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lined above using finite-range form factors with
DWUCK, The shapes of the angular distributions
are nearly the same as those obtained from no-
recoil calculations. The relative spectroscopic
factors extracted are listed in Table I together
with the L transfer and the L~ used to calculate
the recoil correction terms. The effect of the re-
coil corrections is to reduce significantly the dif-
ferences in the spectroscopic factors for the j&
and j& states in both the ' C- and "0-induced re-
actions. While there are still problems, such as
the predicted energy dependence of the ("0,"N)
transfers to the j& states, the agreement with the
light-ion results is much improved. Even better
agreement is probably hindered by the approxi-
mations made in the present treatment. Most
serious is our approximation for the overlap in-
tegral, which is valid only for weakly bound

states. ' Nevertheless, the results demonstrate
that the largest part of the discrepancies can be
removed by including recoil effects.

We conclude from our study that recoil effects
in heavy-ion transfer reactions can be large and

that they must be treated properly before spec-
troscopic information can be extracted reliably.
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Differential cross sections are measured for ' '6 '6 ¹(0, '60) reactions to both
ground and excited (2 ) states of the residual Ni nuclei at incident 0 laboratory ener-
gies of 65, 57, and 50 MeV. Anomalous, forward-rising, angular distributions are
seen for 5 '6 Ni(' 0, 60) reactions, in contrast to normal heavy-ion-induced transfer
shapes obtained for the heavier Ni targets. A theoretical explanation is presented based
on a weaker absorption than is usually employed for such heavy-ion transfer reactions.

It has been generally accepted' that few-nucle-
on transfer between heavy-ion projectiles and
reasonably massive target nuclei can be described
in a strongly absorbing, semiclassical model.
The transfer is confined to the periphery of the
interacting nuclei where the strong Coulomb
field between the ions is dominant. The projec-

tile is imagined to travel along a well-defined
orbit in this exterior region and the transfer
takes place from a trajectory matched smoothly
between entrance and exit channels. The result
should be a cross section which is optimum for
Q values and angles corresponding to a favored,
grazing collision. Such cross sections have been
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observed in angular distributions" and excitation
functions4 of heavy-ion reactions induced on
heavy and medium-heavy nuclei and have been
described by distorted-wave Born-approximation
(DWBA) calculations. " This Letter presents ex-
perimental evidence for significant deviations
from the characteristic shape in the angular dis-
tributions of the ""Ni("0,"0) transitions to the
ground and first excited states of ' "Ni. These
cross sections continue rising towards the most
forward angles observed. On the other hand, our
angular distributions for the 62'4Ni("0, "0) re-
actions more closely resemble the bell-shaped
curves expected from classical considera-
tions and seen in earlier work. The anomalous
"'"Ni("0,"0) and normal "'"Ni("0,"0) angu-
lar distributions persist over a range of incident
energy.

The ("0,"0) reaction and the "0 and "0 elas-
tic scattering on even-mass Ni targets were
studied using the "Q and "Q beams of the Brook-
haven tandem Van de Graaff facility. The reac-
tion products were detected simultaneously in an
array of three AE-E silicon surface-barrier de-
tector telescopes with AE detectors ranging from
10 to 30 p, m thick. The masses of the reaction
products were identified using standard particle-
identifier techniques. The positive Q values of
the ("0,"0) reactions to low-lying levels in the
final nucleus minimized problems with the feed-
through of elastic "Q events into "Q spectra in
the excitation region of interest. An experiment-
al resolution typically of 250 ke V [full width at
half-maximum (FWHM)] was obtained with self-
supporting Ni targets isotopically enriched to
&98% and of -150 p, g/cm' areal density. An ab-
solute cross-section scale accurate to + 5% was
established for the ("0,"0) data by normalizing
to the "Q elastic scattering, assumed Ruther-
ford at forward angles. The particle identifica-
tion spectra exhibited mass resolution of consid-
erably less than 2 units (FWHM) for oxygen.
Possible confusion between the ("0,"0) reaction
and other reactions is precluded in all cases by
consideration of kinematic tracking and mass
identification.

