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Differential cross sections for 37.5-MeV ( He, t) data have been measured for the Ni isotopes. The data
are analyzed using a coupled-channels formalism with both macroscopic and microscopic models for the
interaction. The distorted-wave Born approximation, however, is found to be a reasonable approximation.
The quasielastic scattering (i.e, , excitation of the state in Cu which is the analog of the Ni target ground
state) is adequately explained by either model and yields the expected E—Z isotopic dependence. A
macroscopic description of the quasi-inelastic scattering (i.e., excitation of the 2+ analog state) requires a
large charge-exchange deformation parameter, in disagreement with results obtained at lower energies
for "Ti. A microscopic description, on the other hand, yields an extracted well depth which is roughly the
same for quasielastic and quasi-inelastic scattering. The relative amounts of f and p configuration in the
neutron excess are estimated using the microscopic model and are found to be consistent with shell-model
calculations.

I. INTRODUCTION

t lHE study of isobaric analog states by charge-.exchange reactions has been valuable in providing
information about the symmetry term in the optical
potential. A more detailed "microscopic" analysis can
also yield additional information about effective nucleon-
nucleon interactions and nuclear structure, but requires
rather accurate and complete data.

Early studies' ' using the (p, zt) reaction were
limited by energy to the lowest analog state, viz. , the
"quasielastic" or isobaric ground state (IGS) . However,
higher states were seen' and studied both at low
energies' ' (where the reaction mechanism is unclear)
and at high energies' (where individual levels are not
resolved). Analog states are also easily excited by
('He, l) reactions' and comparable information may
be obtained with an easier experiment. However, some
discrepancies between the (p, rt) and ('He, t) data have
been reported ' and are not completely understood.

The analog of the 6rst excited state, or isobaric
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excited state (IES), has been investigated previously
with the ('He, t) reaction. ""This transition has been
called "quasi-inelastic" scattering" when described in a
generalized collective-model framework. However, the
collective-model analysis of the IES data is not nearly as
successful as the corresponding analysis of the IGS.
In fact, while the "Ti('He, t) IES transition. is in good
agreement" with the collective model, other IES
transitions"" in this mass region exceed collective-
model predictions by an order of magnitude. To our
knowledge, no microscopic model analyses of IES
transitions have been reported.

In this experiment, the ground-state and first-excited-
state analog cross sections were measured for
""""Ni('He, l) reactions using 37.5-MeV incident
He ions. In addition, the IGS transition was measured

for a "Ni target in order to study the E—Z dependence
of the cross sections. The experiment was designed to
obtain IGS and IES data of comparable quality with
accurate relative normalizations. The IGS and IES
data were then analyzed together using both macro-
scopic and microscopic descriptions of the charge-
exchange interaction process.

The experimental method is described in Sec. II and
the data are presented. A brief outline of the theoretical
framework is presented and is confronted with the
data in Sec. III. Finally, some tentative conclusions are
drawn and possibilities for further study are explored.

II. EXPERIMENTAL METHOD

A 37.5-MeV beam of 'He ions was extracted from the
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TABLE I. Optical-model parameters used to fit the elastic scattering of 'He ions from "Ni. Set I is an average set of parameters
taken from the study in Ref. 18. Set II is obtained from a least-squares search to the 30-MeV data shown in Fig. 2. The Coulomb
radius was taken to be equal to 1.4 A'J3 F.
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1.3-m FFAG- cyclotron" and focused to a 0.2-cm-diam
spot at the center of the 92-cm scattering chamber. "
The integrated beam current from a Faraday cup
placed 120 cm behind the chamber center was recorded
in the first channel of an ND160 pulse-height analyzer.
The analyzer was also used to collect the triton spectra,
eliminating analyzer dead-time corrections. "

The targets were self-supporting foils ranging in
thickness from 0.4 to 1.0 mg/cm', and were isotopically

pure. Particle identic. cation was accomplished by using
a semiconductor counter telescope consisting of a 200-p,
AE silicon surface-barrier detector and a 4700-p, E-AE
lithium-drifted silicon detector, in conjunction with a
pulse-multiplier circuit and conventional electronics. "
The mass spectrum was continuously monitored during
the experiments to ensure correct mass gating for the
triton energy spectrum. The over-all resolution for the
triton energy spectrum was typically 120-keV full
width at half-maximum (FWHM) . Figure 1 shows two
typical spectra chosen to display the 0+ and 2+ analogs
of the Xi isotopes in Cu. At the energies used in this
experiment there was no diSculty in determining the
position of these states. The Q values and isotope shifts
in Coulomb displacement energy for the IGS in all cases
had good agreement with Coulomb energy systematics. '7

The differential cross sections were measured in the
angle range 15'—45' with 2.5 steps in the laboratory.

