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Coupled channel explanations, which have been offered for the diffractive behavior observed in the
differential ground state-ground state cross sections of (' 0,"0) reactions on Ni isotopes, are in apparent
disagreement with data for transfer to the "0(2+) state. A study of available quasielastic reaction data,
elastic, inelastic, and transfer suggests the surface-transparent potentials both can better describe the optical
phenomena observed in the angular shapes and can minimiz effects due to coupled channels. As a by-
product a description, which does not require a large ' 0(2,+} quadrupole moment, is obtained for the
troublesome angular distribution in ' 0+ ' Ni inelastic scattering.

NUCLEAR REACTIONS CCBA analysis (~60, i80) reaction on Ni isotopes and
all related quasielastic processes. Dependence on optical potentials examined.

I, INTRODUCTION

In several studies of speclflc heavy-ion in-
duced one and two particle transfer reactions it
was noted that adequate fits to data could be ob-
tained only if surface transparent potentials were
employed, at least within the context of the dis-
torted-wave-Born-approximation (DWBA). More
recently4 an interesting reanalysis of the reaction

60NI("'0 "0)62Ni

including coupling to the excited "0(2') channel,
attempted to reinstate the more conventional
"strong absorption" poteritials. The phenomenon
under specific consideration is the forward rising
oscillatory pattern often evident above certain
bombarding 6nelgles ln the angular distributions
of the transfer reactions. ' "' The earlier work"'
views 'these diffractive angular dlstI'lbutlons Rs the
result of interference between a peripheral Cou-
lomb-dominated projectile-orbit on one side of the
target nucleus and a slightly penetrating orbit on
the far side. Thus too strong an absorption in the
nuclear surface would severely reduce the pene-
trating flux and extinguish the interference pat-
tern. The reanalysis does not question the optical
nature of the phenomenon, but instead of enhanc-
ing the contribution from the penetrating orbit by
choice of optical potential, diminishes that from
the peripheral orbit by cancellation between one
and two step txansfer routes. Clearly this is Rn
issue of some importance perhaps easily settled
since it is raised in such an unambiguous fashion.
It is our intention to show the inclusion of higher
order corrections to DWBA strengthens, rather
than weakens, the case for surface transparency.

"Ni("0 "0(2+))I"Ni (2)

noted, but perhaps not sufficiently heeded in Ref.
4. The observed strength of reaction (2) provided
a basis of including channel coupling in the theory
for the ground-state-ground-state (g.s.-g.s.) reac-
tion (I). It is logical that the ("0,"0(2')) trans-
fel data be explRlQed by R scheme uslQg such pI'0-
jectile excitation as a vital indirect route in the
ground-state transfer. In fact the predictions of
the strongly absorbing model axe in clear dis-
agreement with this data. ' The observed "0(2')
excitation exhibits a differential cross section,
flat at intermediate angles Rnd rising she, rply
toward the most forward angles, whereas the dis-
tribution predicted from stx'ong absorption and pro-

An interesting by-product of our investigation
concelns the lnelRstlc excltRtloQ of the projectile
"O in "Ni+ "O. Several investigations'*7 have
noted difficulties in fitting the prominent Coulomb-
nuclear interference dip observed- in the angular
distribution for inelastic excitation of "80(2;).
Remedies ha've been proposed for treating this
'difficulty; one of which' requires reorientation
through an extraordinarily large "0(2;) quadru-
pole moment. We find yet another, prescription,
-which, however, should follow from microscopic
or semimicroscopic evaluations of the inelastic
form factor. Within our calculations the effect

- of reorientation is small.
Ultimately it is a confrontation of these phenom-

enological models with the cluasielastic (transfer,
ela.stic, and inelastic) data that will prove decis-
ive; R first principles calculation of the absorp-
tive potential is not yet at hand. Of vital impor-
'tRnce ls the I'eRctlon
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jectile excitation is bell-shaped, ' peaking near 40'
in the center of mass. The observed angular shape
for transfer to the "0(2') state is reminiscent of
the envelope of that to the ground state, suggesting
a common explanation. Further, we note the ratio
of excited projectile to ground-state routes was
almost certainly overestimated in the strong ab-
sorption calculation. This ratio was taken4 from
the observed value of 3.4 at 8, „. =32.6' while the
overall average at measured angles is nearer 2

(see Figs. l and 2).
The role played by the shape of the angular dis-

tribution in res.ctions (l) and (2) can be better un-
derstood if one examines the philosophy of multi-
step, or more specifically, coupled-channel, ap-
proaches to diI ect reactions. The distorted-wave
Born approximation can be thought of as the first
perturbative term in a multistep calculation. The
size and character of this first term, and presum-
ably also of the remaining terms in the series,
depend to some extent on the choice of optical po-
tential. It seems apparent that the optical po-
tential should be taken to minimize, rather than

maximize, corrections beyond the Born approxi-
mation. Further, it is reasonable to incorporate
into the optical potential any effect common tosev-
eral target or projectile excited states, i.e., to
several of the coupled channels. Since both ground
and excited 2; state in the ("0,"0) reactions are
observed to rise towards forward angles it seems
unnatural to begin with direct angular distributions
which fall for small 8, , and to achieve the ob-
served, differential cross sections from higher
order processes. Even should the introduction of

yet higher excited states, for example the 4, in
addition to the 2, state of "Q, prove quantitatively
necessary, the data suggest that the oscillatory,
fox'wRrd-peRked distr j.bUtlon ls Rn optical pheno-
menon properly described in an average way by
the optical potential. In practice we demonstrate
that the inclusion of at least the next group of "Q
excited states does not save the situation for the

strongly RbsoI'bing potentials,
Although the surface transparent and strongly

absorbing potentials can yield similar angular
shapes for the ground-state-ground-state transi-
tion they lead to quite different absolute magni-
tudes. In fact, it is somewhat paradoxical that
the calculation beginning with strong absorption
ends up after channel coupling, which presumably
generates even more absorption, with an angular
distribution that can be attributed to surface pene-
tration. This sleight of hand is accomplished not
by appreciably increasing the amount of penetrating
flux but rather by a rather drastic reduction in the
peripheral or Coulomb-dominated flux. The over-
all effect is to greatly reduce cross-section mag-

nitudes, not necessarily a situation to be favored
since theoretical calculations for two nucleon tran-
sfer already notoriously underpredict observed
magni tude s.

A final point to be made about the calculation in
Ref. 4 is of a more minor nature. The predicted
oscillations at angles between 6), .= 15' and 25'
are out of phase with the Brookhaven data. ' This
result follows to some extent from the use of a
real optical potential fitted to elastic scattering
in "Q+~Ni rather than in "Q+"Ni. In an earlier
paper discussing the isotopes ' ' ' Ni quite
substantial deviation from an (A, '~'+4, '~') mass
dependence were noted in potential parameters.
However, in the present work we will try to avoid
such deviations, selecting "Q, '"Q potentials which
apparently work well for several of the ¹iisotopes,
i.e., fit available scattering data.

QUI' Rpproachy ln what folj.ows) will be to peI'-
form two parallel calculations, one with the strong
absorbing potential of Ref. 4 and another with the
surface transparent potential similar to that in
Refs. 2 and 3. These calculations include coup-
ling not only to the first excited states of "Q but
also to the 4, , 2, , and 0, states, the latter states
playing only a minimal role. With respect to an
"Q initiated reaction we consider the "Ni as well
as "Ni targets. The transfer cross sections were
calculated using slightly modified versions of the
finite-range codes SATURN and MABQ' of Tamura,
Udagawa, and Low. The inelastic and elastic
cross sections were obtained with the coupled-
channel code CHUCK of Kunz. "

II. MSTORTED-WAVE IBORN-APPROXIMATION DESCRIPTION
OF THE REACTIONS

It is well to review the predictions for the two
inverse reactions Eq. (l) and Eq. (2) obtained from
a purely distorted-wave one step approach (DWBA).
In the earliest presentation' forward rising cross
sec'tions were observed for the ' Nl( 0, 0)-
'O'"Ni(g. s.) reactions at 65 MeV and subsequently
oscillations were predicted in calculations employ-
ing optical potentials which weakened the absorp-
tion not only in the region of surface penetration
but also Rt deeper penetration. In ensuing work"
strong oscillations were observed in 'ONi("0, "0)-
"Ni(g.s.) and a vastly superior theoretical de-
scription obtained with a surface-transparent vol-
uIDe-opaoue absorption. The potential used in Ref.
2 is reintroduced as Pl in Table I and the resulting
theoretical ground state and "0 (2') angular distri-
butions displayed in Figs. 1 and 2. A diffusivity of
0.05-0.30 may be used for the volume absorptive
potential without substantially changing the re-



SURFACE TRANSPARENTT POTENTIALS. . .

TAB I,E I. Optical ot t'p entlals used in the var ious elastic ine
t t fth all d t

nary part which also ext d f
e s rong absorbi

cu a iong.

