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culated ratio and the data is within a factor
of 2. For Os"', where an asymmetric but
"soft" shape is expected, with the wave func-
tion smeared over many possible shapes, the
calculated ratio is approximately a factor of
10 larger than measured. It is clear that the
pairing-plus-quadrupole model calculations,
with the strengths of the forces as used, lead
to potential wells that are somewhat shallow-
er in the y coordinate than are needed to fit
the experimental data on transition rates. A

modification towards the rotational limit would

produce a better over-all fit to the data. It
will be of interest to make similar compari-
sons with the Nd, Gd, and Sm nuclei in the
lower mass transition region as soon as the
numerical calculations become available.

We thank Dr. Krishna Kumar and Dr. Joseph
Weneser for informative discussions concern-
ing this work. We would like to express our
appreciation to the operating staff of the A. W.
Wright Nuclear Structure Laboratory for their
assistance in carrying out the measurements.
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A beam of polarized deuterons has been scattered from a helium target. The results
show that d-o. scattering is a useful analyzer for deuteron vector polarization for most
deuteron energies between 2.5 and 10 MeV. It is also observed that the d-n break-up
reaction is strongly dependent on deuteron spin.

Experiments with polarized protons have led
to a detailed knowledge of the spin dependence
of the proton-nucleus interaction. Very little
is known, by comparison, about the interaction
of deuterons with nuclei. Polarization exper-
iments are indispensable if one wishes to de-
termine the strength of the deuteron spin-or-
bit interaction with any degree of accuracy but

progress has been hindered by the lack of suit-
able polarization analyzers. In a number of
recent experiments the reaction He (d, P)He
has been used as a polarization analyzer, fol-

lowing a proposal by Galonsky, Willard, and

Welton. ' The deuterons have to be slowed down
to an energy of a few hundred keV because the
method depends on the assumption that the re-
action takes place only with s-wave deuterons.
However, the reaction mentioned above only
permits the determination of the tensor polar-
ization (alignment parameters) of the deutrons.
The reaction is completely insensitive to the
vector polarization because the deuteron orbit-
al angular momentum is zero. The vector po-
larization of the deuterons can in principle be
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determined from the polarization of the outgoing
protons. This has been done in one case. ' How-
ever, the method is usually not practical for
intensity reasons, because an additional scat-
tering is necessary to determine the proton
polarization.

On the basis of recent analyses of d-n scat-
tering we had reason to believe that this pro-
cess is sensitive to the vector polarization of
the deuterons, not only near the narrow l.07-
MeV resonance, but also over a wide energy
range at higher energies. ' ' In order to mea-
sure the vector polarization (or vector analyz-
ing power) in d nsc-attering the polarized beam6
of the Wisconsin tandem accelerator was used.
The lack of analyzing reactions for deuteron
vector polarization made it necessary to infer
the magnitude of the beam polarization from
other experiments. Earlier experiments had
shown that the mechanism of the polarized ion
source is sufficiently well understood to pre-
dict the polarization of the proton beam correct-
ly to within 1%. Similarly, the tensor polari-
zation of the deuteron beam, which was measured
by use of the reaction He'(d, P)He', was consis-
tent with the expected value. %e therefore pos-
tulate that also the vector polarization of the
beam is close to the expected value. This as-
sumption seems justified because the atomic

interactions in the ion source are well under-
stood and because the corrections for depolar-
izing effects are small.

The deuteron beam is horizontal and is in-
cident upon a gas cell containing helium. Two
CsI scintillation counters and the target cell
are located in a horizontal plane at symmetric
angles to the left and the right of the incident
beam. The polarization axis, which is defined

by the magnetic guide field in the ionizer of
the polarized ion source, is vertical, i.e. , nor-
mal to the scattering plane. The differential
elastic cross section for a nuclear reaction
induced by a polarized beam can be written
in the form7

(x(8, cp) = v, (8)(1+2 (it„)(iT„) cosy+ (t2o)(T2O)