In order to determine optical-potential parameters
for the outgoing tritons, an elastic-scattering experiment
using 30-MeV 'He ions was performed with even Ni
isotopes as targets. This energy was chosen since it
approximates the outgoing triton energy in the experi-
ment. The elastic data of "Ni are presented in Fig. 2
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Fro. 1. Triton energy spectra for the NiPHe, t) reaction at
37.5-MeV incident energy.
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e..
FIG. 2. Elastic scattering 'He data at 30 MeV. The solid

line is an optical-model fit using parameter set II given in Table I.
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Ni(~He, t) Cu, IGS The triton parameters are taken to be identical to
those measured by the 'He experiment; partial jus-
tification of this procedure is given by Wesolowski
et a/."A few calculations were performed using triton
parameters extracted from 20-MeV triton elastic data"
on "Ni, and also using the prescription of Bassel et al."
to "correct" the measured 'He parameters. The di8er-
ences were found to be quite unimportant. The necessary
parameters for the incident 37.5-MeV 'He scattering
were taken from Gibson et al. ,

" and do not differ
significantly from the ones determined at 30 MeV.

Figures 3 and 4 give experimental results for angular
distributions of tritons following excitation of IGS and
IES states of Cu. The solid lines are macroscopic-model
distorted-wave Born-approximation (DWBA) curves,
to be discussed in Sec. III.

A. Macroscoyic Model

To explain the (P, n) reactions on nuclei, Lane"
has proposed that the optical potentials used to de-
scribe the elastic scattering of nucleons be generalized
to the form

U(r) = Up(r)+Up(r) t T/A,

O.I—

O.OI—
O.ol
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FIG. 3. Triton angular distributions following excitation of the
IGS of Cu using the ('He, t) reaction at 37.5 MeV. The solid
lines are DWBA curves using a macroscopic model for the inter-
action.
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(which incorporates data from Table I), as is the
optical-model fit. The parameters are similar to those
found to fit 58Ni elastic data over a wide range of
energies. "The optical potential used is of the form

U(r) =—V(e*+1) '

O.OI

I I

IO 20 30 40 50 60
e

i(W W—'d/dx—') (e*'+1) '+ V.(r), (1)

where x= (r rpA't')/a, x'= (r rp'A'i'—)/a', and V—,(r)
is the Couolmb potential from a uniform sphere of
radius &.4aii3 F
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FI(.". 4. Triton angular distributions following excitation of the
IES of Cu using the ('He, t) reaction at 37.5 MeV. The solid
lines are DWBA curves using a macroscopic model for the inter-
action.
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where t and T are the isotopic spin operators for the
projectile and nucleus, respectively. The diagonal
terms of t.T give rise to a symmetry term in the nucleon
elastic-scattering potential, while the off-diagonal
terms allow for charge-exchange transitions to the
isobaric analog ground. state. This optical model has
been further generalized" by deforming both parts of
the optical potential, Uo and U~. In this manner one
has a mechanism to describe the (p, e) reaction to
isobaric excited states.

In order to describe the ('He, t) reaction, we assume
that the optical potentials for mass-3 particles can be
described phenomenologically by a form similar to that
for the nucleon potential given in Eq. (2). The set of
coupled equations that one derives for the ('He, t)
system is then given by"

LEE+ Ug(He) +2V,—(2A) TOUq —Ej+(He)
= —A '(-'To) 'I'Ui@'(t), (3a)

EKE+ Uo (3)+V,+h.+ (2A ) 'TOUg —Ej@'(t)

= —A '(-', To)'"Ug+(He). (3b)

Ni ( He, t) Cu
MACROSCOPIC MOD EL,

POTENTIAL I

o.

0.0

3
&00
b

0.00

In the above expression, V, is the Coulomb potential
per single electric charge on the projectile, 6, is the
Coulomb energy difference between the target nucleus
and its isobaric analog state, and To is the isotopic spin
of the target nucleus. The wave functions 4'(He) and

4(/) are the product function of the scattered particles
and nuclear states in the target and analog states,
respectively.

