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Nine excited states of "Ni were studied via the "Ni( Li, Li) reaction at 71.2 MeV. Two methods were

employed to analyze the data. They were the distorted wave Born approximation, and the method of
coupled channels. A comparison of their predictions and the information they provide about the nuclear
deformation lengths is presented. In agreement with the Austern-Blair model for strongly absorbed particles,
all five parameter sets produced equally good fits to the inelastic data.

NUCLEAR REACTIONS Ni( Li, Lt') for s Ni* energies E*=1.45, 2.46, 2.78,
3.04, 3.26, 3.62, 3.90, 4.48, and 4.75 MeV. Angular distributions measured,

deformation lengths extracted.

Table I. Optical model parameter sets which give the
best. fits to the elastic scattering data of
Huffman et. al.
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I. INTRODUCTION

Elastic and inelastic ' scattering of Li by medium
1—5 . . 3~g

weight nuclei have been studied recently, but none of the
studies has investigated inelastic transitions in ' Ni with
projectile energies above 34 MeV. In the present work
nine inelastic tr ansitions wer e obser ved in Ni at
71MeV. Each transition was treated as a one-phonon
collective transition in the DNBA using complex coupling.
Since the defor mations of separate portions of the
interaction potential (real, imaginary, Coulomb} need not
necessarily be equal, the calculations were per for med
twice with each set of optical model (OM) parameters
that fits the elastic scattering data. These parameters
are listed in Table I. In one set of calculations, the
deformations were held equal, and in the other set of
calculations the deformation lengths were held equal.

preliminary coupled-channels ca(culations were also
performed for the lowest energy, 0 —2 —4, vibrational+ +

band which coupled the ground state and first two exci'ted
states. Investigations into multiple-plus-dir ect with
admixtures of one-and two-phonon transitions for the first
4 state at 2.45 MeV were performed with g particle
scattering as early as 1962 by Buck and as recently as
1972 by Horen et al. The studies were prompted by the
fact that this state does not follow the Blair phase rule.
According to this rule, angular distributions cor responding
to even values of angular momentum transfer L should be
out of phase with angular distributions corresponding to
odd L transfer. Also, angular distributions with odd L
should be in hase with the elastic distributions.

For the Zr + Li reaction at $4 MeV and 75 MeV,
sizable differences have been noted between extracted

deformation lengths and pr eviously r eported values.
Surprise at these obser vations was one motivation in
per forming this investigation.

II. EXPERIMENTAL PROCEDURES

The MSU sector-focused cyclotron was used to produce
an extracted beam of 200-300 nA of 6Li + ions. An
are —like ion source produced the beam through the
sputtering action of Ne on LiF pellets, enriched in Li.
Electrodes of tantalum (source life, approximately three
hours) were used, but hafnium was briefly employed in an
attempt to increase source life. ' (Hafnium did increase
source lifetime by approximately a factor of two, but on-
target current was reduced by a factor of approximatel"
four. ) Two analyzing magnets and several quadrupole
focusing magnets were used to give a rectangular beam
spot of approximately 2 mm x 4 mm on a foil target of
1.02 mg/cm, 99% enriched Ni. , On-tar get beam
intensity of 10-50 nA at 71.2 MeV was monitored by
stopping the beam in a Faraday cup and sending the
current to an Ortec charge digitizer for charge measure-
ments.

A detector with two resistive-wire, position-sensitive
proportional counters in sequence backed by a scin-
tillator, placed in the focal plane of an Enge split-pole
spectr ograph was used to gather the data. Two- dimen-
sional gating techniques ( hE vs TOF (time-of-flight), hE
vs position, TOF vs position, and light vs position) were
used for multiple identification of the scattered lithium
ions. A PDP-11/45 on-line computer was used for gating,
display, and collection of data.