+2(it»)(iT„) sing+ 2(t»)(T») cos2p), (1)

where v, (8) is the cross section for an unpolar-
ized beam. The spin tensor moments (tqy) rep-
resent the polarization of the incident beam
and the (T&y) are the polarization tensor mo-
ments describing the scattering process. ' The
beam polarization is, as usual, taken in a right-

handed coordinate system with the ~ axis along
the incident beam direction. In the present
application it is convenient to take the y axis
along the spin direction (S) of the incident beam.
The aximuthal angle y is measured between
the y axis and the normal to the scattering plane
k;n&&Qut. The vector polarization (it») is re-
lated to P& = (S&) by (it») = ~ W3P&. Values of
the (tqy) for our beam are given in Ref. 7. The
left-right ratio of counting rates can then be
expressed as

0(8, q = 0) 1+c+ 2 (it»)(iT„)
0(8, y = m) 1+c-2 (it„)(iT„) (2)

can be measured separately. The two equations
obviously yield c and (it»)(iT»). In the present
experiment the beam integration was carried
out by placing a thin (400-pg/cm') gold foil
in the beam in front of the target and monitor-
ing the intensity of deuterons scattered from
the foil at an angle of 24 by two solid-state
detectors. Both methods gave consistent re-
sults.

The measured d-o. vector polarizations for
center-of-mass scattering angles of 66' and
104' are shown in Fig. 1 and are tabulated in
Table I. The uncertainties in polarization (in-
cluding the uncertainty of the beam polariza-
tion) are about +0.01. The largest values mea-
sured are roughly equal to one-half of the max-

Note that c is the same for scattering to the
left and scattering to the right. The second-
rank moments which enter in c are known rea-
sonably accurately from previous experiments'
so that the vector polarization (iT») can be ob-
tained from Eq. 2. For the angles and energies
of the present experiment c varied between
-0.1 and +0.2. In order to eliminate the differ-
ence in counter solid angle one reverses the
magnetic guide field at the ion source.

The experiment was repeated in a way which
made it unnecessary to have prior knowledge
of the quantity c. In principle, only a single
counter is necessary for this purpose but it
is essential to be able to obtain accurately re-
producible integration of the incident beam in-
tensity. If measurements are taken with spin
up, spin down, and unpolarized beam, and if
the runs are normalized to the same number
of incident deuterons, the ratios

(7(8 q (p = 0)/Go(8) = 1 + c + 2 (if ii)(iT i i) q

0(8, y = m)/c, (8) = 1+c-2 (it„)(iT»)
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0.8 Table I. Vector polarization in d-n scattering.
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FIG. 1. Vector polarization in d-n scattering for
center-of-mass scattering angles 66' (dots) and 104
(circles). The calculated curves are based on the
phase shifts of Ref. 5.

imum possible value ((iT&i)m~-W3/2). Ad-
ditional measurements for a scattering angle
of 86' gave values for (iT») between 0.03 and
0.07 for deuteron energies between 5 and 11
MeV. The solid lines in Fig. 1 represent the
predictions from the phase-shift analysis. '
At all angles measured, the new data confirm
the qualitative features of the analysis and,
therefore, strengthen the evidence against the
proposed T =0 levels in Li at 6.8, 7.8, and
9 MeV.

The observation of substantial values of vec-
tor polarization in d-a scattering suggests the
possibility of producing vector-polarized deu-
teron beams by bombarding deuterium targets
with beams of high-energy n particles, sim-
ilar to the method used by Rosen' and others
to produce polarized protons. Bombardment
of a deuterium target, e.g. , with 18-MeV n
particles would yield recoil deuterons at Blab
=30'with an energy of 12 MeV and a vector
polarization of about (it») = -0.3. The polari-
zation is estimated on the basis of an extrapo-
lation of the measurements to L9c m =120 .

In the course of the present experiment we
also observed the left-right intensity ratio of
protons from deuteron breakup on He . For
deuteron energies above 9 MeV and ~lab=45'
and 60', the polarization effects in deuteron

breakup are large, in fact, about a.s large as
in d-n scattering at 45' and 9 MeV, but oppo-
site in sign. The large asymmetry is confined
to the part of the proton spectrum which is
dominated by the n-a final-state interaction. "
In cases like the present one, where the final-
state interaction is strongly spin dependent,

66 2.50
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The uncertainty of &iTii) is +0.01 except for some
point where it may reach +0.02. The main contribu-
tions to the error are from counting statistics and un-
certainty in beam polarization.

the use of a polarized deuteron beam offers
an interesting new method of separating the
break-up continuum from the final-state inter-
action peak.
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