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whether the 'S, FSI is dominant or not, because
it was carried out only for a particular direction
of the relative n-p motion. However, we believe
from the present result that the analyzing power
does not vary so rapidly with this direction of
motion if the S, FSI is dominant. A kinematical-
ly complete polarization calculation and/or ex-
periment should be very helpful to solve this
problem. From the present results it appears
feasible and useful to continue these measure-
ments with use also of tensor-polarized deuterons
in order to obtain these data as a function of en-
ergy. Faddeev calculations' pr edict significant
changes to lower energies and one can expect to
see the influence of the 1' resonance of 'I i as a
three-body resonance on the breakup, especially
on the polarization observables.
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Deuteron-p angular correlation measurements and their analysis indicate significant
effects of the deuteron D state on the spin-statistical tensors of the 2.58-MeV {&7 )

state in 5 Ni excited in the reaction ~ Ni(P, &) 5 Ni at an incident energy of 30 MeV.

PACS numbers: 25.40.Gr, 24.70.+s

Since the early works of Johnson and Santos'
and of Delic and Hobson' the role of the deuteron
D state in direct (d, p) and (p, d) reactions has
been the subject of many theoretical and experi-
mental studies. It now seems well established
that the deuteron D state has only small effects
on differential cross sections at low energies,
while it has significant effects on tensor analyz-

ing powers. ' The D-state effects on cross sec-
tions are shown' to be quite important at several-
hundred megaelectronvolts, where large momen-
turn transfers are involved. The D-state effects
on the polarization transfer have also been re-
ported. ' The polarizations, or, more strictly,
the spin-statistical tensors, of the residual nu-
clear states also give information on the reaction
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amplitudes, and this information is independent
of that contained in the quantities mentioned
above. ' Therefore it is very interesting to see
how important the D-state effects are on the
polarization of the states excited in (p, d) or (d, p)
reactions.

We have measured the d-y angular correlations
in the reaction "Ni(P, dy)57Ni at E~= 30 MeV, and
observed for the first time a clear indication of
the deuteron D-state effects on the polarization
of a residual nuclear state, the 2. 58-MeV (~2 )
state in "Ni. This state has the largest pickup
cross section among the "Ni states. Further-
more, it is known' to decay only to the ground
state (2 ) by a pure E2 transition. Therefore the
analysis is free from the uncertainties in mixing
ratio and the estimation of sum-peak intensities.

The measurement was made with use of a 30-
MeV proton beam from the Institute for Nuclear
Study sector-focusing cyclotron. After passing
through the target, the beam was focused again
by a pair of quadrupole magnets and lead to a
beam dump 4 m away from the target chamber.
Careful beam transport and shielding enabled us
to reduce the background counting rate less than

2' in y-ray singles spectra. The target was a
2.4-mg/cm'-thick nickel foil enriched to 99.8/0
in "Ni. Four sets of Si counter telescopes were
used to detect deuterons, and four 5x 5 cm' NaI-
(Tl) detectors were placed in the reaction plane
to detect y rays. The relative efficiencies of the
y-ray detectors, as well as the geometrical
eccentricity, were checked by measuring resi-

1.5— 8' =25'
d S+D

S

dual activities in the target. They were found to
be identical within the 2% statistical errors. En-
ergy signals and timing signals from these detec-
tors were fed into a TQSBAC-40C computer to
sort out coincidence events. Signals were also
recorded on magnetic tape for later off-line analy-
sis. The time resolution was typically 10 ns,
much smaller than the beam burst interval (=60
ns). Accidental-coincidence events amounted to
as high as 15'//~ of true events at 10 nA of the
beam current, and were subtracted from the spec-
tra.

The differential cross section and analyzing
power obtained for the 2.58-MeV state at the
same incident energy' are shown in Fig. 1, which
is included here to illustrate the fact that the
theory gives a good account of these standard
observables. Figure 2 shows the angular correla-
tion functions measured at 0„' '= 25, 45', and
65'. These angles correspond to the first maxi-
mum, the first minimum, and the second maxi-
mum of the cross-section angular distribution.
The solid and dashed curves in Figs. 1 and 2 rep-
resent exact-finite-range (EFR) distorted-wave
Born-approximation (DWBA) calculations with
and without the D-state effects. The EFR DWBA
code TKOFNR' has been modified' to include the
D-state calculations. The n pinte-raction, which
is used to describe the transfer reaction as well
as to generate the deuteron internal wave function,
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FIG. 1. Differential cross section «/d~ and ana-
lyzing power A~ for the reaction ~8Ni(P, d)'VNi (2.58
MeV, ~7 ) at E& = 30 MeV compared with the EFR
DWBA calculations with (solid curves) and without
(dashed curves) the D state. The distorting potential
parameters are taken from Refs. 12 and 13.

