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Cross section and vector analyzing power data for the 2.217 MeV state in "Ar have been measured via the (d,p j

reaction at an incident deuteron energy of 11 MeV. Distorted wave Born approximation analysis of the data
establishes the spin parity of this relatively weak state as 7/2+. The data are fairly well reproduced by the

calculations indicating that the one-step process plays a dominant role in populating the state in the (d,p j reaction.
The spectroscopic factor for the state is found to be 0.04+0.01. Model calculations indicate that two-step and

compound nuclear processes have negligible effects on the conclusions.

NUCLEAR REACTIONS 38Ar(d, p), E=11.0 MeV; measured o.(0), iT~~(0). De-
duced J, z, $'. DWBA analysis.

The energy levels of "Ar have been investigated
extensively via various reactions. ' Of particular
interest is the low-lying state at 2.217 MeV which
is observed to be relatively weakly excited in the
(d,P) reaction. ' 4 The most recent compilation'
lists its J' value as —,''and one does not expect
that such a state in an s-d shell nucleus wj.ll be
populated by a single-step process in the (d, p} re-
action.

Ericson fluctuation analysis of the excitation
functions in the reaction '9K(d, a)"Ar by Naude et
al.' indicate a —,

' spin value for the 2.217 MeV
state. Champlin ef, aE.' concluded from lifetime
and angular correlation measurements in the (d, py)
reaction that the spin of the state is either —,

' or
y-ray angular distribution and lifetime mea-

surements in the reaction '4S(o. , n)'7Ar by Ragan
et al.' yield a most probable assignment of -'' for
this state. One of the arguments used in Ref. 7

is that the 2.217 MeV state is not observed in the

(d, p) reaction, which is not valid. Taras et al.'
make a -',

' assignment from the angular distribu-
tion and linear polarization of the decay y
rays via "Cl(p, n}37Ar and 3'S(&,z}"Ar reac-
tions. Later on, Alenius et al. and Gadeken et
aI.,'o studying the '4S(n, n}'7Ar reaction, con-
structed a decay scheme for the levels of "Ar. A

decay scheme was also constructed on the basis
of the results of a heavy-ion fusion-evaporation
reaction ("C+"Mg) by Warburton et al." Although
no direct attempt was made to determine the J' of
the 2.217 MeV level, the authors of Refs. 9-11
found that a -',

' assumption was consistent with
their respective observations.

The positive parity states of "Ar have been ex-
amined in several shell-model calculations. ""
These calculations do predict a —,

' ' level in the
neighborhood of 2.0 MeV, which has been associa-
ted with the observed 2.21'7 MeV state.

In the (d, p) reaction studies of Refs. 2 and 3, the

angular-distribution data for the 2.217 MeV state
could not be extracted. An attempt to extract and
analyze the (1,p) data for this state was made in
Ref. 4, where the reaction was initiated by a vec-
tor-polarized deuteron beam. Because of low
beam intensity (=2 n A), the data for this state
were statistically insufficient and no definitive
information could be derived. (The error bars
shown in the data of Ref. 4 were actually under-
estimated because of an error in the calculations. )
The availability of a high-intensity polarized
beam" permits one to make accurate measure-
ments even for weak states, and this has prompted
us to investigate the 2.217 MeV state in "Ar via
the (d, p) reaction.

Data were acquired using a vector-polarized
deuteron beam obtained from the University of
Wisconsin colliding beam ion-source" and accel-
erated to 11 MeV. The target consisted of "Ar
gas isotopically enriched to 99.9% enclosed in a
1.9-cm-diam gas cell with 6 p.m thick Havar foil
walls. A gas pressure of approximately 1 atm was
used. The outgoing particles were detected by a
pair of 3 mm thick Si(l i) detectors. Data were
collected at 23 laboratory angles between 16' and
145'. The sign of the beam polarization was re-
versed every 0.25 sec by switching radio frequency
(rf) transitions at the source, and the correspon-
ding spectra were routed into separate 512 channel
blocks of the computer memory. The beam polar-
izations were measured and were monitored con-
tinuously using a precision polarimeter" located
downstream of the scattering chamber. The mag-
nitude of the beam polarization it» was typically
0.51 (p,= 0.59). A small tensor polarization
( ~p„~~ 0.02) was present in the vector polarized
beam. The intensity of the beam at the target for
angles ~ 45' varied between 100 and 125 nA. Typ-
ical run times per angle per polarization mode
were approximately 5 h. For further forward
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angles, much lower beam currents were used and
pile-up rejection modules were utilized. Two de-
tectors kept at fixed angles (one to the right and
the other to the left of the beam direction) served
as monitors.