The low beam intensity restricted the range over which
it was possible to gather data to lab angles less than
approximately 45'. A FVfHM - 90 keV made it possible to
r esolve nine inelastic states. Typical spectr a are
displayed in Figure l. For angles below 18, the elastic
peak was not recor ded (see upper spectr um of. Figure 1) in
order to decrease dead-time in the detector. At the other
angles, where the elastic peak was included in the spectra,
we could obtain a check on the absolute values by
comparison to the elastic-scattering data of Huffman et
al. at 74 MeV. To account for the 3-MeV difference, the
OM parameter set (Table I) with V = 160 MeV was used to
calculate the elastic scattering at 71 MeV. At some of the
angles beyond 30', wher e the r uns were long, there wer e
significant err ors in our measurement of the elastic cross
section. Therefore, we normalized our data by compar-
ison of our elastic cross sections to those computed from
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turn tr ansferr ed. Coulomb excitation was significant
mostly at small angles.

Calculations of the theor etieal dif ferential cross
sections were performed on an XDS Z-7 computer using
the code DWUCK 72. '' In the collective model,
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FIG; 1. Typical spectra.

Huff man's data. The aecur aey of the data, unless
otherwise specified, is 596 relative with an additional
+ 596 absolute.

III. DWBA ANALYSIS

Optical potentials with volume real and volume
imaginary ter ms of the standard Woods-Saxon form were
used in DWBA analysis of the data:

U(r) = -V f(r) - i Wg(r),

F(r) = FD(r)+ F (r»

F (r)= —[VR +iWR ~ ]D R dr L I dr

F (r) = 3zz'e
{2L+1) „(L 1)

O, r (R,

and

where
'RR

f(r) = t 1 +exp ( a-8

g(r)=pl+exp( ) ]
I

and

1/3 1/3
RR = rRA, RI = rIA

Added to this was the potential due to a spherically sym-
metric, uniform charge distribution of radius R

We used a first-derivative, collective-model for m
factor, with Coulomb excitation included, to describe the
interaction:

Implicit in this model is the assumption that the deforma-
tion parameter gL applies equally to the real, absorptive,
and Coulomb terms in the potential, i.e. gL =g L =8~.
However, by appropriate scaling of V, W, an5 the coulomb
excitation scale factor, it is possible to set the deforma-
tion lengths gL =g& R equal for each ter m in the
interaction potentiaT, i.e. ~r ~ R = ~ LIRI = ~& c R e.
These two approaches to the D%BX analysis will lience-
for th be referred to as g sealing and g R scaling,
respectively.

When discussing deformations measured by different
experimental techniques, it is more common to compare
deformation lengths 6L = g LR. The nuclear matter
deformation may then be obtained from the potential
deformation through the relation B MRM

= II
& B,where

R, Rp, gL, and 8LP are the mass and potential radii
arÃ dePformalion parameters respectively. The choice of
RR, RI, or R as Rp mill be discussed in the next section.

Investigations were performed to facilitate a propitious
choice for the matching radius and integration step size to
be utilized in the distorted wave calculations. These
investigations were performed on the elastic as well as
the inelastic cross sections. In the latter case, angular
distributions mer e obtained for integration step sizes
between .035 and .30 fm for a matching radius of 14 fm
and between .05 and .30 fm for a matching radius of
20 fm. As step size mas decreased, the calculated
differential cross sections for the tmo matching radii
asymptotically approached the values obtained for a step
size of 0,04 fm and 0.05 fm, respectively. These obser va-
tions were based on an angular range of 0'- 180'.
However, it was found that in the angular range of our
experiments, 5'-50', the calculated angular distributions
were quite similar for integration step sizes between 0.08
and 0.12 fm. Therefore an integration step size of 0.10 fm
was used in subsequent analyses. Using this integration
step size, angular distributions were then obtained for
matching radii between 15 and 25 fm. When matching
radii between 17 and 23 frn mere used, the calculated
angular distributions were nearly identical. Ther efore, in
subsequent analyses, we used 20 fm for the matching
radius.

