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Measurements of vector analyzing power have been carried out for the (d, t) reaction on targets of
' Cr, Fe, and Ni at deuteron energies of 15, 16, and 18 MeV. Data were taken over the angular range

10 —55' for transitions to low-lying states of J =(—', —,—,—) using a position-sensitive counter telescope

in the focal plane of an Enge spectrograph. Transitions to states of j =
—, or

2
show only slight

dependence on incident energy, while those to states of j =
~

or
2

show a greater dependence, and

greater variations between different states. Distorted-wave Born approximation calculations show at
best qualitative agreement with the data. The results indicate that measurements of VAP for the (d, t)
reaction at low energies will not provide accurate estimates ofj mixing for transitions on odd-A targets.

INTRODUCTION

Measurements of angular distributions of cross sec-
tions in single-particle transfer reactions have long been
used to determine the orbital angular momentum / and
the parity of the transferred particle, and hence to inves-
tigate the shell-model structure of nuclei. While the
determination of I is usually unambiguous as long as par-
ticle energies are well above the Coulomb barrier, cross
sections show little sensitivity to the total angular
momentum transfer j =l+—,'. In contrast to this, mea-
surements of analyzing power in reactions initiated with
a polarized beam are found to have a strong and often
characteristic dependence on j.

Extensive studies of analyzing powers in polarized
(d,p) stripping reactions have been carried out by Hae-
berli and co-workers [1,2]. This work has shown that at
beam energies near the Coulomb barrier height, analyz-
ing powers are large and of opposite sign for the two pos-
sible j values associated with a given I. The experimental
results do not show strong sensitivity to A of the target
or reaction Q value, and are fitted quite well with stan-
dard distorted-wave Born approximation (DWBA) calcu-
lations. At somewhat higher energies, which provide
better discrimination of l, DW calculations of analyzing
power may not fit the data as well, but the j of the
transferred neutron is readily determined. In the case of
stripping of an odd-A target for which J;WO, there may
be two or more allowed values of j for the transferred
neutron. Kocher and Haeberli [3] have shown that, in
this case, measurements of analyzing power may also be
used to determine the relative contributions of different
transfer j values.

It is expected that polarized pickup reactions such as

(p, d) or (d, t) will also show a j dependence in their
analyzing powers, and this has also been extensively in-
vestigated. Initial measurements of A in the (d, t) reac-
tion were carried out at sub-Coulomb energies for the
outgoing tritons [4,5], and results similar to those for
(d,p) reactions were observed. At somewhat higher ener-
gies, however, the j discrimination is not as clear for (d, t)
reactions [6—8] and DWBA fits to the data are often
poor. It has also been found [9] that the analyzing power
for a given j depends sensitively on the reaction Q value
and that the DW calculations usually model the Q depen-
dence better for j =l+ —,

' than for j =I —
—,
' transitions.

This last observation implies the inAuence of some
specifically spin-dependent interaction in the reaction,
and it has been suggested that this may arise from the D-
state component of the deuteron wave function or from a
tensor term in the deuteron optical potential. Studies
[10—12] have shown, however, that while these factors
are essential for understanding tensor analyzing powers,
they have almost no inAuence on the vector analyzing
power.

In spite of these problems with the interpretation of
analyzing power measurements in (d, t) reactions, the rel-

atively small negative Q values for this reaction make it
attractive for pickup studies with low-energy accelera-
tors, and numerous spectroscopic studies have been re-
ported [7,13—19]. The present study was initiated as part
of an effort to use the (d, t) reaction for quantitative spec-
troscopic studies of (fp) shell nuclei. Given the
di%culties with analyzing power measurements men-
tioned earlier, it is important to establish better the
dependence of the analyzing power for given j on target
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TABLE I. Target specifications. TABLE II. States observed in (d, t) measurements.

Target

54Cr
56F

Ni

Thickness
(mg/cm )

1.2
1.5
1.0

Enrichment
(%%uo)

94
91.7 (natural))97.9

Qg, (d, t)

(MeV)

—3.46
—4.95
—3.40

Residual
nucleus

53C

(MeV)

0.0
0.564
1.008
1.29
1.54

3
21—
25—
2
7
2
7
2

CS
0.66
0.24
0.54
0.68
1.8

Reference

mass, reaction Q value, and incident beam energy. In or-
der to avoid possible problems from nondirect or second-
order processes in the reaction mechanism, we have
con6ned our attention to strong transitions leading to
well-resolved states of known spin and parity in Cr,

Fe, and Ni.
The measurements reported here were carried out us-

ing the polarized deuteron beam from the FN tandem
Van de Graaf accelerator at the Tandem Accelerator
Laboratory of McMaster University. Beam currents
were typically up to 50 nA, with polarization about
p =0.7, as measured by the quench ratio method [20].
Reaction products were analyzed using an Enge split-pole
magnetic spectrograph with a position-sensitive detector
and particle identification system similar to that
developed by Markham and Robertson [21]. Energy
resolution was about 25 keV, permitting clear
identification of triton groups of interest and excellent
discrimination of impurity groups. Triton spectra were
measured over the angular range 10 —55' at beam ener-
gies of 15, 16, and 18 MeV, except that scattered deute-
rons obscured some triton groups of interest at energies
and angles, as noted below.