The weakly excited state at 2,217 MeV is flanked
by the states at 1.611 and 2.490 MeV which are
strongly excited and have peak cross sections ap-
proximately two orders of magnitude higher. Be-
cause of limited pxoton resolution in the present
experiment [typically 100 keV full width at half
maximum (FWHM)], the peak sums for the 2.217
MeV.state along with those of 1.410, 1.611, 2.490,
and 2.796 MeV states were obtained using a peak-
fitting program. " The peak shape consisted of
a dominant Gaussian term, a low-energy tail,
R skew term with R low-energy tall, Rnd R bRek-
gx'ound term which was assumed to be Qat over
the region. Starting va1ues of the fitting parame-
ters were determined by fitting the isolated ground
state peak. For each detection angle, the data
corresponding to two opposite directions of the
beam polarization were analyzed using the same
fitting parameters. The errors in the peak sum
wexe taken to be the fit errors weighted by ehi-
square. The vector analyzing powers (VAP) were
calculated using standard expressions. Errors in
VAP include the peak-sum errors Rnd the errors
in beam polarization values.

The cross-section data were obtained from the
spin-up and spin-down yields using standard rela-
tions [Eqs. (2) and (3) of Ref. 4j. The relative
normalizations wex'e obtained from the monitor
detector spectra. A Faraday cup with an electron
suppressor was inserted and data were taken at
a few selected angles using unpolarized deuteron
beams at 10 and 11 MeV. The 10 MeV cross-sec-
tion data of Ref. 4 were then used to obtain the
absolute normalization factor. For some angles,
cross-section data could not be obtained because
of pRrtleulRx' deteetox' setup Rl x'RngeIQents ol due
to inconsistent normalization factoxs. Errors in
the exoss-section data include the peak-sum er-
rox's, beam polarization errors, and the errors
in relative and absolute normalization factors.
To this should be added an overall uncertainty
of +15/o as reported in Ref. 4. The small tensor
polarization present in the vector polarized beam
was considered to have a negligible effect com-
pax'ed to the other uncertainties.

The data extraction and other procedures were
checked by comparing the derived data for deu-
teron elastic scattering and for the relatively
strong ground state, 1.410, 1.611, 2.490, and 2.796
MeV states of "Ar with those of Ref. 4. A change
of the incident deuteron energy from 10 to 11 MeV
is not expected to produce much difference in the

data and very good consistency was indeed ob-
tained.

The data for the 2.217 MeV state are shown in
Fig. 1. (The overall uncertainty of + 15/0 in the
cross-section data has not been included. ) The
cross-section and VAP data have been analyzed
using the zero-range distorted wave Born approx-
imation (DWBA) code DWUCK~' including correc-
tions fox nonlocality of the optical potentials. "
Bound-state neutron wave functions were calcula-
ted using a %'oods-Saxon well of standax'd geome-
try with F0=1.25 fm and @0=0.65 fm. The spin
orbit depth was chosen as 6.25 MeV. The real
central well depth was varied to reproduce the ex-
perimental separation energy.

The optical model potential parameters wex'e

taken from Ref. 4. The deuteron potential set was
found to reproduce the present elastic data at 11
MeV. In Ref. 4, the proton potentials are basi-
cally those of Becchetti and Greenlees" changed
slightly to improve the fit to the stripping data.
In the present work, calculations were also per-
formed using unmodified Becchetti-Greenlees
parameters. The DKBA predictions for J''= —,

' ',
—,
' ' are shown in Fig. 1. All calculations were
performed without radial cutoff and using the nor-
malization constant 8,' = 1.53 x 10' MeV' fm . The
magnitude of the spectroscopic factor was obtained
by normalizing the calculated cross sections at
forward angles to the experimental data.