In the case of a nucleus with quadrupole deformation,
we write the potentials Uo and U~ as U((r —E)/a),
where the radius E is given by

E=EO(1+pI'20(0) ), (4)

where p is a quadrupole deformation parameter, and
0 is the angle that the projectile coordinate r makes
with the symmetry axis of the deformed nucleus.
Different deformations P& & and P&'~ are allowed for the

Uo and Uy terms, respectively. A first-order expansion
gives

U;= U;(g) —P&o(R;/a;) Fgp(8) (d/dx) U;(g), (S)

with i=0 or 1, and x= (r—Eo)/u. Substitution into

Eq. (3) readily yields a system of at most eight coupled
equations. The details of the solution to these equations
are given elsewhere. "

Several calculations were performed using the
coupled-channels formalism with "reasonable" param-
eters to be discussed below. In all cases investigated the
DWBA Lobtained by treating the right-hand side of

(3a) in perturbation, using for 4(/) the homogeneous
solution of (3b) j was found to be a reasonable approxi-
mation. A sample comparison is given in Fig. 5 for the
"Ni('He, t) "Cu reactions. The coupled channels give a
different result than Frahn, '4 who, using a diffraction
approximation, predicted an enhancement by a factor
of 4 in the quasi-inelastic yield due to non-DWBA
terms. Evidently the coherence needed to give this
enhancement is not obtained in the coupled-channels
method using phenomenological optical potentials and
deformation strengths needed to 6t the data, " The
calculations presented in the paper have employed the
DWBA for numerical convenience: The only qualitative
difference that a coupled-channels analysis would yield
is a 20% reduction in the extracted deformation
strengths P&'&, and a slight shift of the positions of the
maxima in the forward angles where the fit to the
data is made.

IO 20 30 40 50 60 70
e

FIG. 5. Comparison of coupled-channel calculations with the
DWBA for IGS and lES transitions in the Ni('He, t) Cu reaction.

~' G. R. Shtchler, in Isos~n oe Xgclecr Physics, edited by D. H.
Wilkinson (North-Holland Publishing Co., Amsterdam, to be
published) .

B.Microscoyic Model

A less phenomenological approach to the description
of inelastic scattering than that given by the collective

"T.Tamura, Rev. Mod. Phys. 3'7, 679 (1965).The computa-
tional work was performed by the coupled-channels code cHUcK
on the University of Colorado CDC 6400 computer.

~ W. E. Frahn, Nucl. Phys. A10'7, 129 (1968).
""However, by forcing the adiabatic condition, making the 'He

and t distorted waves identical, and using P('&=P&'&, an effect
like that predicted by Frahn was achieved at forward angles.
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model uses a more detailed "microscopic" description
of the charge-exchange process. This model assumes that
the interactions which give rise to the inelastic transi-
tions is a sum of eAective two-body forces between the
nucleons of the projectile and the nucleons of the target
nucleus. Ke then can write the transition amplitude for
a one-step direct process as

Tf — g' f' l*(r) (gtgi'4(t) I v.ff
I
%(He) gtg, )x,&+& (r) dr.

(6)

The functions, y, (+& and gf( ' are distorted waves
describing the initial and final states of relative motion;
the intrinsic states of the projectiles and nuclei are
denoted by 4 and gtg in an obvious nota, tion. The
operator U,« is taken to be an effective two-body
interaction of the form V,«= gk„ tkv, where h denotes a
target nucleon, and p denotes a projectile nucleon.
The amplitudes t» are conveniently parametrized by

tk„(Uo.+V——opVk. Vv+ Ui.ak O.
v

The isospin part of the matrix element of tj, is easily
obtained and yields a factor Qn for the Usp and V&p

terms, with the others vanishing. The spatial part is
evaluated with a parentage expansion

I
(pf)"I)= Z a-z

I
(pf)" '~i~i&3

I psts&

+ 2 b.sss I
(pf)" '~s~'&8 Ifsts), (1o)

0,2J 9

where o,~ and o.2 denote additional quantum numbers,
and implies vector coupling to the total angular
momentum I.

