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The presence of Ti in Ti targets used in the (p, t)
reaction raises some questions about the reliability of
the low-resolution experiment of Ref. 9 for the 1.90-
MeV level.

A 161=1.0 wouM give 32-W.u. E2 aud 2 &&&0 -W.u.
Ml components for this transition. The latter is reason-
able for 4T =0 transitions in self-conjugate nuclei.

If the negative parity assignment is correct, then
the sequence 3, 4, 5 seems novel in this region. In
other nuclei, such as Ca, the sequence is 3, 5, 4 .

The latter sequence is improbable in Ti in view of the
nonobservation of the second level and the strong feed-
ing of the third level in the (P, t) reaction (Ref. 4) .

A. S. Davydov and G. F. Filippov, Nucl. Phys. 8, 237
(&958); A. S. Davydov and V. S. Hostovsky, Nucl. Phys.
12, 58 (1959).

4A. S. Davydov and A. A. Chaban, Nucl. Phys. 20,
499 (1960).

The two states not included in the band structure are
at 3.75 and 3.94 MeV.
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Vector-analyzing-power angular distributions for deuteron elastic scattering and 1 =0
pickup reactions on the same target are compared for S(d, d) S with S(d, He) P,

Si(d, d) Si with 3 Si(d, t) Si, and '4N(d, d)' N with ' N(d, t)'3N at a deuteron lab energy of
15 MeV. The strong similarities between the two angular distributions for each target
suggest that an alternative to the distorted-wave Born-approximation description of these
direct transfer reactions may be appropriate.

The purpose of this Letter is to present experi-
mental data which show the strong similarity of
vector analyzing powers' of (d, d) to those of (d,
sHe) or (d, t) direct reactions in which the trans-
ferred nucleon initially has orbital angular mo-
mentum /= 0 (called l =0 transfer). In a pickup
reaction, such as (d, sHe) or (d, t) at sufficiently
high energies that direct-reaction mechanisms
predominate, if the outgoing particle consists of
a deuteron loosely associated with the transfer red
nucleon, then it may be scattered similarly to an
elastically scattered deuteron having the same
momentum as the deuteron component of the out-
going particle. If l= 0, there is no orbital angu-
lar momentum transfer, since the nucleon is cap-
tured into 3He or 'H with zero orbital angular mo-
mentum. The polarization effects in the transfer
reaction and in the elastic scattering may then be
similar.

The weakly bound projectile (WBP) model' has
been used in the analysis of polarization effects
in 1 = 0 (d, P) reactions. One of the first predic-
tions' of the model, which agrees quite well with
experiment, ' was that the proton polarization
produced in an /= 0 (d, p) stripping reaction ini-
tiated by an unpolarized incident deuteron beam
should equal the proton polarization in (p, p) for

the same scattering angle and outgoing energy.
It is straightforward but lengthy to show that,
starting from Eq. (18) of Pearson and Coz, ' the
corresponding prediction for the pickup reactions
(d, sHe) or (d, t), under the same assumptions as
in the WBP model, with modifications of only the
spins, is that the vector analyzing power for l =0
transfer should be equal to that in (d, d) at the
same scattering angle and incident deuteron en-
ergy

The above WBP-model predictions follow di-
rectly from the analytical formulas. On the other
hand, in the distorted-waves Born-approximation
model, which is commonly used to describe such
transfer reactions, no such parameter-indepen-
dent predictions relating analyzing powers in
l = 0 transfer reactions to those in elastic scat-
tering are made, and to our knowledge no simi-
larities have been suggested by detailed calcu-
lations. There are objections4 to the formalism
of the WBP model originally presented by Pear-
son and Coz, ' and an alternative development of
the formalism starting from a similar physical
viewpoint as in the WBP model has been proposed
by Butler and co-workers. ' The experimental
results reported here suggest that some descrip-
tion similar to the WBP model is physically ac-
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eeptable.
The experiment used the Triangle Universities

Nuclear Laboratory Lamb-shift polarized-ion
source' to obtain a beam of vector polarized deu-
terons by using the spin-filter technique' with
state 3 in a zero-crossover mode. ' The tensor
polarization I' was estimated to be small, 0 &&„
(0.05. All data were taken with both spin up and
spin down to minimize instrumental asymmetries,
as in Hardekopf et aE.~

Scattered deuterons, helium-3 nuclei, 3nd tri-
tons were detected using pairs of silicon surface-
barrier detectors in a telescope arrangement,
which enabled simultaneous detection of these
three types of particles. Two such telescopes
were used, placed at equal angles to the left and
right of the incident beam. The particle-identifi-
cation technique of Goulding et al."was used.
Simultaneous detection of deuterons, helium-3
nuclei, Bnd tritons increased data collection ef-
ficiency and eliminated some systematic erros.
Detector eollimators had a total scattering-angle
acceptance of about O'. Detailed calculations
showed that this produced negligible smearing of
the analyzing-power angular distributions.