Angular distributions for the Ni("0, "0) transi-
tions to the ground states are shown in Fig. 1,
For the ""Ni("0,"0) transitions the differential
cross section is observed to peak at a specific
center-of -mass angle which systematically de-
creases with increasing incident energy. Angular
distributions of this shape are typical of earlier
heavy-ion-induced few-nucleon transfer reac—

tions. ' ' In particular the systematics of the
""Ni("0,"0) reactions are consistent with those
observed for similar transfer reactions on a
series of Mo isotopes, ' for which the Q values
spanned a range comparable to that seen here.

The angular distributions (see Fig. 1) for the
('"0, "0) ground-state transitions on ""¹are,
however, strikingly different in shape from those
for the above transfer reactions or for the other
heavy-ion-induced transfer' 4 on intermediate
mass targets. The shapes in the lighter Ni iso-
topes are rising towards forward angles with a
shoulder appearing at the angles preferred by
grazing collisions.

When a strong imaginary potential -40 MeV is
used in a DWBA calculation, the large changes

:65
'4NI

Q =2.90

l.0 I I I J I I I I

57 MeV 64N.

Ol = Ol=

O. I

Ni

Q =4.3I

l.0 0.0l—
58N.

6
b Ol Q=6. 23 0.0I =:50MeV 64

O. l

58N

Q = 8.20

Ol—

62N;

0.0l =
I

0
~)

i

30 60

O. l =
I

90 0
ec.~.~d«j

30 60 90

FIG. &. Experimental differential cross sections and
theoretical fits for the ~ ' ' ~2' 'Ni( 0 O) gr ound-
state transitions at incident laboratory energies of 65,
57, and 50 MeV. The DWBA curves, though containing
oscillations, reproduce the change in shape from an ap-
parently single-peaked angular distribution for the

'~ Ni targets to the forward-sloped distribution for
the ' Ni targets.
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io angular distribution between the reactions on
""Ni and "'"Ni targets cannot be accounted for
by the kinematic differences (Q dependence). In
such a calculation, grazing angular distributions
result for all of the reactions, with a slight an-
gular shift ( 3 evident across the Ni isotopes.
One possible means of obtaining a reasonable
theoretical description of the angular distribu-
tions and cross-section size is to reduce the
absorption to a critically weak level which per-
mits the heaviest Ni isotopes to be considered
"strong" absorbers, but which when lowered
slightly more for the lighter isotopes allows re-
actions to occur appreciably for angles far for-
ward of the characteristic grazing angle. If one
were to describe the elastic scattering by optical
potentials with a fixed real depth and with equal
real and imaginary radii, then most of the rela-
tive weakening between isotopes comes naturally
from a radius decrease demanded by the (elastic)
data. In this note a prel. iminary theoretical anal-
ysis is attempted for the """"¹("Q,"Q)
ground-state transitions at 65 MeV incident lab-
oratory energy. This analysis employed a ver-
sion of the heavy-ion finite-range DWBA code
DRC, adapted for use in two-nucleon transfer
reactions and previously applied to ("0,"0) re-
actions in Mo isotopes. ' In all calculations of the
transfer cross section we used only optical po-
tentials fitted to the elastic scattering data.
Elastic differential cross sections were mea-
sured in all entrance and exit channels (except
"0 on "Ni) at laboratory energies between 60
and 64 MeV. The theoretical elastic angular dis-
tributions were calculated with a heavy-ion vari-
ant of the code ABACUS and a sample fit is shown
in Fig. 2. Additional fits to elastic measurements
ments for 50-MeV-lab-energy projectiles showed
no need for strong energy dependence in the opti-
cal potentials. As in earlier work, ' we find the
elastic scattering is sensitive only to the outer
region of the nuclear real potential provided a
"sufficiently" strong absorption is present.
There remains, however, considerable latitude
in the choice of depth, range, and diffusivity for
the imaginary potential. For the ""Ni('80, "0)
reactions the optical parameters used were V~
=70 MeV, 8'=9 MeV, a„=a~=0.4 fm, withe„„