... .,th.. .. .,d. fro h. ..;...'ng potentials, possessing d

an early (Hef. 2) version of the surfa
rom e region of nuclear interaction. P1

an earl ' sur ace transparent-volume
1S

in this fan1ily but designed to be us
e opaque potentials, P3, P4 P5

cons 1sts of ot t' 1 fo b th 160 N' d 18
e used in the CCBA calcula '. ..d O, N;.h...l. Th.

t I, lo d 'th by ng
ume rea potential is a standard W

sur ace absorption

tential is as given in E s '1i qs. ( 3) to (17) in the text. All radius
ar Woods-Saxon potential the 'e 'imag111axy po-

s (
' . radius parameters are interpreted as

R = xo ( A . + A.0 projectile target

Potential ~v ~s
(Mev)

OR Ov Vp g

(fm)
~DC av

P3
P4
P5
P6

180
fi.80
180
180
180
180
180
180

70 18
70 18
70 45
70 18
70 18
70 18
70 18
70 18

1
1
0
0
0- 3..5
0- 3.5
0-.3.5
0- 3.5

1.328
1.283
1.19
1.19
1.292
1.205 '

1.24
1.2

1.282
1.237
1.19
1.19
1.20
1.20
1 ~ 20
1.2

1.378
1.283

1.20
1.20
1.20
1.2

1.328
1.283
0.73
1.19
1.292
1.299
1.299
1.299

0,40
0.40
0.56
0.54
0.45
0.51
0.45
0.45

0.05
0.05
0.56
0.54
0.20
0.25
0.25
0.25

0.40
0.40

0.45
0.45
0.45
0.45

suits; the lar er v
The di

g values seem more reaso bl .
istorted-wave code used t b

v ona e.

of Fi . 1
e o o tain the results

~g. was DEC E, a no-recoil code"i co e incorpor-

scalin
icroscopic two nucleon form fa t A

'
g parameter present in the code was

c or.

a out the no rec, ' ec e o-oil approximation, directed to-
wards achievin theg e exact finite range result h

been discussed'""
as

and shown to remove the n de-

200

I Oo

50

20—

Io
T
~ LBL

5 BNL

I- o(2')

STRONG ABSORPTION

500

I I I I I I I I I I

DWBA 65 MeV

60NI (ISO l6O) 62
1 Ni, g.s. —g.s.

ioo PARENT

STRONG ABSORPTION
(P ~)

SURFACE TRANSPARENT (Ref. I)
BNL DATA

II V

1[

IO
Io

I I I I I I I

20 30 40 50
8 (d g)

FIG. 1 Comparison between DWB
for 60N1 (180 18 62

DWBA and experiment
i 0, 0) Ni(g. s.) at 65 MeV. The

sorption calc l t
e strong ab-

u a ion made in the cluster a rapproxin1ation
ec. , and using P2 (Table I

calculation is t k f
a o e . 4. The surface tr

a en rom Hef. 2, and invo
ransparent

scopic no--recoil form facto with Pl
, an involves a micro-

( ).
ls a is point arbitrary.

Ni( o Bo)
73.2 MeV

'o (g.s.)

D WBA
I

io zo go 40 50
8c m (deg)

'

FIG. 2. DWBA for 6 Ni('60 ' 0)~8
[equivalent to 65 MeV ' 0 ' 0

i, 0 Ni at 73.2 MeV

calculations are made fo h . e
0) . Theoretical cl

ma e or the following: (1) the
strong absorbing potential P2 for 160 and 0 2

en po entia s P3 (' 0), P4
e s rong absorption shape for the 180

own in Fi . l. 0



A. J. BAI TZ AXO S. jI( AHA WA

pendence for single-nucleon transfer. The shape
of differential cross section obtained in DWBA is
dependent to some extent on z, but sufficient free-
dom exist:s in fitting the elastic data to permit the
z dependence in DWHA to be compenstated for by
the choice of potential para, meters. Since in any
ease we believe I ecoil effects are n'ncial once
channels oth. er than elastic are included, it is
pointless to over'emphasize the particular choice
of no- recoil approximation used previously.

The strong absorption potential used in Ref. 4
is also given in Table I, as P2„and the two neu-
tron ground-state-ground-state differential cross
section from this potential is displayed in Fig. 1.
The single step DWBA using P2 is obtained in a
full recoil but. cluster approximation described in
the next section. The angular distribution obtained
in this manner is similar but not identical to that
found in a microscopic recoil or no-recoil DWBA
calculation. 4 The data indicated by open circles
in Fig. 1 are from Ref. 2 and were taken at the
Hrookhaven National Laboratory tandem with the
quadrupole- dipole- dipole- dipole magnetic spectro-
meter. Data also exist for the reaction' Ni("0, "0)"Ni at 73.2 MeV, i.e., for the inverse
pickup reaction in Eq. (2). These latter data, from
the Lawrence Berkeley Laboratory 88-inch cyclo-
tron, as yet unpublished, ' are also displayed in
Fig. 2 for transitions to the "0ground and first
excited (2') states. The LBL ground-state data
agree very well with the Brookhaven data except
perhaps at the most backward angles measured.
The DWBA predictions from two standard poten-
tials employed further in this work in Table I, P2
(strong absorbing), P3 (surface transparent), are
Blso compared with the data for transition to the
2' state of "O. An altered surface transparent
potential P3 is employed for the A-2 targets can-
sistent with the demands of elastic data. This
point will be discussed in greater detail later
where a consistent single set of. potential paramet. -
ers is generated capable of describing reactions
on the several Ni isotopes considered here. In
both I"ig. 1 and Fig. 2, for the moment, arbitrary
normalizations of the theoretical curves are used.
Also, when we have reconstructed weak and strong
absorption calculations within a single model,
magnitudes will be compared. For the present
we note that P1 in Table I underpredicts the ob-
served ground-state-ground-state cross section
by a factor of approximately 4. The microscopic
form factor used in this calculation is discussed
in Refs. ll and 5 and uses relatively simple .(sd)-
shell and (pf) shell wave function-s for "0 and
GO~ 62N.

Clearly if one were to stop with the DWBA cal-
cu].ations, the surface transparent potentials would

be preferred. Whether or not this situation per-
sists as one includes coupling to strong inelastic
channels remains to be seen. A quite drastic in-
terference phenomenon must result from second
order processes if the angular distributions from
the strongly absorbing potentials are to explain
the data for both ground state and' excited states.

It is well t;o note at this point the single step dis-
torted-wave calculations provide us with an oper-
ational. definition of surface transparency. It is
fairly evident from Table I that P1 and P3 possess
considerably weaker imaginary parts than does P2
for larger ion-ion separations, i.e., in the nuclear
interaction "surface. " However, an actual mea-
sure of how absorptive a potential is depends also
on the real part of the potential. For present pur-
poses then a strongly absorbing potential is one,
like P2, which predicts smooth bell-shaped angular
distributions for the g.s.-g.s. ""Ni("0 "0) reac-
tions at the energies considered here, i.e., in the
neighborhood of 60-65 MeV or approximately at
twice the Coulomb barrier. Clearly at sufficiently
low energies where Coulomb forces keep target and
projectile well apart all tra. nsfer cross sections
acquire this standard shape. In Sees. III and IV
we discuss the dependence of our predictions on

two vital parameters, the diffusivity a, of the vo-
ume absorption and the depth W~ of the surface ab-
sorption.

It will be our general contention that the "Ni-
("0,"'0(2'))"Ni angular distribution can be de-
scribed in a theory including coupling to a small
number of low lying projectile (or target) state.
only if the "0(g.s.) di'tribution is already well
described in DWHA.

III. OPTICAL POTENTIALS, EI.,ASTIC SCATTERING,

AND INELASTIC EXCITATION

It is traditional in a distorted-wave analysis
to imagine that the optical potentials may be de-
duced unambiguously from analysis of elastic scat-
tering. Unfortunately presently measured heavy-
ion elastic data, at least for angles where the dif-
ferential elastic cross section remains larger than
say 1% of Rutherford, is relatively insensitive to
the component of the optical potential of particular
interest. here, i.e., the absorption. This observa-
tion does not preclude the possibility that some
optical data are relevant to the present issue.
Recent data from Brookhaven National Laboratory
on "0+'"Si at 55 and 60 NfeV (Ref. 14) seem to
support the choi. ce of surface transparent poten-
tials.„ the elastic to Coulomb ratio is seen to halt
its downward plunge, levels off at about 10 '„ex-
hlblts rathel narrow oselllatlons ln angle~ and
further rises dramatically at back angles. This
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very interesting elastic data and the related ques-
tion of the validity of a spherical optical potential
description of the backward angle data will not be
pursued in this work. One feature of the differen-
tial elastic cross section which appears responsive
to changes in the degree of absorption is the mag-
nitude of the Fresnel oscillations at angles for-
ward of the grazing angle, in particular the height
of the Coulomb rBinbow peak. However, these
magnitudes also depend on other optical param-
eters, and to draw any conclusions one would have
to take very seriously the degree of confidence
established statistically in elastic searches.

