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Application of Polarized Deuterons in (d, py) Angular Correlation Measurements*
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The application and use of tensor polarized beams of deuterons in (d, Py) angular correla-
tion experiments with spin-0 targets is described in connection with the measurement of
mixing ratios of decays from spin-& states in C and 'Si.

The angular distribution of y rays emitted from
an excited nuclear level populated in a nuclear
reaction is a function of the initial and final level
spins, the multipole mixing ratio for the y-ray
transition, and the population ratios for the mag-
netic substates of the initial state. These popula-
tion ratios are not, in general, accurately pre-
dicted by reaction theories, and for this reason
the technique' of detecting the outgoing particle
along the direction of the beam axis has been
widely used as a reaction-mechanism-indepen-
dent method of extracting spectroscopic informa-
tion from angular correlation experiments. In
this collinear geometry, the maximum substate
populated in the residual nucleus is limited to a
value equal to the sum of the intrinsic spins of
the incident particle, target, and emitted parti-
cle. A reaction such as ('He, o.) on spin-0 ta,r-
gets then populates only Ill= 2 substates [P (2)
=I], and there is no unknown population ratio.
On the other ha, nd, the (d, p) reaction on spin-0
targets populates both Iml = ~ and —,

' substates,
and the mixing ratio x can be extracted only if
the experimental angular correlation provides
enough information to determine both x and the
unknown population parameter, P( —,')jP(—,'). This
requirement is not always fulfilled and has often
limited the usefulness of (d, py) angular correla-
tion measurements in the past, especially in
studies of decays from spin- 2 states.

The present work describes the utilization of
tensor polarized deuteron beams in measuring
(d, py) angular correlations with spin-0 targets

and illustrates the first application of a slight
variation of a method proposed by McCullen and
Seyler' for circumventing the difficulty associat-
ed with the unknown population parameter. The
technique requires measuring correlations at dif-
ferent known values of the beam polarization,
and then forming a combination of the correla-
tions which is not dependent on the population of
the [ml =-,' substates in the residual nucleus. The
method, as described below, was tested in a
measurement of the mixing ratio of the 3.68-0.0
(-,' - —,

'
) transition in "C. We have obtained a

mixing ratio of —0.154 + 0.054, in agreement with
a previous value of —0.096'0

O2y obtained by Po-
letti, Olness, and Warburton from y-y correla-
tion studies. ' The method is applied here to a
measurement of the unknown mixing ratios of the
2.32 - 0.0 (—,'' - -,' ') and the 3.54 -0.76 (-,' ——,

' ')
transitions in "Si.

The experiments consisted of angular correla-
tion studies of the reaction soSi(dPy)"Si initiated
by -15-nA beams of polarized deuterons from
the Triangle Universities Nuclear Laboratory
Lamb-shift, polarized ion source. ' The protons
were detected at -180' in a 500-p, m silicon sur-
face-barrier detector and the coincident y rays
were detected at angles between 25' and 90 in an
array of four 3.7 x 5.1-cm' integral Nal(Tl) detec-
tors. The experiments were performed at a bom-
barding energy of 4.15 MeV with a 200 p, g/cm'
target of silicon enriched to 98% "Si.

Measurements were first made with polarized
deuterons in the I,=+1 magnetic substate (p,
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=P„=0.71) and then made with deuterons in the
m, =0 substate ($,-0, P„=—1.42). Here P, and
p„are the vector and tensor polarizations, re-
spectively, of the incident deuteron beam. The
experimental values quoted are 71% of the theo-
retical maximum beam polarizations and were
measured to an accuracy of + 3% by means of the
quench ratio method. ' The spin quantization axis
of the polarized beam was always along the beam
direction at the target and the correlations mea-
sured then depend only on the tensor polarization
of the beam —not on the vector polarization. The
decay of the spin--,' state of 0.76 MeV in "Si was
found to be isotropic in each of the experiments
and served as a check on the procedures.

The experimental results for the 2.32-0.0 an-
gular correlation in "Si are summarized in Fig.
1. On the left are shown the data obtained with
deuteron beams of tensor polarizations p„=—1.42
and P„=0.71. The two sets of data have been
normalized to the same amount of total incident
beam on target. Both correlations still depend
on an unknown population parameter although the
correlation with P„=—1.42 corresponds to a pop-
ulation of mainly Im I= —,

' substates in "Si. The
contribution of the |ml =-,' substates to this corre-
lation can be unambiguously eliminated, however,

by combining the results of the two measure-
ments. Extending method I of Ref. 2 one can
form the weighted difference

w(e) = w.(8) — -,w, (e),
2 +pgg
2+t-

where W„(8) and Ws(8) are the experimental cor-
relations associated with the incident beam ten-
sor polarizations P„and p„". The correlation
W(8) corresponds to a population of only the Im I