In this work primary attention is given to the
excitation of the IGS in which case I=I'=0 and

I
(pf)"»=a I(pf)" ' :& I

p-sos&+b I (pf)" 's&3 If» &

a'+ b'= 1,

holds for target and IGS daughter. By performing a
multipole expansion of the interaction

g(l rk —r I) =4v- Z gr. (rk, r) Fry(rk') Urkr*(r), (12)

+Uipk'& rrk &v) g(l rk rv I) (—7) it is possible to factor the matrix element of U,« into
an angular and a radial part. The former is geometrical
in nature and is readily dealt with using standard
techniques. '~ The radial part is sometimes called a form
factor, and for the IGS transition is

where g(r) has a Yul&awa shape e s"/tgr, and o' and v
are, respectively, twice the spin and isospin operator
for the appropriate nucleons. The procedure now is to
average the effective interaction U,«over the 'He and
triton coordinates. Since the expression one obtains
from the three-body projectile averaging gives rather
complicated functions, "we make the assumption that

~o(r) = a'~ (r)+b'5t(r) (13)

g&(&) = f »„&'&(&„)»„"&(r,)g, (r„r)r„'&gr„,

(+(t) I
v.« I

+(He) &=Ztk,

tl (VO&g + UOp rk'r+ Vlgg ok'o
where ug;(rk) are single-particle orbitals for protons m.

or neutrons v. Although Eq. (13) may be used as it
stands, it is useful to observe that the shape of gt~(r)+ 'P "' " )g( ' I) ' at large r is highly independent of t. Thus,

where the sum is carried over the target nucleons k and
the variables v, o, and r are the isospin, spin, and c.m.
coordinates of the projectile, respectively. The strengths
U' are suitably modified. ' This approximation has been
discussed by Wesolowski et a/. " in their microscopic
description of Ti('He, t) reactions and seems to be a
reasonable one to use.

Since the tk operators in Eq. (8) are single-particle
operators, they connect only nuclear states that differ
by at most one nucleon orbit. For the Ni isotopes, we
assume the simple shell model where all the levels
through the fit. are filled with both neutrons and
protons, and the excess neutrons go into the psts and fs/2
levels. Thus we write for the A —56=m isotope of Ni
and an analog state in the Cu isobar as

I y, )= I (pf)-1, r=-', n, m, =-',n),

I y, )= I
(pf)-I', T= ', n, iv, = ;n 1). (9-)-—

Fs (r) (a'K+ b') 8& (r), (14)

with K= gt„/gty evaluated at an appropria, te large radius.
The value of K' is conveniently obtained by taking the
ratio of cross sections using pure p and pure f orbitals.
Although E is slightly dependent on the isotope con-
sidered (via the nucleon separation energies), it is
rather close to the factor 1.6 for the cases considered
here.

With the approximation of Eq. (14), the ('He, t)
angular distribution is independent of the parentage
coefficients, which appear only as a scale factor
(a'K+b')' in the cross section. This simplicity does not
obtain for the IES excitation formula, since the counter-
part to Eq. (11) is more involved; in particular, p~f
transitions are possible, so that terms with ab coeKcients
appear which depend on the relative phases of the pa-
rentage expansion. Nevertheless, it is straightforward to

~' Vg g. Madsen, Nucl. Phys. 80, 177 (1966). sg See, e.S., G. R. Satchler, Nucl. Phys. 55, 1 i1964&,
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calculate these IES transitions given detailed wave
functions, and work along these lines is underway.

The computer code DWUcK was modified to calculate
the radial form factors Fr, (r) using a Yukawa potential
and nuclear wave functions which are solutions to the
Schrodinger equation with a Woods-Saxon potential.
The calculations were restricted to single orbital transi-
tions (i.e., either ps~s~ps~s, or fs~s~f~is) although we
have seen that this is sufhcient for IGS transitions.
The wave functions for the bound-state nucleons were
generated from a Woods-Saxon potential with a radius
1.253'~' F, diGusivity parameter a= 0.65 F, and a
spin-orbit strength 25 times the Thomas term. The
proton potential included the potential due to a uni-

formly charged sphere of radius 1.253')' F.The depth of
the nuclear potential well was adjusted to give the
separation energy of each nucleon as tabulated in
Table II. The range parameter p of the Vukawa inter-
action between projectile and target nucleons was taken

Mass
Xo. Neutron

Binding energy (MeV)
Proton Proton
(IGS) {IES)

TAsLE II. Nucleon separation energies used in the microscopic-
model calculations of Ni('He, t) Cu.