We have pointed out in the past'. " that the trans-
fer differential cross-section shapes are very
sensitive to the absorption. In fact, the transfer
reactions, elastic and inelastic scattering, i.e.,
all quasielastic reactions, should not be treated
separately. A coherent picture of all these reac-
tions must be achieved by any viable reaction
theory. Such a statement is certainly self-ev'ident
when the reaction theory includes channel coup-
ling. A minimum set of data to examine in begin-
ning a model calculation consists of elastic scat-
tering together with inelastic excitations to any
low lying excited states of the projectile or target.
If the inelastic excitations were treated micro-
scopically then an additional element to be speci-
fied in the theory would be a two body residual in-
teraction, in principle calculable from first prin-
ciples. In a completely macroscopic description"
the operator' effecting. the inelastic excitation is in
form derivable from the optical potential and in
magnitude partly determined by electromagnetic
transition data. An intermediate semimicroscopic
situation, very like that obtaining for transfer,
occurs if a single folding is done of the micro-
scopic form factor.

In a distorted-wave treatment of the reaction

the transition amplitude may be written"

M= d r *~~r @~~~ V-U 4'~~~ g)~'~r.

In Eq. (4) the optical potential is

U= U(r),

while fol a microscopic approach the interRctlon
pl oduclng the. trRnsltlon ls

V=+ v,.j(x, —x&+r)
i E'A
jgB

with the coordinates as indicated in Fig.' 3. The
form factor

F( ) = (c'. .I(v- U) I~.',.)

may be evaluated in each of the several manners
described above. The semimicroscopic treatment
would, for example, integrate Eq. (7) over the co-
ordinates x& of the unexcited nucleus B, yielding

(4's
I
V I@'s) = Q d~ y~(x)p8(x)v(x —x, + r)

= Q V,fq(r —x().

aa'
d'x, P,"(x,)V„,(r —x, )Q,, (x,).

If the bound state wave functions &f&,(x, ) fail off
more slowly for x, ~ than V,«one then expects
RSX~ 0

F( )-(~.*~., )- [~.(.)~..(.)],.„., (10)

A macroscoPic aPProach identifies (C'~~ s IV IC'„' s)
with a vibrational or deformed optical potential
Rnd the form fRctor ls -.

z(q =a,(i F.-.r„) v(r)

For example, small amplitude excitation of a (2')
state in either a rotational or vibrational nucleus
would use

The interaction V,«obtained in this fashion closely
resembles that used in transfer and may be regard-
ed as a summation over the shell model potentials
felt by the A nucleons in the presence of B. If the
inelastic transition A.

& A& involves, say, nucleons
in a limited number of external levels [a, a'], the
resultant form factor will appear as

F(r-) =(C~ IV„, IC&)

BUE(r p) =+p g—(r)R ((a' )~E' + H c )

FIG. 3. Coordinates for inelastic excitation of ~~9

and ~8Ni during scattering.
with p describing the extent of deformatlon and
hence the strength of the excitation, while (a')"
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creates a (2 p) phonon excitation in the nucleus
A. F(r) in Eq. (11) can, of course, also include
excitation of B and the use of the radius R„ in Eq.
(12) accounts for proper scaling of the excita. tion
of A. The strength of the Coulomb piece of (12)
can in the usual fashion" be related to the
jRE(X)j'~' transition amplitude for (a-a') in A.

In the context of the present problem it is likely
excitations of "O which are perhaps not strongly
collective are described by Eqs. (9) and (10) with
those of ""Ni better described by (11) and (12).
For "0 (0;-2;) one might then from (1) expect
an effective form factor "diffusivity" to be ~1
fm rather than about 0.5 fm. We believe from what
follows that either the complete or semimicroscop-
ic descriptions are necessary if full justice is to be
done to the reaction theory, at least when treating
light-heavy- ion projectile excitation. Difficulties
exist in the distorted-wave treatments of the in-
elastic angular distributions with or without chan-
nel coupling, which have been noted by groups at
the Niels Bohr Institute, RISO,' and at Munich. '
The nature of the problem is displayed in Fig. 5

where data from RISG on the 60 MeV reaction
"Ni("0, "'0(2'))"Ni is compared with a DWBA

calculation: The prominent Coulomb- nuclear
interference dip in the angular distribution is
shif ted backward in the theory by about 4' in the
center of mass. Similar problems do not seem
to occur for target excitation. Various remedies
have been presented for this failing. One has been
to incorporate reorientation in a channel-coupling
calculation, with what seems an abnormally large
quadrupole moment'" for the "0(2') state. A sec-
ond has been to rotate the phase of the macroscop-
ic form factor, obtained by differentiation of the
optical potential; in fact to use a purely imaginary
form factor. '" The second of these approaches
was adopted in Ref. 4 and we employ this technique
to produce one of our pa, ra, llel ca.lculations (Fig. 4).
A third approach we have followed is to attempt
to simulate the effects of a microscopic calcul-
ation within the macroscopic framework. The "0
valence nucleons which are probably principally
involved in a more single-particle than collective
excitation are rather loosely bound, and their
slow fall off in space may be represented by add-
ing to the form factor a component with a large
diffusivity. This procedure which apparently was
also discussed by Rother" will be shown to have
a considerable degree of success, and is followed
in our second and principal calculation of the reac-
tions Eqs. (1) and (2). We increase the imaginary
diffusivity also, although as usual this is harder
to justify.

In any case, one may view the inelasti, c data as
in extension of the elastic data, one more element

to be used in constraining the details of the coupled-
channel transfer calculation. The excitation of the
low lying Ni(2;) state is not negligible; the influence
on angular distributions and cross-section magni-
tudes will be referred to separately, later. The
projectile inelastic and elastic data are now de-
scribed in coupled-channel calculations employ-
ing the coupled-channel program CHUCK of Kunz, "
with "0(2;) and then the 4;, 0;, and 2; excitations.
These states are treated macroscopically with re-
presentative P values and PR values shown in Table
II. Only P, values, i.e. , corresponding to F-, tran-
sitions, are used. The Coulomb piece of the mac-
roscopic form factor for excitation of a given state
is constrained by observed electromagnetic transi-
tions, but in principle the magnitude of the nuclear
component is undetermined. In practice one would

like to use this freedom to fit the angular shape
and magnitude of the inelastic differential cross
sections. Only small differences seem necessary
between (PR)c,„„band (PR)„„„,

We now present the result of these coupled-chan-
nel investigations of the "0+"Ni inelastic and el-
astic data at 50, 60, and 63 MeV and of ' O+' Ni
data at 63 MeV. The calculations have been per-
formed with CHUCK using the same number of par-
tial waves (80) and cutoff radius (20 fm) as later
employed in transfer'. Necessarily our treatment
of the Coulomb excitation is approximate, not ac-
curate for angles further forward than those pre-
sented here in Figs. 4 to 11. At the angles consid-
ered comparison with more accurate (but less flex-
ible) treatments of the Coulomb terms indicate only,
small errors of approximately a few percent. We
have as stated included coupling to the 2, as well
as to 4, , 2,', 0, states of "0, but only the first ex-
cited state seems important in any of our models.
Indeed as our results indicate the DWBA would

give an excellent description of the process, for
the optical potentials and form factors we favor,
i.e., for the so-called surface transparent family
of potentials. We have selected the N.B.I. 60
MeV i60+58Ãi data as a standard i e for a de
termination of optical parameters. Elastic and
inelastic data at other energies and on other Ni
isotopes are predicted; no energy or nuclide vari-
ation (other than Ao'~'+A„, '~') is permitted.

The higher states of "0 seem to have little ef-
fect on the theoretical predictions, thus the com-
parison with data shown in Figs. 4 and 5 including
only 2, coupling represent well the results of i@-
elastic searches. In Fig. 4 the elastic and inelas-
tic data at 60 MeV are compared with a reproduc-
tion of the calculation in Ref. 4. The optical po-
tential in this latter calculation is P2 of Table I
and the form factor parameters E1 are those in
Table III, obtained from P2 by rotating the phase
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TABLE II. Coupling strengths pf- (Coulomb) and pz (nuclear) for coupled-channel inelastic
and transfer. The BE(2) values from which the pc values are obtained are indicated as are
.effective nuclear strengths (PR)z. The 0'-2' coupling normalization is standard in all codes
but the one- to two-phonon (e.g. , 2f 41, 01—2&, etc.) normalization and reorientation sign
(21 21) are not. In cHUcK the form factor radius Rz, and coupling pc are defined by

PcRc2= Z
LBE(2)]1/2

ex

where Z, is the charge of the excited nucleus (projectile or target). In MARs the one- to two-
phonon couplings p' are defined by pcHUcK

——[2(2I+1)/5] p', I is the angular momentum of the
2 phonon state. Also in MARS the Coulomb coupling is correctly adjusted by a scaling of P' and
compensatory rescaling of the nuclear form factor. In each of our calculations a common

P~=P~ were used and the differences between nuclear and Coulomb adjusted by the above de-
finitions in the codes.