The choice of targets and bombarding energy
and the selection of He or H particles and of
states in the final nuclei were made in order to
obtain /= 0 transfers and to maximize yields. The
3'S target was natural S as H,S g3s at 1 atm pres-
sure in a 2. 5-cm-diam gas cell; the '4N target
was natural N, at 2 Btm pressure in a similar gas
cell; and the 3'Si target was a self-supporting
foil of SiO, prepared from SiO, enriched to 96%%uo

in Si. The energy losses of the 15-MeV inci-
dent deuteron beam in the H,S, N„and Sio tar-
gets were 70, 200, and 6 keV, respectively. Cross
sections for elastic scattering from S and N,
measured at a c.m. angle of 90' in the energy
range 14.0—15.5 MeV in 80-keV steps, were
smooth within the statistical errors of about 3%.
This suggests that direct-reaction mechanisms
are predominant in this energy region.

Vector analyzing powers A, in s28(d, d)MS and
"S(d, 'He)"P (—,', Q = —3.37 MeV), in "Si(d, d)"Si
and 3'Si(d, t)29Si (~', Q= —4.36 MeV), and in
'4N(d, d)'4N and "N(d, t, )' N* (—.', Q = —6.67 Mev)
in the c.m. angular range 30'—95'were obtained,
as for protons, in a standard way" from left-
and right-detector and spin-up and spin-down
yields. Background counts subtaeted from the
peaks of interest were less than 2% for all peaks,
except for "N(d, f,)"N* for which the backgrounds
were approximately 16%.
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FIG. 1. Vector analyzing powers A. in the Madison
convention {see Ref. 12) versus c.m. scattering angle
6 for 15-MeV deuterons incident on 3 S, 3 Si, and ' N.
Circles, (d, d); triangles, (d, 3He) or (d, t) „Error bars
shown are statistical only and do not include the ad-
ditional error which results from the background asym-
metries, When not shown the errors are smaller than
the symbols. The dashed curves represent the (d, d)
analyzing powers at the same deuteron momentum
transfer as in the {d, He) or (d, t) reaction, as dis-
cussed in the text. Particularly for the 3 S and ~ Si tar-
gets, the strong similarities between these analyzing-
power angular distributions in elastic scattering and
in / =-0 transfer reactions are evident.

Figure 1 shows the experimental analyzing-pow-
er angular distributions. Each of the (d, d) angu-
lar distributions shows oscill3tions similar to
(d, 'He) or (d, f) on the same target. The agree-
ment is comparable to that between (p, p) and
(d, p) polarizations for /=0 transfers. ~'3 For s2S

and Si only. E=0 nucleon transfer is possible in
a single-step direct reaction and 2s single-par-
ticle orbitals are dominant in the target ground-
state wave functions.

For '4N the transfer-reaction cross section is
on the average a factor of 20 smaller than for the
other two targets. Both I = 0 Bnd E = 2 transfers
are possible since '~N has J"=1'. The probabil-
ity of 2s and 1d orbitals admixed into the domi-
nant lP orbitals in "N may be about O. l. ' There-
fore, since an l = 1 transfer is forbidden by par-

950
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ity conservation, this explains why the "N(d,
t, )"N* cross sections are much smaller than
those for the other two transfer reactions inves-
tigated here The transition "N(d, t)'~N is there-
fore very sensitive to contributions from other
reaction mechanisms. The predominance of 2s
over 1d is not clearly established, '4 so that the
requirement of E= 0 transfer may be poorly sat-
lsf led.

The elastic-scattering data may alternatively
be compared to the transfer-reaction data for
equal change in deuteron momentum, i.nstead of
at equal scattering angles. This takes into ac-
count the mass and kinetic energy change in the
transfer reaction. At a c.m. scattering angle 8
the deuteron momentum change in elastic scat-
tering is

q, (8) = 2k sin(~ 8),

and in the transfer reaction it is

q, (8) = [k'+ (k ')' —2kk' cos 8]'", (2)

where k = (2m, E/5')"' and k' =~[2mf(E+ Q)/k']'",
with m,. and mf the reduced masses of the scat-
tering pairs in initial and final states, respec-
tively, and E the c.m. initial kinetic energy. The
factor~s in k' is the fraction of the 3He or ~H mo-
mentum which is carried by the deuteron. Data
can be compared at equal momentum transfers
by choosing the elastic deuteron scattering angle
8, such that

At each angle 6 the angle 8, was determined from
Eq. (3). The dashed curves in Fig. 1 were then
obtained by quadratic interpolation of A„between
the (d, d) data points in Fig. 1. The agreement
between the analyzing powers in elastic scatter-
ing and in the transfer reactions is seen to be
markedly improved when plotted for the same
deuteron momentum change in the elastic scatter-
ing as in the transfer reaction.