= —,
' substates and can therefore be analyzed with-

out invoking any unknown population parameter
in the fitting procedure. The result of 3. least-
squares fit of W(8) to the theoretical correlation
formula in this case is shown in the solid line on
the plot of )(' versus arctanx in Fig. 1(b). The
fitting procedure used in this laboratory is de-
scribed elsewhere. ' The phase convention for
the mixing ratio is that of Rose and Brink. ' Two
solutions for the mixing ratio are seen to be pos-
sible on the basis of the correlation data. These
correspond to arctanx ——22 and —53', yielding
mixing ratios of x = —0.41+0.22 or —1.34 ~'77.
The theoretical fit to the data in these cases is
shown in Fig. 1(c).

A Piioi"f, , both solutions are equally acceptable
and an independent experiment such as a mea-
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Summary of data for the angular correlation of the 2.82 0.0 transition in 3~Si. (a) The correlations gr
and Ns, obtained with deuteron beams of the tensor polarizations —1.42 and 0.71, respectively. (b) Plots of g2

versus the are tangent of the mixing ratio. The solid line is the result of a fit of the derived correlation R'to the
theoretical correlation formula, assuming a population of only the Iml= 2 substates in Si (see text). The dotted
line is from Ref. 9 and is the result of the fit to data for the 2.32—0.0 transition obtained with an unpolarized beam
where both l~ l =2 and 2 substates are populated. (c) The derived correlation S' and the theoretical fit correspond-
ing to the two minima of X in the solid line of (b).

299



VOLUME 30, NUMBER / PHYSICAL REVIEW LETTERS 12 FEBRUARY 1973

surement of the y-ray linear polarization would
be required to rule out one or the other. Howev-
er, the smaller value seems more likely in this
case as the decay is an interband K=-,'- 2 transi-
tion for which one does not expect any great E2
enhancement. On the basis of the lifetime' of 55
fsec, the larger value of the mixing ratio would
predict an E2 strength of 18 Weisskopf units
(W.u. ) for the 2.32-0.0 transition. This would
be anomalously high for such a cross-band tran-
sition in this region. The smaller value of the
mixing ratio predicts an Ml enhancement of 0.029
W.u. and an E2 enhancement of 3.9 W.u.

The dotted line in the X' plot of Fig. 1 is from
Webb et al. ' and shows the result of a least-
squares fit to correlation data for the 2.32-0.0
transition obtained with an unpolarized beam.
Both Irnl = s and 2 substates are then considered
to be populated. The resulting broad range of
minima in the values of X' indicate that virtually
no mixing- ratio information can be extracted un-
der such circumstances, and therefore serve to
illustrate the utility of the present method using
polarized deuteron beams.

An equivalent analysis of the correlations for
the 3.54-0.76 transition leads to possible mixing
ratios of x = —0.015+0.040 and 1.8+0.2. The
large value can be ruled out from the knowledge
of the lifetime' of this level (&15 fsec) as it im-
plies an unacceptably large M2 enhancement of
&10' W.u. The correct solution is as expected,
x -0.0, implying the transition is pure E1.

Many-particle shell-model calculations of elec-
tromagnetic transition strengths among the posi-
tive parity states in this mass region have been
performed by Glaudemans, Endt, and Dieperink. "
Their predictions have employed effective charg-
es for the E2 transitions and both effective g fac-
tors and effective reduced matrix elements for
the M1 transitions. In particular, the use of ef-
fective reduced matrix elements for the M1 de-
cays has been extremely successful in "Si where
all available experimental information to date
has, within errors, agreed with the theoretical
predictions. The utility of this approach would
seem to be further supported by the results of

the present work. The measured mixing ratio of
—0.41+0.22 for the 2.32-0.0 transitions is in
agreement in sign and magnitude with the predict-
ed value of —0.19 (sign corrected for the phase
convention of Ref. 6), although the E2 matrix ele-
ment may be somewhat underestimated.

In conclusion then, we have shown that the use
of tensor polarized beams of deuterons can elim-
inate the difficulties associated with the unknown
population parameter in (d, Py) angular correla-
tion experiments with spin-0 targets. As such
the technique may be advantageous in the study
of decays from any half-integral spin state, ex-
cept j = —,'. The main benefit would, however, lie
in the study of decays from low spin states, in
particular j = 2. In such cases, the method al-
lows the extraction of multipole mixing ratios
which are often not readily available by any other
means, and which constitute a valuable experi-
mental test of nuclear structure calculations.
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