on 'Ni and ~Ni, respectively, while P„,& = g,
= 8.71 fm and R„„=R;, = 8.77 fm for "0 on
"-Ni and "Ni, respectively. In the analysis of the
"'"¹('80,"0) reactions, the imaginary potential
depth was reduced to 8.0 MeV and the imaginary
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FIG. 2. Representative elastic differential cross sec-
tion and fit for 0 and Ni at a laboratory energy of
63.42 MeV. Measurements were made of elastic scat-
tering for 60-64 MeV 0 and '~0 on the other Ni tar-
gets with almost equivalent fits obtained.

diffusivity set at 0.5 fm, while the real radii
were decreased to 8.52, 8.68 fm for "0 on ""Ni
and to 8.36, 8.31 fm for "O on ""Ni. Also the
imaginary radii were decreased below the real
values to 8.2 fm. It should again be stressed that
all these parameter "changes" between the heav-
ier and lighter isotopes are consistent with good
fits to the elastic data, the change in real radii
being, in fact, required by these data.

Aside from the apparent strong oscillations
(Fig. 1) a reasonable grazing shape is obtained
for the ""¹i("0,"0) angular distributions at 65
MeV. Also presented are theoretical angular
distributions for the "Ni("0, "0) reactions at
incident energies of 50 and 57 MeV to illustrate
our ability to describe the excitation systematics.
The theoretical curves for the ""Ni("0,"0)
ground-state transitions (Fig. 1) posses the re-
quired forward peaking but again contain strong,
unobserved, oscillations. The general change in
shape of angular distribution from ' ¹ito "Ni
targets is qualitatively described in our calcula-
tions. The forward peaking is produced by trans-
fer from orbits involving smaller nuclear separa-
tion than is experienced on grazing trajectory.
Along such surface-penetrating orbits the pro-
jectile is subjected to a strong attractive nuclear
field and may be bent into forward angl. es. The
possibility of interference between several wide-
ly separated orbits has, in fact, led to the nar-
row angular oscillations seen in the theory, at
least in our calculations based on a "no recoil"
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code. There is evidence that a more exact treat-
ment of the DWBA might considerably dampen
the oscillations. The diffractive process repre-
sented by these oscillations would not likely sur-
vive unscathed the fuzzing caused by allowing the
target to recoil. Nevertheless, the conditions
producing the oscillations may persist (weak ab-
sorption, geometry) and they should perhaps be
looked for experimentally in other reactions.

The absolute cross sections calculated for the
""Ni reactions underestimate the measured
cross sections by a factor -3.'" Those calculat-
ed for ""Ni are down from measurement by per-
haps 1.5. This change of normalization across
the Ni isotopes may be associated with our use
of a "no recoil" approximation or with inadequa-
cies of our shell-model structure. Structure
factors were taken from earlier theoretical
studies" while the bound-state radius parameter
and diffusivity were r, = 1.25 fm, a = 0.65 fm.
Reasonable variations in bound-state parameters
and in structure components produced no notice-
able influence on angular distributions. It should
be pointed out that attempts to shift normal bell-
shaped angular distributions to more forward
angles by increasing the radii of real and imagin-
ary potentials is bound to fail. Not only will fits
to elastic data be destroyed but, in addition, dis-
turbingly low absolute cross sections are ob-
tained for the reactions.

Strong transitions at angles forward of the ex-
pected grazing angle are also evident in mea-
sured angular distributions for the 57 and 65-
MeV transitions to the 2' states in ""Ni (Fig. 3).
We expect a similar theoretical approach to that
given above will adequately describe these re-
actions, but defer such an analysis to a later and
more complete work.