Nucleus Transition
C oulomb couplings

~ II' {CHUCK

Nuclear PR
(fm)

BE(2)
e' fm4

18O

58Ni+ 18O

60Ni+ 16O

62Ni ~ 16O

64Ni+ 16O

Ni+ O

0' 2'
1

2'-2'
1 2

2+ ~4+

2'-2'
2

0' 2'
2

0' 2'
1

0'-2+
1

0' 2'
1 1

0+ 2+
1 1

0+ ~2+

0.12(0.13)

0.12 0.24

0.068 0.20

0.17

0.096

0.112(0.103 M ARS )

0.120 (MARS)

0.117(MARS)

0.117(MARS)

0.117(MARS)

1.01

1.01

0.84

1.43

0.81

0.94

0.93

0.91

0.92

0.925

660

930

880

880

880

through 90' i.e. , in place of the potential U(r) = V
+iW one uses U(r)=i(Vz'+W )'i . This rotation of
phase has no apparent physical justification. The
(PR),„„„,and (PR)c,„„bare 1.01 and 0.94 frn as
in Ref. 4. In Fig. 5 the same comparison is made
for the surface transparent I'3 of Table I and with
form factors E2 or E3 from Table III. In this
case the form factor differs considerably from the

usual macroscopic prescription, the real and im-
aginary diffusivities have been increased to a val-
ue a~ =1.12 fm consistent with what is expected
from the fall off for single valence particle wave
functions in "0. Both approaches give a reason-
ably. satisfactory description of the inelastic data,
positioning the important nuclear-Coulomb dip
correctly and yielding approximately correct

TABLE III. Inelastic form factors. Listed are the various form factors used in inelastic
coupling in the form of potentials. Of course derivatives of these potentials are actually em-
ployed in the calculations. For the Ni excitations the form factors parameters are taken
from the optical potentials in Table I. For 180 excitation two approaches are used to fit the
position of the nuclear-Coulomb dip: {1)rotation of the phase (2) increase in real and/or
imaginary diffusivity. The latter we believe could follow from a semimicroscopic or
microscopic treatment. The two form factors I 2 and I3, which differ in their imaginary
parts, yield identical results in excitation of O(21); however, only I"2 is used in the
CCBA transfer calculations. The same form factors are used in 21 41 etc. as in 01 21.

Wv

(MeV)
OR ~OV ~os

(fm)
as

~1 18O I ~ ~

2 180 50
Z3, "O 50

70 x 1.849 ' ' 1.19 1.19 0.56 0.56
18 4.5 1.131 1.131 1.131 1.12 0.20 1.12
18 4.5 1.131 1.131 1.131 1.12 1.12 0.45
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0.05

30—
20—

E

Io—

I I I I I I [ I I

I

Elastic and inelastic predictions for "0+"Ni
scattering at 50 and 63 MeV are compared with
data for these energies in Fig. 8. A final point on
' 0+"Ni, 60 MeV scattering of considerable inter-
est is contained in Fig. 7 where the inelastic cross
section obtained when only the real form factor is
given an extended tail is shown. Clearly interfer-
ence between real and imaginary parts of the form
factor is crucial in producing the rather deep dip
observed experimentally. This real-imaginary
interference plays a role in determining the im-
portance of excited projectile state coupling in the
transf er reactions. P redictions for "Q+"Ni
data at 50 and 63 MeV are shown in Fig. 8.

We would like to have data on the pickup reaction
for the "Ni target as well, i.e., on "0+"Ni
-"O(2')+'~Ni. For completeness we present in-
elastic data and analysis for the "0+' Ni target,
using the identical potentials I'3 from Table I and
form factor E2 from Tables IV and V employed

I I I I I I I I

40 50 60 70
8, (deg)

80

FIG. 4. Comparison between theory and experiment
for ' 0+ Ni elastic and inelastic 60 MeV scattering.
Data are from the Niels Bohr Institute (Ref. 8). Theory
is CCBA calculated in Ref. 4 and includes the 0

&
and

2
&

channels of ~ 0. The coupling parameters are (pR)&
=0.94 fm, (PB)&=1.01 fm while the elastic optical po-
tential employed is P2 ( 0). The form factor is taken
purely imaginary with W o

= (p ~ + W'p )

b

b

I.O o

50—
20—

I I I I I I I I I I

0+ eNI 60 MeV

4 NB I ELASTI C and INELASTIC

CCBA 0+,2+ a I = aR = I. I 2
CC BA 0,2 MACROSQOPIC

(FF-—)dR

cross- section magnitudes. Elastic scattering is
also very well described.

In Figs. 6 and 7 comparison is made between our
standard calculation involving coupling to "O(2;)
and other obvious variations: DWBA coupled-chan-
nel including 0;, 2;, 4;, 'or 0;, 2, , 2, . The various
coupling strengths P. . .I3. . .P..., appropriate to
the code CHUCK were obtained from known electro-
magnetic transitions, "and these are summarized
in Table II. Coupling to the 2; state is important
only with use of the strongly absorbing potential
and even here further coupling to the 4; seems in-
significant. For the choice I'3 and form factor I"2,
the single step DWBA works very well. Reorien-
tation effects are shown in Fig. 7. For ~Q, (2')

~

=
~
Q»

~
(i.e., p» = p„=.0.12 in CHUCK) only a slight

shift in the Coulomb-nuclear dip is seen. Even
doubling this quadrupole moment changes the an-
gular distribution only slightly. [The quadrupole
moment for the "O(2„') state is taken negative. j

IO—

I I I I I I I I I

40 50 60 70 80
8 (deg)

FIG. 5. Theory and experiment for 0+ Ni at
60 MeV. Again CCBA (cHUcK) is with 0(0'&, 2 &) states
but for the surface transparent potential P3 (Table I).
The calculations were made with the form factor I 2 as
defined in Table III. Almost identical results obtain for
I 3 or if Wz=0 in P3. Coupling parameters are as de-
fined in Table II and yield (pR)~=1.01 fm and pR~
=3.29 fm2. Shown are the results of using a purely
macroscopic form factor and of a form factor extended
to fall off like the bound valence neutrons in ' 0. The
comparison with NBI data is used to determine a glo-
bal potential which will predict other quasi-elastic
reactions in the Ni isotopes.
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I I I I

4 NBI

I I I I I

80+ eNi 60 MeV

O+ 2+ 4+

D. W. B A.

I 80+ 58N I

CCBA

.CCBA

CCBA

60 MeV

0+, 2+ a I a R
= I. I 2

RfoRlfNT Ppp=Pp2
0', 2 aR=, I, I 2 ay= 0.20

~ I.O

b

b
I.O I.O

20
0.5

b
0.5

IO
E

bgo lO

E

20—

10— O. I

I I I I I I I I I I

30 40 50 60 70 80
eg m(d e 9)

/

'FIG. 6. Different CCBA couplings for the theory of
Fig. 5. DWBA and the coupling 0 &, 2 &, 2 2 yield al-
most identical cross sections and only slightly differ-
ent from that for 0'&, 2'&, 4&. The coupling parameters
are defined in Table II, the potential P3 from Table I.
The potential parameters were not readjusted to yield
identical elastic cross-sections, but differences are
clearly small.

for the "Ni target. Slight modifications might be
expected in the "0+"Ni potentials, but to facili-
tate comparison of cross-section magnitudes we
have eschewed these. There is still, however,
a built-in (A, '~'+A, '~') dependence in optical radii.
Comparison between the model calculation and data,
for ' 0+ 'Ni at 63 MeV are shown in Fig. 9. Again
a reasonable description of the da, ta is obtained.

In the transfer reactions one must also employ
optical potentials for ' 0+ ' Ni scattering. Po-

I I

40
I

50
I

60 70

tentials 4, 5, and 6 in Table I were used in various
calculations with P4 a,nd P5 providing rea, sonable
fits to available Brookhaven data at 61.41 MeV for,
a. ' Ni ta,rget and a,t 54 MeV for a. "Ni ta, rget. Com-

e, m«ea&

FIG. 7. Further variations in the inelastic calcula-
'

tions of Figs. 5 and 6. The depth of the nuclear-Coulomb.
dip is clearly strongly dependent on interference between
imaginary and real nuclear terms in the form factor
(P2 and modifications). Reorientation is carried out
using a rotational" value for the 2

&
quadrupole mo-

ment. Doubling the latter moment produces a linear
variation in the effect, still essentially small and not
enough to remove the discrepancy obtained with a
purely macroscopic form factor {Fig. 5).