55Fe 0.0
0.411
0.941
1.32
1.40

3
21—
25—
2
7
2
7
2

0.67,0.90'
0.25,0.28
0.35,0.40
0.73,0.84
2.91,3.48

'Ni 0.0
0.087
0.155
0.530
1.00

1—
25—
2
3
2
3
21—
2

0.47
3.43
2.42
0.82

0.52

Targets were self-supporting metal foils with
thicknesses of about 1 mg/cm . Specifications of indivi-
dual targets are shown in Table I.

For measurements of vector analyzing power (VAP),
cross sections were measured for incident beam polariza-

'Different values of C S result from different choices of optical
potentials and normalizations in the DWBA analysis.
"Reference [23].
'Reference [24].
Reference [25].
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FICx. 1. Comparison between data and DWBA calculations for p1&2 transitions at beam energies of 15, 16, and 18 Mev. Each
transition is identified by its excitation energy in the final nucleus.
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FIG. 2. Comparison between data and DWBA calculations for p3&& transitions.

tion mr=+1 and for an unpolarized beam. The Madison
convention [22] was used in calculating analyzing powers.
Measurements were carried out only for strong transi-
tions to low-lying states of the residual nuclei involved.
Earlier studies of the (d, t) reaction on Cr [23], Fe [24],
and Ni [25] have shown that the triton angular distribu-
tions to the states of interest have shapes characteristic of

the known l transfer involved and are satisfactorily Gtted
by DWBA calculations. Strong transitions to states at
higher excitations are known, but were not studied in
these measurements because of interference from elasti-
cally or inelastically scattered deuterons. The states in-
volved in these measurements, along with spins, parities,
and spectroscopic factors, are listed in Table II.
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FIG. 3. Comparison between data and DWBA calculations for f,zz transitions.
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RESULTS

The measured vector analyzing powers are shown in
Figs. 1 —4. Each figure shows results for transfers of a
given j at each of the incident energies. Within each
figure, the results are identified by the excitation energy
of the final state involved. Measurements were made at
5 intervals between 10' and 55' in the laboratory for most
states. Missing data points indicate that the state of in-
terest was obscured by deuteron groups at the angle and
beam energy involved. Error bars on the data points are
uncertainties arising from counting statistics and from
uncertainties in incident beam polarization as measured
by the quench ratio method.

Predicted asymmetries calculated using DWBA are
shown as curves on these figures and are discussed in the
following section.

DWBA COMPARISON

In order to use VAP measurements to deduce j mixing
in transfer reactions, the angular distributions should be
clearly characteristic of the j value involved and in-
dependent of other details of the particular state. It is ex-
pected that these distributions will depend on beam ener-
gy, target mass, and reaction Q value, but that the depen-
dence will be simple enough to be modeled by DWBA
calculations.

The results shown in Figs. 1 —4 do show generally simi-
lar angular distributions for all transitions of a given j ~

There are, however, significant differences among such
transitions at a given beam energy, which may signal a

simple dependence on reaction Q value or target mass, or
a more complex dependence on nuclear wave functions.
For a given transition there is also a dependence on beam
energy, which should be reproduced by DWBA calcula-
tions if the (d, t) reaction is adequately described by the
simple one-step direct reaction model.

DWBA calculations for comparison with these data
were carried out with the code DWUcK4 [26] using the
standard deuteron and triton parameter sets derived by
Daehnick, Childs, and Vrcelj [27] and Hardekopf et al.
[28] from elastic-scattering and VAP data for deuterons
and tritons, respectively (Table III). The global varia-
tions with deuteron energy and target mass suggested in
Ref. [27] are small over the limited range studied here.
Little change in the quality of the fit to the data results
from large variations in the triton parameters (from those
of Ref. [28] to those of Ref. [29], for instance) or from
10% to 20%%uo variations in the deuteron parameters. An
exception is the real central potential for the deuterons,
for which a 10% alteration produces a significant change
in the (d, t) reaction VAP. In Figs. 1 and 2, for l =1
transfers with j=

—,
' and —,', respectively, a fixed

Vo = —100 MeV was used, and a single example with
Vo = —90 MeV is shown for the appropriate Cr transi-
tion at Ed = 1 8 MeV. For the I =3 transfers of Figs. 3
and 4 for j =

—,
' and —,', respectively, a fixed Vo = —90

MeV is used and the variation to Vo = —100 MeV is
shown for a Cr transition at Ed = 1 8 MeV. The difference
presumably reAects a small deficiency either in the pa-
rameter set (though a modest search has failed to reveal
one) or in the approximations of DWBA.