In conclusion, several remarks seem relevant.
The experimental differential cross sections for
the ""Ni("0,"0) ground-state transitions showed
marked deviations from cross sections expected
in a grazing collision. A reasonable theoretical
explanation is possible if the absorption is re-
duced considerably, probably only in the surface
region of nuclear interaction. In the weaker ab-
sorbing environment the Q-value differences
combine with radius changes (essentially dic-
tated by elastic scattering fits) to produce the
strong change in shape of the ("0,"0) angular
distributions across the Ni isotopes. In the cal-
culations appreciable cross section is seen at
extreme forward angles even for the ""Ni tar-
gets. This point is being resolved by further
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measurement. Other explanations for the changes
seen may arise from more involved processes,
such as multistep transfer. This remains for
future work to explore. The change in optical
potential throughout the Ni isotopes is not incon-
sistent with shell-model preconceptions for these
nuclei, "Ni possessing considerably more va-
lence neutrons than does "Ni. In any case the ap-
parent sensitivity of the heavy-ion-induced trans-
fer to optical parameters should prove useful in
mapping out nucleus -nucleus interactions.
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Models of differentially rotating neutron
the rotational enhancement of the maximu
when the Ostriker-Tassoul instability crit

stars have been calculated. An upper limit to
m gravitational mass is found to be about 50%
erion is used.

The search for black holes depends, to a large
extent, on finding compact stars whose masses
exceed the accepted maximum mass for a neu-
tron star. Hartle and Thorne' have calculated
the increase in mass to be expected in a rigidly
rotating neutron star. The object of the present
work is to relax the condition of uniform rotation
and see if the mass of a neutron star can be in-
creased significantly.

In the present work, sequences of increasingly
faster-rotating, axially symmetric equilibrium
configurations are found for a given equation of
state, using the fully relativistic equations. In
order to terminate the sequences, the Ostriker-
Tassoul stability criterion is used.

The notation used here and the equations for
the metric and hydrostatic equilibrium are taken
from Bardeen and Wagoner' and Wilson. 4 The
method of solution is different and is as follows.
An estimate of density versus radius of a neutron
star is assumed, and the field equations are
solved for the metric. Next, the Z component of
Eq. (5) from Ref. 4 is solved for density by in-
tegrating out from the equator. The boundary
condition on the integration is that the mass per
unit coordinate volume on the equator is fixed.
Then the A component of Eq. (5) is solved for the
angular velocity. Using the new densities and
velocities, the field equations are solved again
for the metric. Then the hydrostatic equation is
again solved for the new densities and velocities.
This alternation back and forth between field
equations and equilibrium equations is repeated
until a convergence is achieved. Thus, a nearly
spherical configuration is first established. To
find more rapidly rotating models, the density

profile in the equator is simply stretched out in
the A direction in proportion to the radius, and
the above iteration procedure is carried through

again.
Since the equations are solved by finite-differ-

ence methods by a rather small number of grid
points (about 25x 25), coarse (15x15) and fine-
zoned (25x 25) problems were run on two of the
configurations. From this, the error in mass
is estimated to be probably less than 5%. The
Tolman-Oppenheimer-Volkoff equation was in-
tegrated in a fine grid, using the same equation
of state. The mass oftihe spherical stars, as
calculated with the two-dimensional program,
s,greed within better than 5%%ug with the accurate
spherical calculation.

Wilson's' equation of state III was used except
where indicated. This equation of state yields a
maximum gravitational mass of 1.90Mo, and so
it is probably as hard an equation of state as is
now popular. Star configurations with three dif-
ferent central densities were calculated with the
above equation of state. Due to the calculational
procedure used, the central density decreases
as the rotation increases in a sequence with in-
creasing rotation. Figure 1 gives the star mass-
es and central densities for the three calculations.

Ostriker and Tassoul' found that rotating, grav-
itationally bound systems have nonaxially sym-
metric modes of instability, independent of the
degree of differential rotation. The density dis-
tributions for the examples with high central den-
sity (B and C of Fig. 1) are relatively flat. The
isodensity contour»~ of the way in from the out-
side of the star indicates a density ~0 that of the
central density. We infer from this that the lin-
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