IV. DWBA RESULTS

The optical model parameter sets of Table I give the
best fits to the elastic scattering of Huffman et al.
Results of the searches performed in fitting their data
displayed signs of both continuous and discrete ambigu-
ities. Paeh OM set of Table 1 corresponds to the best fit
for each of the five "families" of parameters observed. It

hoped that our inelastic scattering data
remove or reduce the observed ambiguities when
compared to DWBA inelastic angular distributions gen-
er ated using these OM sets.

The theoretical inelastic angular distributions predicted
by these five OM sets were very similar over the angular
range for which data were obtained. In particular, the
only observable differences were slight continuous
changes in the depths of the minima with increasing value
of the real potential depth V. These changes were most
easily observable in the 2 states but did occur{to a much
lesser extent) in the 3 and 4 states. Also, these
changes, even for the 2 states, mere less than the
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uncertainty in the data.
The above obser vations hold for both p and g R scaling;

the difference between the two types of analyses being
that 8 R scaling gives slightly deeper minima and a slightly
steeper overall slope for all states. Also, there is little
change in the quality of the fits to the data when
switching from one type of analysis to the other' for a
particular set of OM parameters.

To illustrate the high degree of similarity between the
theoretical angular distributions calculated using different
OM sets, the extremes of these calculations are shown in

Figures 2 and 3. In Figure 2 the V = 160 MeV fits to the
data for 8 scaling (solid line) and 8R scaling (dashed line)
are shown together. Figure 3 shows the V = 60 MeV (solid
line) and V = 295 MeV (dashed line) fits to the data when
the P-scaling analysis technique is employed. Five of the
states are fitted well by the DNBA but the predicted
phase of the oscillations does not agree with the observed
phase for the other four (viz. the 2.45 MeV (4+), 2.78 MeV
(2 ), 8.90 MgV (2 ), and 4.48 MeV (8 ) states). For the
2.45 MeV (4 ) state, this problem is given mor e consider-
ation in the next section. Also, small-angle scattering
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FIG ~ 2. Fits to the dat. a for the V = l60 MeV

optical model set using g scaling (solid line) and
f3 R scaling (dashed line) . Data for which error
bars are not shown have uncertainties less than the
size of the points. The elastic scattering data are
f rom Huffman et al ~
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FIG. 3. Fits to data using V = 60 MeV (solid
line) and V = 295 MeV (dashed line) optical model
sets of Table I when using g scaling. Data for
which error bars are not shown have uncer tainties
less than the size of the points. The elastic
scattering da ta are f rom Hu ffman et al
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(8 & 15'} is not well predicted for any of the 2+
sta es.

Investigations were performed to find which element, if
any, of the interaction potential (real, imaginar y,
Coulomb) was the major contributor to the cross sections.
This information could lead to a proper choice of RR, R I,
oi R to be used as Rp in ealeulating the deformation
lengt s of the potential. Results showed that the
imaginary term in the interaction potential gave contribu-
tions to the cross sections a factor of approximately three
greater than the contributions due to the real term for
each of the three arigular momentum states observed.
Also, Coulomb contributions to the cross sections were
important only for the 2 states and then only for angles
less than approximately 15'. Thus, RI was chosen to be
Rp and subsequently used to calculate the nuclear

deformation lengths of the potential. The imaginary
radius has also been used to ealeulate deformation lengths
for other targets at different Li beam energies.

In Table II, values of g 8& (from g scaling analysis
technique) and PR (from PR sealing) are listed along with
the 5 values of previous analyses. The values of g, PR,
and gRI listed in Table II for this analysis were obtained
by averaging the five values independently obtained from
each OM set for a given state. The standard deviations
associated with this averaging process are also listed in
the table.