E= l5 l6
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0

-0.3

Cr I.29 MeV
rP

~/ ~
~ Q= -4.75 MeY

0.3
0

-03
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Q=-5OOMev
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0

-03
V ~
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Q =-6.26 MeV

0.3

-03

0

~ ~

20 40
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Flax. 4. Comparison between data and DWBA calculations for f7/2 transitions.
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TABLE III. Optical model parameters: V=Vf(RR, az)+4iWf(RI, ai)+(4iW, /r)(df/dr)(R„a, )—(V, , /r)(1f/dr)(R. ..a, , )L S+ Vc,„&, R =roA'", and f(R,a) = [I+exp[(r R—) la]]
V

(Mev)
FOR

(fm)
ag

(fm)
8

(MeV)
aror

(fm) (fm)
W,

{MeV)
a,~os

(fm) (fm)
V,.,

(Mev)
"0 .o. Qs. o

(fm) (fm)

Deuteron
Triton
Neutron

—90, —100
—150

1.17
1.2
1.3

0.735
0.72
0.7

0
—8.75 1.4 0.84

12.3
0

1.325 0.78 —13.8
—10

1.07
1.2

0.66
0.80

'Fitted to binding energy: Coulomb radius parameter r« = 1.25 fm, nonlocality parameter 0.54 fm, and finite range parameter 0.845
fm.

A number of further observations may be made which
may have a similar significance or, alternatively, may be
related to structural details of the states involved.

(a) The fits would be improved, particularly in the case
of j =—,', if V increased slightly with increasingly negative

Q value.
(b) The fits for j=

—,
' are generally poor. The calcula-

tions display the usual approximate rule [29]

A~(j =I+—,')/A~(j =I —
—,')= —l/(I+1) .

This behavior is seen in the data for l =1, but not for
1=3.

(c) The similarity between the experimental and calcu-
lated analyzing powers is greater at larger reaction angles
than at the forward angles.

DISCUSSION

For transitions with j =
—,', —', , and —', , the DWBA

calculations reproduce the general behavior of the data
reasonably well. For j"=—,', the calculations fail to fit
even the qualitative features of the measured angular dis-
tributions. More specific comments are as follows.

(i) j =
—,': The data all show a relatively large positive

VAP at angles greater than 40'. This feature of the data
is reproduced fairly well by the DWBA calculations at 16
and 18 MeV, but rather poorly at 15 MeV. As noted
above, the fit could be improved if the depth of the cen-
tral well is increased with increasingly negative Q value.
At forward angles (10'—20'), the calculations also show
generally good agreement with the data at all energies.
At angles of 25 and 30', the data are not fitted by the cal-
culations and frequently have the opposite sign. As a
summary of this comparison, we may say that the
DWBA calculations reproduce the data best at angles
greater than 40' and at the highest energy studied here of
18 MeV.

(ii) j =
—,': For these transitions, VAP is small, rarely

exceeding a value of +0.15. A consistent feature of the
data is a small positive VAP at angles 30 —35 with a
shallow minimum at an angle of about 45'. This behavior
is reproduced fairly well by the calculations. As with the
data for j =

—,', the largest disagreement between the
data and DWBA occurs near 25'.

(iii) j = —', : At 15 and 16MeV, the data show a clear

minimum in the VAP near 40' and negative values at for-
ward angles. The calculations are almost out of phase
with these results, predicting maximum VAP near 40'
and positive values at forward angles. It is now in the re-
gion near 25' that the data show best agreement with the
small positive VAP predicted by the DWBA. Only two
distributions could be measured at 18 MeV. The overall
quality of the fit to calculations is considerably better
than at lower energies, though the maximum predicted
near 40' is not clearly seen in the data.

(iv) j =—', : For all transitions measured, the data
show a clear minimum in the VAP near 40', which is
reproduced fairly well by the calculations. At more for-
ward angles, the VAP is predicted to remain negative,
but of smaller magnitude than near 40. This general be-
havior is seen in the data, though in most measurements
the VAP is larger than calculated by about 0.1.

For all the transitions studied, the angular distribu-
tions showed slight dependence on beam energy, and the
dependence was modeled reasonably well by the calcula-
tions. Where there was disagreement between data and
calculations, the disagreement was similar at all energies.

CONCLUSIONS

In order to provide good discrimination between the
two possible j transfers for a given I transfer, the VAP
should be large and opposite sign for the different j
values.

For l = 1 transitions, the VAP's for j =
—,
' and —', do con-

sistently show opposite signs at angles greater than about
30', especially at 18 MeV beam energy. The variations
from state to state and the modest quality of DWBA fits
to the data indicate that while mixing could be measured
for components of comparable magnitude, reliable mea-
surements would not be possible for components with an
amplitude less than about 30% of the total wave func-
tion.

For l =3 transitions, the VAP's for both j =—', and —',
have a maximum magnitude, but the same sign at angles
near 40. It has also been noted that the data for j =

—,
'

are in almost total disagreement with DWBA calcula-
tions. In this situation, it is unlikely that reliable discrim-
ination could be obtained for —', and —', transitions.

In a recent study [30] of the ' Nd(d, t) reaction at 89
MeV, it was shown that p»2 and p3/2 contributions to
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mixed transitions can be reliably identified. In spite of
this encouraging result, our conclusion is that measure-
ments of VAP in the (d, t) reaction on (f,p) shell nuclei at
low energies will be of limited interest in the study of j
mixing in pickup reactions.
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