TABLE IV. 0 wave functions obtained in the (1s-Od) shell model space with oscillator
wave functions (see Ref. 23).

State d5/2
2

d5/2s~ /

Configuration
sg /2 d5/2d3/2

2
d3/2sg /2 d3 /2

2

0I (g.s.)

2+

2'
2

0.865

0.753

0.962

-0.449

0.650

0.612

-0.748

0.452

0.891

0.087

0.273

-0.023

-0.211

0.127

0.218

0.084

-0.068

-0.028
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I.O

b

0. 5
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O. l

I.O—

0.5—
I-
K

b

b

0. I

IO 0.05—

~ I.O

0.5b

I,O

0.5

Io—

10

O. I

20 50 40 50 60

8, (deg)

70

30 50 60
8 (deg)

70

0.05

80

FIG. 9. Data and theory for 0+6 Ni at 63.0 Me&.
No change aside from adjustments for Ati~~3~t

++yrojectile ls made in potential parameters, and
apparently little change is needed.

FIG. 8. Comparisons between further elastic and

inelastic 0+ Ni data and predictions of (P3-E2) cHUcK

calculations. A reasonable description is obtained.

parison between calculations using P4 and the data
appears in Fig. 10.

The effects of target excitation were examined
using the standard macroscopic prescription for
the form factor. No difficulties arise from treat-
ing excitation of the rather collective Ni(2') states

and a Prediction for "0+"Ni-"O+ "Ni(2+) is
shown in Fig. 11. When more than just a few val-
ence nuclear states are involved in the transition
the slower drop off of the last few nucleons is ap-
parently not evident. Again coupling between
' Ni(0;) and "Ni(2'„) is small within onr choices of
potential and readjustment of elastic scattering
potentials for the following transfer calculations
seems unnecessary.

We conclude this section by reiterating our earl-
ier statement that inelastic and elastic data serve

TABLE V. Spectroscopic amplitudes calculated for transfer in the cluster permitting the
maximum number of nodes on the coordinate between two neutron center of mass and nuclear
center. %'hen these amplitudes are employed in MARs the signs of (0' —2') must be changed.

(16p 18p)

(' Ni, Ni)g. s.-g.s.
( Ni, 6 Ni)g. s.-g.s.
(6 Ni, 6 Ni)g. s.-g.s.
(' Ni, 'Ni)g. s.-g.s.

(o,'- o')

0.536
0.636
0.609
0.615
0 ~ 590

(0&-2&)

+0.504
0.25
0.25
0.25
0.25

(0&-4&)

0.413(0.500)

(O,
'- 2', )

—0.235
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mainly to fix some of the optical potential and form
factor parameters entering into the coupled-chan-
nel transfer calculations. However, it is clear
that these data have lives of their own. In particu-
lar the excitation of the 2; state of '80 is especial-
ly sensitive to the choice of form factor. Gur par-
ticular selection would seem to have eliminated a
previous pxoblem, but this point-should be justi-
fied by a detailed semimieroscopie calculation.
The choice of absorption parameters in the elas-
tic potential is probably not completely determined
by the elastic and inelastic data. The sensitivity
of the predictions to the imaginary pax't of the
potential is not so evident in the angular regions
considered here, but. perhaps will show up as
more backward angles are explored. However,
distinct differences from predictions made with
the so-called strong absorbing or surface-trans-
parent potentials are very clear in transfer dif-
ferential cx'oss sections.

I I I I I I I I I I I I I

I I I I

DN BA

P3+ F2—

I I I

20—

IO

b Cs

5

I80+ 58MI (2, ) 60 Me V
'I

30
I I I I

50 60 70
oem ««)

FIQ. 11. Target excitation. Comparison with data
for ~8Ni(2 &) inelastic excitation using a macroscopic form.
factor defined by P3 and coupling determined from the
BE(2) in Table II. The elastic scattering cross section
is virtually unaltered by this coupling and CCBA differs
only slightly from DWBA.

CCBA Ni {0I,2I )

I80 {0+)
4 EINL

I.O

, A. Projectile excitation

x

b
b

I .0

I.O

I 0 20 30 40 50 60 70 80

FIG. 10, Elastic predictions made with CCBA in-
cluding the target 2&+ g.s. channels for ~60+ 60' 64Ni and
further "O+""Ni scattering. The "O potentials to
be used in the following transfer calculations are de-
termined and the universality of the ~80 potential further
tested. A change of '60 potential is required for the
heavier. Ni isotopes, and a similar change may be
necessary in 'BO+ 64Ni. These-changes however pro-
duce little effect on transfer (see Fig. 22).

Most of the ingredients necessary for performing
a coupled-channel calculation for the ("0,"0)
and ("0,"0) reactions have been a,ssembled.
Still required are two-particle form factors for
the transfer channels considered. Before these
are constructed, however, one must consider the
merits of different available approximations to the
reaction mechanism. In Ref. 1 a no-recoil DWBA
analysis was employed. This was subsequently
compared with a finite range calculation, and
shown to give substantially correct angular dis-
tributions. However, the ratio in magnitude be-
tween recoil and no recoil cross sections is gen-
erally quite different from unity and dependent
on energyq Q valueq and L tlansfex'. The 1mpll-
eations for coupled- channel calculations are ob-
vious; it would be difficult to believe the several,
transfer routes in a no-recoil CCBA (coupled-
channel Born-approximation) calculation are pro-
perly relatively normalized. The transfer calcul-
ation in Ref. 4 is, in fact, a no-recoil approxima-
tion using a microscopic two-particle form factor.
Gne patching procedure of some validity would use
a finite range theory to corx'ect the. normalizations
of all transfer routes entering into the no-recoil
coupled-channel computation. %e have done this
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to some extent in a separate comparative, no-
recoil calculation which simply checked the re-
sults of Ref. 4. For the most part, however, we
have decided to rely on the full finite coupled-chan. -
nel version of the codes SATURN and MARS, later
presenting some finite range, microscopic, and
DWBA calculations by Bayman. 2o "

In Hei. 4 the normalization of the "O(g.s.)
-"O(2') transfer route is accomplished by com-
parison with actual data, yet another attractive if
ad koc approach. Unfortunately the normalization
appears to have been arrived at by the use of a
single unrepresentative point in the data. In Fig. 2

where the Berkely data, for the "Ni("0, "O(2")}-
'Ni(g. s.) reaction at 73.2 MeV is compared with
theoretical DWBA predictions, this normalization
procedure is displayed. The calculation in Ref.
4, only slightly altered after channel coupling,
crosses the data at; 8, =32.6' where the 2"/g. s.
ratio is 3.4. An average over all measured points
gives a value for this ratio closer to 2-2.5. The
improved, but still simplified, theory we outline
below comes close to predicting this important
experimental obse rvation.

The fi.nite range codes SAT'URN and. MAES are
constructed for single-particle transfer and thus
cannot directly utilize a microscopic two-particle
transfer form factor. Gur approach in constructing
transfer form factors has been the standard one
of selecting appropriate wave functions, for say
"0, ' 0, and the Ni isotopes in a harmonic oscil-
lator basis, and then expanding in a Talmi-Mosh-
insky" series to separate out two-neutron relative
and center of mass coordinates. In such an ex-
pansion the dominant transfer term is obtained
from placing a maximum number of nodes on the
center of mass coordinates, i.e., the coordinate
which defines the separation between the two-neu-
tron cluster center of mass and the nuclear poten-
tial center. Any error in such an approach arises
from the assumption, probably reasonable, that
two-neutron relative coordinates change little
during transfer. In any case errors from this
"cluster-like" approximation to the two-particle
form factor are only mildly dependent on projectile
or target states, unlike the rather drastic errors
of normalization in a no-recoil calculation. We
have, . in fact, compared the results oi using the
recoil cluster form factor, artUically normalized
to agree with the calculation in Ref. 4, with the
result of a no-recoil microscopic form factor and
found quite similar angular distributions. Thus
the use of microscopic form factors is unlikely
to introduce any new features into the angular
shapes extracted from the coupled-channel theory.
In contrast the exclusion of recoil corrections
may very well have serious consequences.

l.0—

STR0
62' ( 0, 0) N I E lob =7

CCBW 0', 2L ("0)
--- P=o. fi, S(2~)=0,75

P =0, l3, S(2
(
)=0.68

0.5—

0. I

0.05—

0 l0 20 30 -40 50 60

8, (d g)

PIG. 12. Transfer from strong absorption CCBA with
(0+&, 2 &) Q channels. Some difficulty is experienced in
fitting the 2 "/g.s. ratio as well as the ground-state
angular distribution within the finite-range cluster
framework used here. A very small ground-state cross
section is predicted, perhaps an order of magnitude
less than that shown in Fig. 13. The same "arbitrary
units" indicated in this figure are consistently em-
ployed throughout the remaining transfer calculations„
except where otherwise indicated. P2 and F'1 are em-
ployed.

