as the inherent feature of the~CC! approach builds
on wave functions of the soft-rotator Hamiltonian. Th
‘‘equilibrium’’ quadrupole 58Ni deformationb20 was found
to be 0.0788 in this analysis, which gives an ‘‘effective
deformation of 0.195, when averaged byb2 oscillation
functions, resulting in a 0.925 fm ‘‘effective’’ deform
ation length for direct excitation of the 21(1454 MeV)
level. The latter value can be compared with 0.9 fm us

FIG. 4. Comparison of experimental and calculated angular
tributions for neutrons elastically scattered from58Ni. Solid lines:
present calculation.
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in the harmonic oscillator model analysis of58Ni angular
distributions @33#. This fact shows the softness of58Ni
to such a degree of freedom, a feature ignored in the
quently employed rigid-rotator model. The result of o
^01ub2

2u02
1& value determining one-step excitation of th

02
1 (2.942 MeV) level is 15% lower than̂01ub2

2u21
1&,

while ^01ub2u21
1&^21

1ub2u02
1& determining the two-step ex

citation strength is 35% lower. This results in the lower co
pling strength decreasing the predicted 02

1 level excitation
value compared with the model assuming a constantb2
value, which requests for such models an appropriate de
mination of b2 for each pair of channels. This is what w
call the redistribution of the coupling strength, which lea
to the redistribution of nucleon current in a different chan

FIG. 5. Comparison of experimental and calculated angular
tributions for protons elastically scattered from58Ni. Solid lines:
present calculation.
04460
e-

-

r-

s
l

without additional assumptions. It is the result of the stret
ing of a soft rotating58Ni nucleus due to rotations incorpo
rated in the present model.

The volume integrals per nucleon for the real central p
calculated from the present potential are plotted in Fig.
where it is compared to the same quantity calculated fr
global potentials: the neutron and proton potentials of Wa
and Guss@34# and proton potential of Schwandtet al. @35#. It
is evident that the present results are consistent with th
widely accepted potentials. Especially the present proton
sult gives a smooth transition from the lower-energy reg
~where it is in excellent agreement with the Walter-Guss
tential! to the higher-energy region to agree with the pote
tial of Schwandtet al. In the overlapping region of the po
tentials of Walter and Guss and Schwandtet al., these two

s- FIG. 6. Comparison of experimental and calculated angular
tributions for neutrons scattered to the 21 ~1.454 MeV! level of
58Ni. Solid lines: present calculation.
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potentials have a slight inconsistency with each other
cause the proton potential of Schwandtet al. is lower than
the Walter-Guss neutron potential in spite of the fact that
Coulomb correction must enhance the proton potential
ticeably compared to the neutron one. Here we must re
that the Walter-Guss potential was determined by consi
ing the scattering~both of neutron and proton! and neutron
total cross section data simultaneously as was done in
present work, while the potential of Schwandtet al. was de-
termined by taking account of the proton scattering, mos
analyzing power, data alone. Therefore we consider it to
acceptable to have an agreement with the Walter-Guss
tential while having a slight disagreement with the poten
of Schwandtet al.at the low-energy region. Furthermore, th

FIG. 7. Comparison of experimental and calculated angular
tributions for protons scattered to the 21 ~1.454 MeV! level of 58Ni.
Solid lines: present calculation.
04460
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difference in the present neutron and proton potenti
caused mainly by the Coulomb correction term, lies in
reasonable range, which agrees also with that of the Wa
Guss potential. We did not compare here the volume in
grals for the imaginary potential because the global pot
tials considered here are for spherical model calculati
while the present potential can be smaller than them du
the fact that the coupling to the excited levels is conside
explicitly.

Finally we give a rough estimate of the uncertainties
the deduced parameters. In our case thex2 value has a flat

s-

FIG. 8. Comparison of experimental and calculated angular
tribution for neutrons scattered to the 32 ~4.475 MeV! level of the
58Ni. Solid lines: present calculation.

FIG. 9. Comparison of experimental and calculated angular
tributions for protons scattered to the 32 ~4.475 MeV! level of the
58Ni. Solid lines: present calculation.
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minimum valley, so the potential uncertainties were e
mated as deviations of the parameters which are require
give a noticeable change inx2 for at least one individua
energy angular distribution. In this approach the uncerta
of VR was estimated as 0.5 MeV, those ofWD andWV as 0.2
MeV, that of r R as 0.003 fm, those ofr D , r V , and r C as
0.005 fm, and those of the diffuseness parameters as 0
fm.

B. B„E2… data

Theg-transition probabilityB(El) can also be calculate
by the soft-rotator model. The leading term inB(E2) is pro-
portional to the square of an integral over theb2 variable
@8,2# guiding the enhancement of the coupling streng
Higher terms can be also taken into consideration~see Ref.
@9#!. As in the case of coupling in the CC calculation, t
probabilities of theg transition between different levels ar
enhanced differently compared with the rigid-rotator mod
The absolute value ofB(E2) depends on the equilibrium
deformation values which were determined by fitting to t
reaction data as described above.

FIG. 10. Volume integrals per nucleon of the real central par
the present potential~solid lines for neutrons and dashed line f
protons! compared to that of the Walter-Guss neutron~open circles!
and proton~solid circles! potentials and that of the proton potenti
of Schwandtet al. ~solid squares!.
i-

04460
i-
to

ty
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.

l.

The B„E2;01(g.s.)→21
1
… transition probability was cal-

culated as 0.0134e2 b2 with the account of inner dynamic
variables up to square terms. The experimental value
evaluated to be 0.0131e2 b2 @36#. The experimentally mea
sured upper limit value for theB(E2;41

1→21
1) transition

probability is 0.057e2 b2 @36#, which is equal to
0.028 e2 b2 in our calculations. Considering the fact that n
parameter was adjusted to calculate this quantity, our pre
tion is in good agreement with the experimental value.

VI. CONCLUDING REMARKS

The soft-rotator nuclear model and CC method with
coupling based on the soft-rotator model wave functio
were applied to analyze available58Ni experimental total,
nucleon scattering, collective level structure, and elec
magnetic transition rates in a consistent fashion. It was fo
that the model gives a modest success in describing the
lective low-lying level structure of58Ni which exhibits nei-
ther the typical rotational nor the vibrational spectra, wh
the nucleon interaction data were described reasonably
up to 150 MeV. It is recommended that such an approach
used for the analysis of the nucleon interaction with oth
nuclei in this mass region to validate the usefulness of
present method. The results of the present work can be u
for the evaluation of high-energy nuclear data of58Ni for
application purposes such as accelerator-driven transm
tion technology.
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