TABLE III. Comparison of Ni ('He, t) cross sections with the
neutron excess.

0 IGS &IES
Target E—Z mh/sr

ol (N Z) Ios rrl (N Z) IES
arbitrary units'

"Xi 2
"Xz 4
"Xi 5
"Ni 6
~Xi 8

0.23
0.44
0.51
0.62
0.52

0.025
0.020

~ ~ ~

0.040
0.020

1.05
1.00
0.93
0.94
0.59&

2.5
1.0
~ ~ ~

1.3
0.50

~ Taken at the second peak (0~28').
b Taken. at 8 =25o

Normalized to unity for 6oNi.

An increase to~0.8 can be obtained if the integrated cross sections are
compared or if a DWBA fit is employed (see Table IV).

no a priori reason to expect the neutron-excess de-
formation parameters, Pt'i in Eq. (5), to be constant
for a given isotopic sequence.

A comparison of ('He, 1) IGS cross sections with the
neutron excess is given in Table III, and one sees a
rather close proportionality except for "Ni. A close
inspection of Fig. 3 shows that the angular distribution
for '4Ni('He, 1) differs from that of the other Ni targets.
It is likely that this difference is a ramification of filling

58
60
62
64

12.24
11.39
10.59
9.66

2. 64
1.91
1.24
0, 39

1.24
0.58
0.07—0.95

O.I—

to be 1.0 F ', a value used with success by Satchler and
co-workers"" in their (p, p') and (p, n) reaction
analyses and by Wesolowski et a/. " in their ('He, t)
work. All the calculations to be discussed assume a
spin-independent interaction so that the data are fitted
with a single strength Vo—= Vop'.

III. RESULTS

A. Dependence on Neutron Excess

O.OI—

O. I—
LO 5-
E

3~0.01—
b

CE

MeV)

The collective-model description of IGS transitions
predicts a ('He, t) cross section proportional to the
neutron excess, E—Z, for an isotopic sequence, as is
readily seen in Eq. (3). In the microscopic description,
the same dependence occurs if the excess neutrons fill a
single orbital throughout the sequence (or if the con-
figuration ratios remain constant). If different orbitals
are being 6lled and contribute unequally to the cross
section, a departure from E—Z is to be expected. For
IES transitions, the E—Z rule is not expected to hold
even with a collective-model description, since there is

"G. R. Satchier, Nucl. Phys. A95, 1 (1967).

ACE
30 MeV]

O,OI

I I I I

10 20 50 40 50 60 70
8,

FI(". 6. Study of the effect of geometry choices of the symmetry
energy term on the Ni(3He, t) Cu angular distributions (see
text). The curves are scaled visually to fit the data as well as
possible.
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TABLE IV. Macroscopic-model extraction of symmetry energy
parameters from the Ni(3He, t) Cu IGS and IES transitions. A
complex surface form of the symmetry energy is assumed. The
charge-exchange deformation parameters P(') are defined in Eq.
(5).

U1
(MeV)

58

60
61.

62

64

57+3"
54&4
53w4
54%3
49&4

0.59~0.06«

0.41%0.10

0.49%0.06
0.34&0.03

Errors reflect only the uncertainty in scaling the DWBA curves to
the data.

In order to apply the macroscopic model to the
analysis of the ('He, /) data it is necessary to assume a
definite geometrical form for the symmetry potential
Ui(r). The strength is then obtained by fitting the
calculated results to the data. For simplicity, the
geometrical parameters needed for U~ are assumed to
be the same as those for Uo, i.e., set I of Table I. For the
geometrical shape of Ui(r) we follow the procedure of
Bassel et al.' and take the important imaginary part
of U, (r) to be of surface form, i.e., the derivative of the
imaginary part of Uo(r). The less important real part
of Ui(r) is taken to be of volume form, viz. , propor-
tional to the real part of U, (r) and is taken to have the
same strength as the imaginary part. This procedure
(volume real, surface imaginary) is used in the fits in
Figs 3 and 4 and is called complex surface in Fig. 6.
The sensitivity of the ('He, t) cross sections to the
choice of Ui(r) geometry is studied in Fig. 6. A volume
choice for the imaginary part (or making it zero)
yields a decidedly inferior 6t, a fact also noted by
Wesolowski et a/. " in their 'Ti('He, t) study. There is
little difference in angular distributions between the
real and complex choice for the interaction as long as it
is taken to be of surface form. However, the strength
of the latter choice is in good agreement with other
methods of obtaining the symmetry energy while the
real-interaction choice requires a strength an order of
magnitude too large. Thus we And a preference for a
complex-surface form of the symmetry potential, in
agreement with other analyses. ' '

The extracted values for U~ are given in Table IV
and are to be compared with the 108-MeV strength
obtained by Wesolowski et (s/. ' in a similar manner for

different neutron orbitals, which is understandable in
the microscopic framework. The IES transitions, on
the other hand, show no proportionality to E—Z
whatever.