We have thus shown that for light nuclei at a
medium bombarding energy the vector analyzing
power for (d, d) elastic scattering is similar to
that for (d, sHe) and (d, t) E=O transfer reactions
when the data are compared at the same momen-
tum transfer. It would be interesting to extend
the analyzing-power measurements to other tar-
gets and to higher en rgies than can be attained
in our laboratory and to study the analyzing pow-
ers as a function of energy. Experimentally, at
higher energies the detectiom of the He and H

becomes easier and l= 0 transfers to higher-ex-
cited states which have small yields for 15-MeV
deuterons, especially at backward angles, can
be measured. This would enable the more gen-
eral validity of the present observations to be
checked.

The present results may stimulate further de-
velopment of models of direct transfer reactions.
In particular, momentum transfer seems to be
important in applying such formulations as the
WBP model. Therefore such descriptions of di-
rect transfer reactions may be applicable to
cases other than (d, P), in particular to (d, 'He)
and (d, t) reactions.
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Commission and in part by the University of North Car-
olina Research Council.
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A method is given for generalizing the Baranger et a/. —Haftel construction of the off-
shell two-nucleon 7' matrix so as to incorporate the constraints due to singular core in-
teractions (described by the boundary condition model) and the one-pion-exchange tail of
the two-nucleon potential.

Baranger, Giraud, Mukhopadhyay, and Sauer
(BGMS) have shown how to construct a partial-
wave off-shell two-nucleon T matrix, whose on-
shell (phase-shift) behavior is specified, without
explicitly using an underlying potential. They
showed in particular that the full off-shell T ma-
trix may be generated from an assumed form for
the symmetric part o(plk) of the half —off-shell T
matrix cp(k p), where y(k I k) = (—2k/z) sin5 (k),
5(k) being the phase shift. This construction
should prove very useful in investigations of the
sensitivity of the properties of few-nucleon sys-
tems to the off-shell two-nuclepn T matrix. '
Sauer' has extended the BGMS analysis to the
case of tensor interactions and more recently'
has shown how to incorporate the constraints as-
sociated with the one-pion-exchange tail of the
two-nucleon potential. Haftel, ' Amado, ' and
Kowalski et a/. ' have modified the BGMS construc-
tion so that it may be applied when bound states
are present.

The various forms of the BGMS construction
just cited are not applicable to the case of singu-
lar core interactions. Now there are consider-
able theoretical grounds for assuming that the ef-
fective two-nucleon core interaction at low ener-
gies is well described by the boundary-condition
model' which is mathematically equivalent to a
singular core interaction. It is thus of some
interest to find a generalized BGMS construction
in which the underlying two-nucleon potential has
a specified singular core interaction. We pre-
sent such a construction in this paper.

Consider an uncoupled two-nucleon partial-
wave eigenchannel with potential V = V, + V, where

V, is a local singular core potential and V is the
(nonsingular) potential which gives the interaction
for nucleon separations r &8, . The coordinate-
space representation of V, is (r'I V,Ir) = V,(r)
&&5(r' r)/r—', where V, (r) = V, 8(R, r) —V-, 5(r

R,), V,—~,-—V, —~, R, (~V, —R, V,) = E, so that
the radial wave function (r I() has the energy-
independent boundary condition

Z, (d/dr)(r ~g) ~„„=r(ft, ~q), (r &a,~q) = O.

If there is a bound state with specified energy E~
and wave function (r ~g~), we assume (following
Haftel') that ~gs) is an eigenstate of a model Ham-
iltonian II = K+ V, + V„(K=c.m. kinetic energy),
where V is the (nonsingular) model potential
which gives the interaction for x &8,." For no
bound states, t/' =0.

Let I („~' ) = exp[ —i5(k) j I g„' ) and I cp„' )
= expL —ia (k)] I y, '&) be the real scattering eigen-
states" of the actual Hamiltonian II=K+ V, + V
and II, respectively, where ~y„~'~) may be cal-
culated' by taking the V„V,—~ limit, mentioned
above, of the solution of the equation

[ y,")= ~k) + (k + i~ —E) '(V, + V ) )y,"),
0+

5(k) and 5 (k) are, respectively, the actual and
model phase shifts. g„'~) satisfies the usual in-
tegral equatipn for twp-potential scattering".

(q,")= [q,'&)+ (k'+ i~ -H„)-'(V- V.)[g,&'&), (2)

c- 0+.

From the usual orthogonality rel.atipns and the