Prom Table II we see that the gRI values are always
about 20% greater than the gR values. In comparison to
previous determinations of 6, g RI is closer to $z&for
five of the states and 8R is closer for four of the sites.
Also, SR I is within the range of previous determinations

Table II. Nuclear deformations and deformation lengths of this analysis with deformation lengths of
previous analyses. The values repor ted for this analysis are averages of the values
obta ined independently from the five optical model sets of Table I. The number s in
parentheses after these values are the standard deviations in 8 associated with the
averaging process. Previously reported values include the standard deviations in 8 and
number of observations, respectively, in parentheses af ter their average. For (p, p'),
(g,g'), and other reactions, 6 is the average of values reported in Reference 12 and in
References 13-16. 6Ay is the simple average of all values in the references incorporated
in the six other columns of previously repor ted values. Methods of analysis used in
extraction of 6A& include OMBAg Austern-Blair dif fraction model, coupled channels Born
approximation, and measurement of electromagnetic transition strengths.
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.19

.83 (12,10)

.53
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.21
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31(li2)
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.33
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Coul. Ex.
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(e,e').40
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(n, n')
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.37
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of & for only two states, whereas P R is within the
recorded range for five states. This is shown more clearly
in Figure 4 where high, low, and average values of g are
shown with g RI and 8R.

In addition, the standard deviations associated with the
8 RI are larger than those associated with pR by a factor
of approximately three. Also noticeable for any given
state is a trend in the individual values of gR I (before
averaging) to increase with increasing depth of the real
potential when going from one OM set to another. No
such trend was noticed in the gR values.

/he gR values differ from the previously reported
values most noticeably for the 4+ states, but the dif-
ference is less than with 8 sealing. 8R values for the
other states do not agree well with the 6 values either,
except for the 2 states at 3.26 and 3.90 MeV. For the 4+
states, the pRI values agree with the cvalues better than
do the PR values, but the differences are still quite
significant. Interestingly, note that gRI and 6 agree best
(5% difference) for the 3 state. Overall, though, the
values of P R and PR I of. this analysis do not agree very
weB with the previous'. y reported values.

Significant also is the fact that the ratios of
g2 RI /g4 R I (= 1.67) and g ~R/g4R (= 1.75) are quite
similar and differ from the ratio of 62/64(=1.23) by
about 40%. A similar observation may be made from

recent analysis of lithium inelastic scattering from
Zr. ' Thus, it would seem inaccurate to scale experi-

mental lithium inelastic cross sections for all observed
states by the amount required to obtain agreement with
previously reported nuclear deformation lengths for 3
states.

V. COUPLED CHANNELS ANALYSIS AND RESULTS

Coupled channels calculations were performed using the
code ECIS.' The optical potential used was that of
Table I with V = 160 MeV, and the computational
parameters were s~) equal to those used in DWUCK
72: R co&1 =1.40A, 85 partial waves, and integration1

to a maximum radius of 20 fm in steps of 0.10 fm. The
deformation parameters for each portion of the potential
were set equal (i.e. p R =p I=pe) and the transition
matr ix elements were ealeulated internally, in ECIS.

Only the ground state, 1.45 MeV (2 ), and 2.46 MeV (4 )
states were coupled in the present analysis. These states
may be effectivejy coupled in the first-order vibrational
model when the 4+ state is assumed to be an admixture of
one and two phonon components. »' This allows fo"..
direct transitions to the 4 states, which are not usually
included in first order. However, the second-order
vibrational model was used because it was believed that
reorientation matrix elements would have a sizable effect
on the calculated angular distributions. In fact, this
effect was subsequently found to be negligible.

Initially, p2 and 9 4 were set to the values obtained
from the previous DWUCK 72 analyses. The mixing
parameter (BT) describing the mixing of one- and two-
phonon components for the 4 state was initialized at
18.4' (10% 2 phonon and 90% 1 phonon). Searches were
then performed on 82, 84, and BT, independently, forcing
a simultaneous fit to the 2+ and 4+ states. Then a simul-
taneous search on all three was performed to optimize the
fit (minimize X ) to the data. These results are given in
Tahie Di. it is seen that the coupling has decreased g
(from 0.21) and increased g4 (from 0.054).