B.Macroscopic Model

"Ti, or with the value 35 MeV extracted from elastic-
scattering analyses. " Here we have multiplied the
surface imaginary potential strengths of Kesolowski
and Bassel by 4 to agree with our potential definition.
In view of the established sensitivity' of such results to
the ambiguities on the 'He optical parameters, the
agreement with other values of the symmetry energy
is satisfactory.

The extracted strengths for the IKS transitions may
be interpreted as neutron-excess deformation param-
eters, and are seen to be considerably larger than the
inelastic deformation parameter /&0& (Pio& 0.15 for the
Ni isotopes). A similar result was obtained in early
"Fe(p, e) work, where a value p&i&~0.7 was extracted.
However, in the 4'Ti('He, t) experiment, io a value
P&"=0.24 was obtained, which agreed with the g& &

value for ~Ti. Other work is underway to check the
later result, and to investigate the correlation between
p&'& and p"& in this mass region.

Note added in proof The lo.w IES strength in the 4'Ti

experiment is indeed correct and may be explained by
the exceptional ( f7/2)'proton ( f7/2) 'neutron configura-
tion which results in a broken symmetry for the IES
transition. See j'. D. McCullen, B. F. Bayman, and

Larry Zamick, Phys. Rev. 134, B515 (1964).
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FzG. 7. Microscopic-model 6ts for "Ni('He, t) "Cu IGS and
IES transitions using f6~2 orbitals. The labels I and II refer to the
optical parameters in Table I.



('He, t) SCATTERING FROM Ni

C. Microscopic Model

A microscopic approach to the ('He, t) reaction in
terms of nucleon orbitals and a real effective interaction
was developed in Sec. II. The resulting cross sections
for the "Ni('He, t) "Cu IGS and IES transitions are
shown in Fig. 7 for both of the optical-parameter choices
in Table I assuming fsts nucleon orbitals. The resulting
shapes using ps/s orbitals are essentially identical and
differ only in their normalization, the psts cross sections
being roughly a factor of 2.5 larger as discussed in Sec.
II. The normalization strengths needed to fit the data
with a pure configuration are given in Table V in terms
of Vp, the real two-body interaction strength I denoted
as Vppin Eq. (8)].

The angular distributions obtained with the micro-
scopic model fit the data ratther badly and are compar-
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TABLE V. Microscopic-model extraction of interaction strength
parameter Vs (in MeV) from the Ni('He, t)Cu IGS and IES
transitions. Unmodified optical parameters (set I) are used for
the 'He and t scattering.

fsis
IGS

P3/2

IES IGS
fsn p3~2 mixed'

58
60
62
64

54~5b
46a3
43&4
40a6

33+3
30%2
26&2
26&3

78a10 48m 5 38
59w3 35m 2 33
56m 5 31a3 31
38m 7 22w4 30

Shell-model calculations (see Ref. 29) are used for the relative f-to-p
mixing. The b~/a~ values are 0.37, 0.58, 0.64, and 0.72 for A =58, 60, 62,
and 64, respectively (see text).

The errors are determined from the range of acceptable normalizations
to the data.

able to those obtained using a real, volume symmetry-
energy term for the collective model (see Fig. 6) . It has
been pointed out" that the effective interaction may
well be complex, and if it were of suitable radial shape
could improve the angular distribution. However, the
additional parameters involved cannot be determined
in this work alone, so we prefer to keep a real interaction.