0.5-
0' 30' 60' 90' 120' 150' 180'

e~

FIG. 2. Experimental d-y angular correlations meas-
ured in the reaction plane for the 2.58-MeV state at
three different angles of deuterons compared with the
EFR DWBA calculations. See caption for Fig. 1.
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is taken to be the Reid soft-core potential. "
Distorting potential parameters used in the cal-

culations are taken from Greenlees and Pyle"
and Baker eI al. " Nonlocality of the potentials
has been included in the local-energy approxima-
tion. The form factor is generated by the usual
separation energy method. Finite-solid-angle
corrections, although small, have been made to
the calculated correlation functions to facilitate
direct comparison with the data.

The program has been tested for several
choices of the integration mesh size and the inte-
gration range. The results are found to be rather
sensitive to these parameters in the integration.
With a proper choice of the parameters, the
program reproduces the results of Delic and
Robson. ' In particular, the integration range in
the present calculation is enough to cover the
interaction range, as the D, value" obtained here
is 0.483 fm' and close enough to the value 0.484
fm' given by Knutson and Haebe rli" for the Reid
soft-core potential.

Inclusion of the deuteron D state slightly in-
creases the calculated cross sections around 45',
as shown in Fig. 1. Such an effect was first
noticed by Johnson and Santos' as a possible
origin of J dependence. The D-state effects on
vector analyzing power are also small, but some-
what improve the fit to the data. On the other
hand, the D-state effects are appreciable on the
correlation function for 0„' '=45', and signifi-
cantly improve the fit to the data. Near the max-
ima of cross sections, at 25 and 65, the D-state
effects on the correlation functions are small, al-
though slight improvement of the fit is seen at
65'.

The Ll-state effects observed in the fit to the
correlation data at 45 are not related to a specif-
ic choice of potential parameters. This can be
seen in Fig. 3, where examples of the correla-
tion functions calculated with different sets of
deuteron parameters are compared with the data.
The best fit to the experimental data is obtained
with the adiabatic potential for deuterons, D3,
although the fits to the cross section and analyz-
ing power data are slightly worse. Irrespective
of the potential parameters used, the 45 corre-
lation data could not be explained without the deu-
teron D-state effects.

It is not difficult to understand why the D-state
effects are important to the correlation functions
even when the effects on the cross section and
vector analyzing power are small: The cross
sections are insensitive to the D-state effects at
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Fro. 3. Correlation functions calculated for Oq

= 45 with different deuteron potentials compared with
the data. The proton potential of Ref. 12 is used. The
deuteron potentials Dl and D2 are taken from Hefs.
13 and 16, respectively. The deuteron potential D3
is the adiabatic potential constructed from the proton
and neutron potentials of Ref. 17, following the pre-
scription given in Ref. 18.

low energies, since primary contributions to the
cross sections come from the spin-independent
parts of the distorting potentials and the central
n pinter-action. Vector polarization and analyz-
ing power are largely affected by the spin-orbit
parts and the absorptive parts of the distorting
potentials through the modification of the dis-
torted waves. In order to see the D-state effects
on the vector polarization and vector analyzing
power, therefore, one must eliminate the contrib-
ution from the spin-orbit potentials and the ab-
sorption. This can be achieved in some special
cases" by measuring both the polarization and
the analyzing power. On the other hand, the
angular momenta of target and residual nuclei
enter DWBA calculations through the form fac-
tors, the product of the residual interaction, and
the initial- and final-state wave functions. The
inclusion of the tensor force in the residual n-p
interaction (and consequently the D state in the
deuteron wave function) directly modif ie s the
form factor and the angular momentum coupling
therein. Thus the polarization of the residual
nuclear state can be sensitive to the D-state ef-
fects when the major components of the reaction
amplitudes are relatively suppressed, namely at
the minima of cross-section angular distributions,
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In summary, a clear indication of the effects of
the deuteron D state on the polarization of the
2.58-MeV (+ ) state has been obtained in the
'sNi(p, dy} angular-correlation measurement at
an incident energy of 30 MeV. The importance
of the D-state effects to the polarization of the
residual nuclear states can be understood by
examining the DWBA formalism.
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Selectivity in Two-Particle Exclusive Heavy-Ion Reactions
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A high-resolution study of two-particle exclusive reactions of ' Si+ ' Si over a wide
rarge of bombarding energy shows interesting selectivity in both the mass and the en-
ergy spectra. The mass spectra display an enhanced population of every fourth mass
which gives way to an enhancement of every second mass at the higher energies. The
energy spectrum of inelastically scattered particles shows a selective population of
mutually excited yrast states in both fragments.

PACS numbers: 25.70.Bc, 25.70.Hi

There have been essentially no previous studies
of heavy-ion reactions with projectiles heavier
than "0 in which the energy resolution was suffi-
cient to resolve individual final states of the pro-
duct nuclei. ' Such experiments are potentially of
great interest as they in principle contain signifi-
cant information on the reaction mechanism

through, for example, any selectivity in final-
state population. Indications of such selectivity
have been reported by Novotny et aL. ,' who ob-
served broad structures in the spectrum of in-
elastically scattered "S from "Si. The energy
resolution of the experiment precluded, however,
any identification of these structures.
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