The wave functions for '"0 were constructed
from purely (sd)' components, "and are listed
in Tables IV and V. Also shown in these tables
are (pfg) shell components for the ("Ni, " 'Ni)
two-neutron form factors. The construction of
two-particle form factors to be inserted into the
reaction codes follows straightforwardly from this
information. Gf course, within the reaction code,
the actual cluster two-neutron center of mass wave
function is treated in a Woods-Saxon well, and
given the appropriate separation energy. All that
need be obtained from Tables IV and V then is an
effective cluster-spectroscopic factor and these
are listed in Tables IV and V as well. The second
0, state in "0 is in general accepted as a mixed
core-excited and (sd)' shell model state. In any
case, one does not expect, and in, say, (t,p) reac-
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tions" does not see, strong two-particle transfer
to this state. In our. model calculations the ef-
fects of the 4» 2, , and 0, states are separately
added on to 'those of the 2, states already discussed
in Ref. 4. Gur principal disagreements with the
predictions of the strong absorbing potential model
arise from coupling to this later 2; state. An out-
standing conclusion is that higher excited states
in the "G spectrum, when reasonably normalized,
do not greatly affect transfer, nor as we have al-
ready seen inelastic, angular distributions.

Anticipating this result that coupling to the sec-
ond group of excited states in "G, i..e., to 4;, 0;,
2,', only slightly alters the transfer cross sections
in RngulRr shape or magnitude we use Rs R standard
calculation one involving coupling only between the
"G ground and 2," states. The "G projectile is as-
sumed unexcited and coupling to Ni states in en-
trance or exit channels is treated later. Thus in
Fig. 12, CUBA calculations Rre displayed for the
selection, potential P2 (Table I) and form factor
El (Table II), i.e. , fo'r the strong absorbing
choice. The transfer spectroscopic strengths
used for this calculation are 0.536 for the "G 0'
to 0"transition and 0.68 to 0.75 for 0' to 2'. The lat-
ter strength hRs been Rdjusted to parallel the
choice in Ref. 4 and to produce R realistic angular
distribution for the ground-ground state ("Ni, "Ni)
transfer. The g.s. transition is compared with
data exist fx om the Lawrence Berkeley Laboratory. '
ition to "G+ Ni for which at least preliminary
data exist from the Lawrence Berkely Laboratory. '

The calculations employing P3~ I 4) Rnd E2 Rnd

spectroscopic factors (0.526, 0.504), i.e., with
surface transparent potentials, are displayed
against. Rvaila, ble data in Fig. 13. In the la.tter
figure the "Ni("0,"0)"Ni ground-state transi-
tion is normalized to data and the other calcula-
tions normalized Rs indicated. Absolute cross-
section magnitudes will be discussed in the next,
section in detail, but for the moment we note
Figs. 12 and 13 suggest the ground-state transi-
tions are an order of magnitude stronger for the
surface absorbing potentials.

Selected comparisons between (0', 2') coupling
and pure DWBA are shown in Fig. 14; DWBA here
is not represented by the so-called direct term
discussed elsewhere"' but obtained by truly
switching off coupling. The coupling is, of course,
a very large effect for the ground-ground state
transition in the presence of strong absorption,
rendering R smooth bell- shaped distribution for-
ward rising and oscillatory. In the framework
favored here coupling is much less important,
R situation to be preferred if one views DWBA Rs
the first term in a perturbative series. We em-
phasize that the degree of coupling is both optical

IO

IO

I

—
I

—
I

I I,
I

—
I

Elab= 70.7 MeV

IO

Ws =0
--- W = 5, 5 MeV8

IO

0. I

LBL

I I I I I I I I I I

0 10 20 30 40 50
8 (d g)

FIG. 13. Surface transparent CCBA with {O'I,2 g)' 0
channels for two neutron transfer in 6O incident on

2Ni targets. Comparison is made to data for the Ni
target and especially to be noted is the contrast between
Figs. 12 and 13 for the 80(2

& ) excitation. Absolute
normalization of theory is discussed later. The theore-
tical calculations are, however, correctly relatively
normalized and given in the same units as in Fig. 12.
P3„P4, and E'2 are used.

potential and form factor dependent. If in our
extended form factor E2 only the real part is given
the larger diffusivity as =1.12 fm then (0', 2') cou-
pling differs from DWBA by up to factors of 2
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IG ~ ~

(
' l4) a much larger effect than w 1th a =1.12F1g.

ee min-ll. Apparently producing the deepfQl Rs We

1mum 1n the 1nelast1c excltRtlon of Oy

leads to a re uc 1on
'

d t'on. in the effect of channel cou-

pling in transfer.
The (O', 2') coupling model presented in Figs.

12-14 1ncludes of coux'se Coulomb excitation
t t d

' the fashion discussed in Sec. II. To
illustrate e 1mth portance of Coulomb exc1tat1o
ln tx'RnSfex' CR CU R 1l l t qns this term in the inelastic
0; 2, form factor is switched off and the results
plottedinF1g. or ' "," ~ 1 nF' 14for the' ¹(~0 ~'0) ~¹reaction
at 73.2 Me, 1.e.,.2 MeV i.e. at the equivalent of 65 MeV
for "0 ions in the inverse reaction. In the g.s.-
g.s. transition changes ~25% are seen; virtually
no change occurcUx's om1tt1ng CouloxIlb excltRtlon
when the "0(2;) state is excited in transfer. In
the presen si a iot tu t' n one may conclude including
Coulomb excitation slightly decx'eases the effec-
tive channel coupling.

Excitation o ef th "two phonon" states of "0be-

I I I I I I I I

'oNI ("0, I 80 ) 58NI 7z. 2 M ev

STRON 6 A BSGRPT I GN

.s6ON ~ (l60 I80)
EI b= 75, 2 MeV

D'Af BA
—-- CCBA 0+, 2+I FF: aR = aX = l. l2F

CBA 0,2I FF: aR = I. I2 Q. I5)

60N ~

( I SG I 80 ) 58N ~

0/ITHQUT COULOMB EXCITATIGN-

NI TH COULOMB

Sz= 0620

"0(g.s. )

G. GI

I I I I

I 0 20 40 5050
8c ~ (deg )

14 Further CCBA vjith surface transparent
fol xn factor.otentials (PB,P4) but variations in the form".~ "--I '-.'.. "-.Fll st a comparison is ma 6 0

.s. 2') excitation obtained with onlyto DKBA for 0(g.s., » ex ' nl
n'extended real part in the form factor. C ear yan 6 en 6

e evident in thenuc ear 1eal-imaginary interferenc
t t 1educes the effect of c p gou lininelastic 2& exc~ a ion

C lombSecondly, the effect on the CCBA of omitting ou
excitation in the form factor is shove.

I I I I I I IQGGI I I

8C ~ (deg )

+G. 15. Transfer in |"CBA for strong absorption
(P2+Q3.) with ~80(0 &, 2&, 4&) coup Dig.

identical to that for 0
&

2 &, the couplings usedfactor is i en Ica
are as demanded by the BE(2) 2& ~, an
this value. Cou om e ' ' ' P2 butl. b excitation is omitted from P2, but

t si ificantly alter the conclusion t a e
he alternate4' channel is a small perturbation. T e a e

lin scheme 0&, 2&, 22 produces similar results
and simultaneous mcluslon o 2, &

s
be I.mport ant.
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IO I I I

0(2 )

in the predicted 2' distribution.
Even so, when reasonable spectroscopy is sel-

ected together with P3, I'6, and E2 coupling to
4y 2j or 02 seems unimportant, as is evident
in Fig. 16. The calculation in this case was per-
formed leaving Coulomb excita, tion out of the in-
elastic form factor and thus likely includes an en-
hancement of the channel coupling. Little differ-
ence can be expected with Coulomb terms retained.

8. Target excitation

The authors of Ref. 4 have stated that target
excitation is unimportant for reactions considered

CCBA 0,2, 4

CCBA 0, 2

DWBA

EXTENDED REAL and IMAGINARY
FORM FACTOR

NO COULOMB EXCITATION
I I I I I I I I I I I I I

I 0 20 50 40 50
8 (deg)

FIG. 16. Two neutron transfer in CCBA with 0&, 2', ,
4& coupling and surface transparent potentials (P3,P6).
Again Coulomb excitation ls not included in the form
factor. This latter omission and the altered ~60 poten-
tial do not greatly affect the results. Coupling to 22
is also a small effect.