Since the maximum at 27' in the 0+ IGS cross section
is not reproduced by the theoretical curves, an attempt
was made to see what changes in the calculation would
improve this 6t to this data. In general, any modifica-
tion to the calculation which would enhance the large-
distance behavior of the form factor or distorted waves
would increase the size of this almost missing maximum.
In particular, the addition of nonlocal effects in the
distorted waves or bound-state wave functions as well
as a cutoff on the radial integrals would raise this
maximum relative to the others. The radial cutoff had
the most effect and the calculated cross section for the
~Xi IGS is shown as a function of the lower cutoff
in Fig. 8.
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FIG. 8. Sensitivity of 6 Ni( He, t) IGS angular distributions to a
lower cutoG on the DKBA radial integrals.
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FxG. 9. Sensitivity of "Ni('He, t) IGS angular distributions to
changes in the triton optical well.

An alternative procedure to improve the G.t to the
angular distribution is to modify the unmeasured triton
optical well. Some change is expected owing to the
diagonal-symmetry energy term, and analysis of 'He
and t elastic-scattering data at 20 MeV indicate a
somewhat smaller (about 2 Mev) real-well depth for
the triton and perhaps a smaller imaginary-well radius. '
Figure 9 shows the eGect of these changes on the ' Ni
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IGS cross section, and it is seen to be unimportant.
However, a much larger change in this direction does
improve the agreement considerably although the
particular combination of triton-well parameters are
not well determined. One may also obtain reasonable
agreement with a combination of nonlocality and
triton-well modi6cation.

In the results presented in Table V, unmodified
optical potentials were used with local potentials.
Fortunately, the first maximum at 20' is very insensitive
to the parameters, and thus the relative strengths may
be extracted there with some confidence. Also, the
angular distribution of the 2+ IES is quite insensitive to
the calculational details. The values for the effective
interaction strengths given in Table V are all in the
range Vp 50 MeV for the fpp~fp~s transition and thus
compare favorably with the value 55 MeV extracted
by Wesolowski et al. '0 and the "modified" value of
34 MeV obtained in the "Cr(p& e) "Mn analysis

It is tempting to extend the analysis further and use
a shell-model calculation for the parentage coefIicients
a and b in Eq. (11).The last column in. Table V gives
Vp values using b'/a' ratios taken from the work of
Cohen et al. ,

2' who assume an inert "Ni core, place
neutrons in pp~s, fp~2, pip, alld gpss orbitals, and solve
using an effective "best-fit" two-body interaction. We
have summed their ps~s and. pi~s configurations in
extracting the f'/a' values given in Table V. An appre-
ciable reduction in the spread of Vo through the Ni
isotopes is seen. Pa,rt of the remaining variation may
be due to assuming a closed 8= 28 shell. Relaxing this
a,ssumption would allow f7~s nucleons to participate in
the charge-exchange process. Such core polarization
should be more important for the heavier isotopes and
would reduce the Vo spread.

S. Cohen, R. D. Larson, M, H. Macfarlane, S. P. Pandya,
and M. Soga, Phys. Rev. 160, 903 (1967).

It is not feasible to perform a similar analysis on the
IES strengths, since the data are considerably more
inaccurate. Also, the parentage coefficients enter
sensitively in the radial form factor, and thus it is
necessary to test detailed calculations specialized to the
analysis. Of course, the sensitivity allows for the
possible determination of relative phase information.
The pure-configuration IES values of Vo given in
Table V are quite reasonable when compared with the
IGS values, the greater spread probably rejecting
coherent e6ects.

IV. CONCLUSIONS

The excitation of analogs to the ground 0+ state
(IGS) and excited 2+ states (IES) of the Ni isotopes by
the ('He, t) reaction may be analyzed using either a
macroscopic or microscopic theoretical framework.
Good agreement to the angular distributions are
obtained for the macroscopic model using a complex
symmetry-energy term, the imaginary part of which

peaks near the nuclear surface. The IGS transitions are
roughly proportional to the neutron excess as expected
from a macroscopic model; however, the neutron-excess
deformation parameters needed to fit the IES data are
larger than the usual quadrupole deformation param-
eters.

The microscopic-model analysis with a real inter-
action gives rather poor fits to the angular distribution;
however, this can be remedied in several ways. The
analysis of the relative cross sections for IGS transitions
is consistent with shell-model calculations of the
neutron configurations. The strength Vo 35 MeV is
in excellent agreement with (p, m) work. A microscopic
analysis of the IES transitions in terms of pure orbitals
gives reasonable Vo values. The sensitivity of the IES
cross sections to the details of the nucleon orbitals
suggests promise for a more elaborate analysis.