Results of the coupled-channels caleuations are shown
in Figure 5. For elastic scattering, the differential cross
sections for angles & 25' were identical to those pre-
dicted by DWUCK 72, and for angles ) 25, the differ-
ential cross sections were slightly lower and somewhat out
of phase. This difficulty might be overcome by using the
ECIS code to search on the OM parameters while fitting
the elastic and inelastic scattering simultaneously. The
fit to the 2+ data was good except that the. amplitude of
the oseillations was too small. Therefore, the fit to the
data was not quite as good as that predicted by DWUCK
72. The encouraging aspect of this analysis for the 2
state is that the small angle data (e gl5') were fitted
much better than with DWUCK 72.

Finally, the fit to the 4 state was vastly improved.

0.2-
0 )

00
).4 I 2.78 3.26 3.90 4.75

Table III. Final values of the nuclear def ormations,
def ormation lengths, and one- plus two-
phonon mixi ng par ameter, BT, obt ai ned
f rom coupled channels analysis.
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FIG. 4. Nuclear def ormati ons of thi s analys is
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+ +channels, fxrst 2 and 4 only). See Table II forrelated values.
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Results of the present work confirm the observation of
Buck and of Horen et al. that the 4+ state at 2.45 MeV
is an admixture of one- and two-phonon components.
Buck investigated only the effects of multiple-plus-direct
transitions and obtained good agreement with his 40-MeV
alpha-scatter ing data when the direct two-phonon
transition was enhanced by a factor of 1.5 over theor etical
predictions. With the diffraction model of Austern and
Blair, Horen et al. were unable to simultaneously fit the
magnitude and slope of their alpha-scatter ing data at any
of their experimental energies. However, they were able
to reproduce the phase of the oscillations of their data.
Coupled-channels calculations of the present work
reproduced the magnitude, slope, and phase of our Li
data. Also, coupled-channels effects for the remaining 4+
states of this analysis at 3.62 and 4.75 MeV appear to be
much smaller because DWBA analyses reproduce these
distributions well.

VI. CONCLUSIONS

l
0-2

lo-'
0 20

(deg)

I

40

FIG. 5. Comparison of ECIS (solid line) and DWUCK

72 (dashed line) for elastic (ratio-to-Rutherf ord)
and f irst two excited states.

The coupled channels analysis reproduced the phase of the
data extremely well, and the amplitude of oscillation
suggested. a very good fit to the data. These were dif-
ficulties which the DWUCK 72 analysis could not over-
come.

Listed with the final ECIS-related values of g2, g4and
BT in Table III are the calculated values of gRI. The
final value of BT represents a mixture of 53% 2 phonon
and 47% 1 phonon coupling for the 4+ state. The g2 value
from the coupled channels analysis does not agree with
the previously reported value quite as well as that found
with the DWUCK 72 analysis but the P4 value from ECIS
does agree better. Outstanding is the fact that the gRI
values determined here agree with previously reported
values much better than do the values from either the 8
or 5R scaling analysis techniques used in DWUCK 72.
Also, both gRI values are within the range of previous
values.

No resolution or reduction of the OM ambiguities was
possible through this DWBA analysis. Each of the five OM
sets used to describe the inter action gave virtually
identical fits to the elastic data over the angular range
for which data were obtained and gave very similar fits to
the inelastic data. The Austern-Blair model for
strongly-absorbed particles, such as Li, predicts such
behavior; i.e.. that the elastic scattering determines the
inelastic scattering. Hence, potentials producing the
same elastic scattering will, in this model, roduce the
same inelastic scattering. A numerical study ' involving
Coulomb-nuclear interference has ver ified that results of
the Austern-Blair model agree with those of a standard
DWBA treatment. It is possible ' that elastic data at
more backward angles could remove the obser ved
ambiguities.

Coupled-channels calculations were performed only as a
preliminary study to explore their possible effect on
inelastic states poorly fitted by the DWBA. It was found
that these coupled-channels calculations were able to
more accurately predict the phase of the oscillations for
the 2.46 MeV (4+i state and the cross sections at small
angles for the 1.45 MeV (2 ) state. Finally, the
deformation lengths obtained with the g values extracted
from the coupled-channels calculations agreed with pre-
viously reported values better than did those produced by
the DWUCK 72 calculations.
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