Eh

C

J3
S

O

IOO

I

IO -I
—

t

h
ft
iI

I I I I

CCBA: TARGET EXCITATION

"NI( '0, '0) "NI EI„=65MeV
g s. , Ni (2I) EXC

tween 3.55 and 3.92 MeV was handled sequentially,
each of the states being introduced into the model
separately. The coupling strengths used are de-
scribed in Table II and the spectroscopic strengths
in Table IV and V. Variations in the one- to two-
"phonon" coupling strength were made, to increase
these a,s much as a factor of 2 above reasonable
values; yet in all cases considered this higher
group of states played little role in the transfer
cross sections. This conclusion is especially im-
portant for the strong absorbing calculation. The
authors of Ref. 4 had been hopeful that inclusion
of such coupling would remedy their failure to
fit the angular distribution for transfer to "O(2').
The results of a 0;, 2;, 4; coupling scheme a,re
shown in Fig. 15, and it is apparent little change
occurs. Similar results obtained for 0,-2;-2, and

art of the difficulty in altering the im-
portant "O(0') - "O(2') differential cross section
follows from the large interference between one-
and two-step routes introduced to produce the de-
sired ground-ground angular distribution. This
interference was obtained from an overly large
spectroscopic normalization of the 0'- 2' transfer
route, yielding stability against further coupling

0. I

g. s. , NI (2 ) EXC

Ws ~0

Nl (' 0 '60) ~NI E = 65 Mev

0
I I I I I I I I I I

I 0 20 30 40 50
8 (deg)

FIG. 17. Transfer in CCBA with target excitation.
The residual nuclear 2

&

eo' 6 Ni channels are included.
Coupling to the initial target 2

&
state might be ex-

pected to interfere destructively (Hef. 26) but is reducei
in strength by Q dependence. Calculations allowing

2& (initial target) —2
&

(residual nucleus) transfer
were made and indicate small but not negligible effects
which should be further studied. The CCBA target ex-
citation seems to produce a larger effect on magni-
tudes than did projectile excitation. The ( Ni, Ni)
data have been normalized to place it relative to the
theory and the (5 Ni, 6 Ni) data then relatively reduced
by 15%. Absolute normalization is discussed later.
Macroscopic form factors used were obtained from P4,
P5 and couplings obtained from Table II.-
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500 — n
I ~

I

500 —I

200

I I I ~ T I I I

60NI Ie I 6 62i( 0, 0) Ni(2 ) E =65,0 MeV
Iob

DWBA
CCBA

sensitive to both the reaction mechanism and the
spectroscopy of the Ni isotopes. A careful study
of these states should be pursued, but will not

'
n o e precedinggreatly alter the major conclusion of the r

sections of the present work on excitation of the

100

50

I I I I I I I I I I

10 20 50 40 50

8 (deg)

FIG. 18. Target excitation in CUBA transfer. Dif-
ferential cross sections for 62Ni(2') t t' bexci ation obtained
with the schemediscussedinFig. l7 No renormalization
relative to the 6 Ni(' O, 60) g.s. cross section in Fig.
17 has been performed, but the (6 Ni 2Ni), 2' spec-
troscopic factor used is larger than predicted by
theory. Again the initial target —2

&
coupling is less

important but further study is required here.

V. FURTHER PARAMETER VARIATION

AND CROSS-SECTION MAGNITUDES

A. Parameter Variation

(13)

(14)

(16)

with

f(x) = tl+expx] '

and

(16)

It is instructive to vary the degree of absorption
within the surface transparent approach. One can
thereby demonstrate that the ab te a sorption does play
a role in angular shapes. In Ref. 5 the absorption
is discussed in detail and consists of two pieces

W(~)= W, (~)+ W, (~),

Wv(x) = —Wof(xv),

W (r)=4W f'( ),

here. This appears true in the strong absorption
model using P2 and El. However, with the sur-
face, transparent potentials apparently necesecessary
o zt the angular distribution in the ("0 "0(2'))

~ ~reaction, ta, rget (or residual target) excitation h

an appreciable effect on magnitudes of ground-
n. as

we isplay theground state transitions. In Fig 17 d l
CCBA and DWBA predictions for the reaction

"0+"Ni -"0+"Ni(g, s.).
The Ni(0'(

' 2 ) coupling strengths are m3tched to
known electromagnetic transition amplitudes"
and the spectroscopy for transfer adjusted to pro-
duce correct normalization for th "N'2+~e i~ ~ state
relative to ground state (see Table ll). Relative
to DWBA the CCBA angular distribution is some-
what flattened at forward angles and for angles
backward of 20' magnitude changes of up to 35%

e i' ' stateoccur. Simultaneous excitation of th "N ~2'~

does not alter these results significantly. One ex-
pects" destructive interference betweerl the trans-
fer routes A, "Ni(2') -"Ni(g. s.) and & "N'isg. s J

if ) 9 ut the l3 r ger separ3 tion energy
= 21.83 MeVeV vs S~ = 19.05 MeV suppresses the "Ni
excitation. In Fig. 18 we display predicted angular
distributions for the ("Ni, "Ni(2')) differential
cross section at 65 MeV includ' t ting arge excita-
tion durin transfg sfer. Our choice of spectroscopic
factors for 0'-2' transfer is dictated by the ex-

th
perimental data' for excitation of ' N ~2') C
he angular distribution for this latter state is

x-Bv s
+v, s av. s

The surfurface transparency is achieved by, taking
a small volume diffusivity av = 0.2 to 0.3 and a
small surface depth Wo =few MeV. We do not

eon co igurationsin all situations. Valence nucleon nf'

and energy variation will have obvious effects. A

simple and probably physical way' to allow for
varying surface absorption is to permit Ws to
change. Thus in Fig. 19 we have calculated the
g.s. and "0(2;) coupled-channel angular distri-
bution as a function of W A s ff' t 'su icient increase
in Ws converts this transfer angular sh ' tape in 0

at obtained from the strong absorption choice,
but has a barely noticeable effect on elastic and
inelastic predictions. The cross-section ma ni-
tude (at peaks in oscillatory distributions) is also
clearly reduced by an increase in Ws.

In the CCBA surface-transparent calculations
performed in the last section we used 0 ~ Ws~ 3.5
MeV, with the smaller value of W b pspr abyp
ferred for "0+' Ni and the upper value perhaps
better for "0+"Ni. The shapes of "0(g.s )-"0-
(2") and th ' 0n e ~g.s.'- 0'g. s.) angular distributions
determine this preference wh' h thic is en reflected
somewhat in relative magnitud fes o cross sections
for the two targets.

V r v an s rength WvVariations in the diffusivity a and t th

19
o e volume absorption are also sh Fown in igs.

and 20, thus completing the excursion from
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surface transparent to strong absorbing potentials,
The extreme cases included are certainly distinc-
tively. different, in shape, but some intermediate
choices of volume absorptive parameter might
very well work as well.

One can equally weD perturb the angular distri-
butions by alterations in real parameters. As an
example we may use P5 in place of P4, i.e., alter
the "G optical potentials but not the fit to avail-
able "G elastic scattering, and somewhat alter
angular distributions. No great significance should
be attached therefore to the larger real and imag-
inary diffusivities in the "O potential P4 relative
to P3. More violent changes in real parameters,
for example, increasing the real diffusivity to
&0.5 fm in P4, tend to drive the g.s. angular dis-
tribution towards bell-shaped, though the absorp-
tive potential remains surface transparent. Gur
original caveat, in Sec. II, that a surface-trans-
parent potential be judged by its ground-ground
DWBA prediction must be heeded.

~
I

aV=O. ZO &m—
gV 045 frn

'INS =5.0M8V -—

l
Ns =0

ws =0

Io
1

I I I I I I I I I I I I

IO 20 50 40 50 60

e. m(«g)

FIG. 20. Further variations in the potential paramet-
ers a v and M's.

IO -I'
:I

V7

I

D

0. I

'~

~ ~

~ ~

av -0.20
av =0.20
av =o.zo
ag =0.45

I I I I

As=0
vs=
Vis=5
Ng =45

60 g ~ (l60 I 80)58' )

73.2 MeV

20 30 40 50
8~ m (deg)

FIG. 19. gari'ations in CCBA transfer calculations
due to alterations in the optical potentials. Changes in
the surface absorption W& and finally in the volume
diffusivity ci ~ and volume absorption W~ produce a
smooth transition from surface transparency to strong
absorption. The calculations are made using (P3,P6)
and no Coulomb excitation in the forIn factor, but the
general trend is independent of these details.

B. Magnitudes

Gne aspect of two-particle transfer which is
certainly inadequately handled in all existing
theories of the reaction mechanism is the absolute
size of such cross sections. This problem applies
to the theory of light-ion as well as heavy-ion in-
duced transfer. No systematic study of cross-
section magnitudes obtained in the presence of
channel coupling has been performed. Some auth-
ors"*"have suggested successive transfer of the
two nucleons provides a substantia]. correction to
cross-section magnitudes if not to.angular distri-
butions. It has not been our primary purpose here
to consider absolute magnitudes but it is of some
interest to examine the results of our calculations
in this regard and of course imperative to consider
relative magnitudes. We have already noted the
strong absorbing potentials can lead to consistently
smaller cross- section magnitudes. In the ("0,''0)
ground-state transitions a destructive interference
between direct and indirect routes reduces the
cross section at grazing angles by an order of
magnitude. For surface transparent potentials
the interference is some times constructive,
sometimes destructive, but never a dominant ef-
fect.

In fact, although we did not emphasize this in
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TABLE VI. Helative magnitudes in 6 '~ Ni( 6Q, Q) '6 Ni at g&~ ——73.2, 70.7 MeV. These
results are taken from Figs. 13 and "17. The spectroscopy is from Table IV and V.

19.6' 22.2' 32.6 36.4 41

"Xi-"O(2')/"O(g. s.) Theory
Expt.

1.7
1.7

2.5
2.1

32'

3 ~ 2 2.0

40

3.2
2.7

(60, 58), , /(62, 60), , Theory
Expt.

3.0
2.7

2.7
2.7

3.1
4 45

Secs. IG and IV, it is difficult cohen using strong
absorbing potentials within the cluster finite range
computations to reproduce both the ground-ground
state shape and the 2'/g. s. relative cross section
in the "Ni("0,"0)"Ni reaction at E,~ = 'f3.2 MeV.
The degree of destructive interference required
to reproduce the ground-state shape leads to a
magnitude reduced by more than an order of mag-
nitude from the DWBA, whereas the 2' cross sec-
tion is only slightly affected by channel coupling.

Relative cross-section magnitudes are remark-
ably well reproduced by our standard calculation
(P3,P4, E2). The spectroscopy employed in this
calculation emerged from a typical (ls-Od) shell
model calculation. " The predictions for relative
magnitudes are summarized in Table VI;.both
the 2'/g. s. ratio for the ' Ni target in the ("0,"0)
reaction and the g.s. to g.s. ratio for "'Ni/"Ni
targets are rather well described. Calculation
also indicates that relative predictions for "'"Ni
targets a.re reasonable. (See Fig. 22.) A slight
tuning in g.s. to g.s. ratios among the Ni isotopes
will occur from changes in surface absorption
strength (Ws) made, if necessary, to reproduce
angular shapes. More detailed data are needed,
before 'this can be a,ccomplished with confidence.

Absolute magnitudes may also be considered
within the present framework, though perhaps
with less validity. Some corrections to our mag-
nitude predictions can be expected from the clus-
ter approximation used in the finite range form
factor and also from the indirect terms here omit-
ted but required to produce post-prior equality.
Predictions follow from Tables IV and V by ex-
tracting the ("Ni, "Ni) spectroscopic factor. One
finds with the wave functions used previously in
Ref. 1 and extracted from an early pairing calcul-
ation of Kisslinger and Sorensen"

8("Ni, "Ni), =0.636

and thus for example

—(8, =-21') =l7 pb

for the "Ni("0,"0)"Ni reaction at 66 MeV. Here
we include the effects of target excitation which
reduce overall cross- section magnitudes. The
experimental value lies in the range 50y5 pb. The
cluster, finite range calculation thus underpre-
dicts the two-neutron transfers by approximately
a factor of 3.0. Since the DWBA (Figs. 1 and 2)
quantitatively reproduces the present CCBA model,
one may appeal to an exact finite-range micro-
scopic estimate of the magnitude. Bayman has
kindly performed such a calculation for us and
we quote his results. "

In Fig. 21 are displayed comparisons between
DWBA calculations, in the post version, calcul-
ated in the cluster approximation using the codes
MARS-SATURN or LOLA,"and also cal,culated using
the microscopic finite range code. The agreement
in angular distribution between the cluster micro-
scopic codes is remarkable. Even more remark-
able perhaps is the agreement in magnitude be-
tween microscopic and cluster calculations, which
employed the same spectroscopy for ("0,"0) and
("Ni, '"Ni) overlaps. For example, at the angle
referred to in Eq. (19)

do DWBA, cluster
= 24.2 pb,do~ (2o)

D%BA microscopic
= 18 pb.

dO

One might then expect perhaps a 25% decrease
from magnitudes predicted by the cluster calcula-
tion, and in fact finds a similar factor for ("0,"0)
reactions on both ""Ni targets (see Fig. 21).

One further point which has been checked in
the pxesent work is agreement between post and
prior versions of D%BA. The agreement between
the cluster calculations obtained between MAHS-
SATUBN and LOLA persists, but not quite so well,
in the prior representation. However, prior cross
sections are close to twice the size of post; nor does
inclusion of the so-called Coulomb indirect terms"
remove this discrepancy. Since the post repre-
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sentation of the reaction ' Ni("0 '
ma er projectile size in the form factor, one

expects the indirect terms 1e ' erms, nuclear or Coulomb
o c ange it less.

We are 1eft with the conclusion that the
tion of absol t

a e computa-
u e cross-secti on magnitudes in heavy-

&on o-particle transfer is stron 1 o ti

icts experimental differential cross.secti
y less than earlier work. 2' In Fi s

(20) and (21) we havee ave used optical potentials 'th

bsorption; increasing W~ to, sa

{58Ni "Ni d

an 0 potentials in

i, 'Ni) decreases magnitudes by some 0 (;.
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Confidence in magnitude calculation can come,
however, only by systematic study of several nu-
clei with the same two-nucleon transfer reaction,
and from study of other similar reactions, e.g. ,
two proton transfer. Finally then, in Fig. 22 we
present the relative differential cross sections
for the ("0,"0) reactions on ' 'o ~Ni targets
calculated using (0', 2') coupling of the residual
target. Again we point OLlt that the microscopic
DWBA calculations closely agree with cluster in
the ("" Ni, '0¹i)to (~Ni, Ni) relative magnitudes.
The constancy of ratio between theory a.nd experi-
ment, indicated in Fig. 22, is presumably a good
fea, ture of the present model.

VI. SUMMARY AND CONCLUSIONS

The rather lengthy coupled-channel calculations
performed here have earefuHy, though perhaps
not yet exhausitively, examined what may be
viewed as a reasonably complete set of qu. asielas-
tic data for the oxygen+nickel heavy-ion system.
One began with the feeling projectile excitation
was most important but ends with the likelihood
target excitation plays a bigger role and should
be further investigated. However, the target ex-
citations do not seem likely to drastically change
angular distributions of g.s.-g.s. or g.s.-"0(2,")
reactions. One must certainly conclude that CCBA
results are strongly potential and form-factor de-
pendent. It is preferable therefore to select a
family of potentials which minimize the perturba-
tion due to multistep processes. It is strongly
indicated that state-independent effects observed
in quasielastic data should be described by the
choice of optical potential. Both diffractive angu-
lar shapes and cross-section magnitudes speak to
the validity of the so-called surface-transparent
potentials at least for the "intermediaI;e" projec-
tile energies discussed here. One expects that at
even lower energies, or for larger target-pro-
jectile charge products, Coulomb repulsion will
make the reaction less sensitive to the absorption.
At high energies, as more di.rect channels open,

it seems likely the surface absox ption strength
will increase, narrowing Lhe present distinction
between surf Ree transpal ent Rnd norma 1 pote nt3.als.

It does not follow that coupled-channel effects
will always be small. Indeed it seems target exci-
tation may be qualitatively important in this work.
Transitions impeded spectroscopically or by some
selection rule, Rs for example in the I, = I spin-
suppressed reactions discussed elsewliere" "
are a likely ground for application of CCBA. A).so
transitions in strongly collective, rota, tional bands
exhibit multistep effects. '4 However, the present
calculations indicate one must proceed with care.
The strong CCBA perturbations seen in vibrational
nuclei' are perhaps enhanced at low projectile
energy because nuclea. r effects in the form facto.-'
are suppressed. The deep nllnillMnl in ihe 0(2 )
inelastic cross section (Fig. i) is a. 'ignal of can-
celation in CCBA effects in transfer (Fig. 14).
More systematic work must be done on CCBA eal-
eulations with varying projectile energy. The
globRl treatment of the Nl. isotopes contained in
Fig. 22 indicates that our quasielas. ic approach has
some universal validity in this region.

Finally, our ealculatj. ons included only a small
group of excited "0 and Ni states. It is possible
including a very la, rge number of coupled projectile
(or target) channels would alter the angular distri-
butions of low lying states, but we then suggest this
channel coupbng would best be incorporated into
the optical potential when possible.

We Rre indebted to P. D. Kunz, T. TB;Qlura, and
T. Uclagawa for so selflesslg plovlding us with
their CCBA programs, and with great help in mak-
ing these operational at Brookhaven. %'e are ex-
tremely grateful to D. Scott for sending us the very
crucial LBL ("0,'"0('2;)) data' prior to publica-
tion. We also wish to thank B. F. Bayman for the
microscopic two-particle calculations presented
here, all of which he perfoimed for us, and also
E. H. Auerbach for many useful discussions.
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