The data are reasonably well reproduced by
DWBA calculations assuIning J' =

&
'. That the

back-angle data are not so well reproduced is not
surprising since other reaction mechanisms cer-
tainly contribute in populating this weak state. In
fact, the reproducibility of the VAP data compares
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FIG. 1. Cross-section and vector analyzing power data

for the 2.217 MeV state in ~Ar along with DWBA pre-
dictions. The solid curves correspond to optical model
potentials of Ref. 4 and the dotted ones were obtained
using proton potentials from Hef. 21.
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in quality with those of some of the stronger, lom-
er angular momentum states in s-d and f p-shell
nuclei. The fits lead to an unambiguous J ' value
of —,

' ' for the 2.217 MeV state.
Since the deuteron optical potential set repro-

duces the elastic scattering data, the sensitivity
of the calculations to small variations in proton
potential parameters alone (as mentioned earlier)
are shown in Fig, 1. One expects this sensitivity
since the angular momentum mismatch is large.

The present analysis yields the spectroscopic
factor for the state as

0.04 ~ 0.01.
We write the wave function

~ » for the state as

I»= Zf.)I[le,» le,&]&;., (1)
»

where
~ P,) represents target states with angular

momentum I (I= 0 for ground state),
~ p,.) repre-

sents the odd particle state of spin j, and b» rep-
resents the expansion coefficients. Since both the
cross-section and VAP data are weu reproduced
by DWBA calculations, it would seem reasonable
to assume that most of the contribution to the
stripping peak arises from the one-step process.
In that case

h, , = (0.04)'~'=+0. 2,
i.e., the gv&, single particle component of the wave
function is quite large. - This result is somewhat
surprising since the g» single particle ox'bit lies
beyond the N= 50 magic number and one does not
expect to observe any fraction of its strength in

the low-lying states of an s-d shell nucleus. The
present result cannot be compared with existing
sheQ-model calculations, '2 "since they do not
allow explicit occupation of f por higher -shell
orbits. For positive parity states the othex terms
in the expansion [Eg. (1)j will involve 2p-Sh and
higher configurations with respect to the Ca core.
An exact determination of the contributions to the
wave function from such configurations is a dif-
ficult task. However, since the measured cross
sections are of relatively small magnitudes, the
contributions arising from these terms (multistep
processes) as well as those from compound nu-
clear (CN} processes need to be estimated.

A coupled channel calculation (CC) was performed
using the code cHUcK2 (Ref. 22) considering vibra-
tional excitation of the fixst 2' state of the target
nucleus "Ar, followed by a d3/2 single particle
transfer to the residual nuclear state. Direct

single particle tx'ansfer to the —,
' '

ground state of
"Ar followed by inelastic proton scattering on the
residual nucleus was also included. The deforma-
tion parameter P, and the "Ar ground state spec-
troscopic factor were taken from the literature. "'4
The predicted cross section at the stripping peak
is a factor of 7 lower than the observed value and
the angular distribution is essentially flat.

Since the excitation energy of the compound nu-
cleus is high (= 22 MeV) and the target is fairly
thick, the observed cross sections could be con-
sidered as energy averaged. The energy-averaged
CN cross sections were obtained from Hauser-
Feshbach calculations 24 The predicted angulax
distribution is nearly flat with a small dip at 90'
c.m. (The ratio of the maximum predicted cross
section to that at 90 is 1.5.) The calculated cross
sections are dominated by low partial waves.

Since the predicted angular distributions from
CC and CN calculations are essentially flat, the
corresponding pxocesses have little effect at the
stripping peak and, in particular, the resultant
change in the magnitude of the spectroscopic factor
lies within the quoted error limits. The inclusion
of these processes do not impxove the reproduction
of the cross-section data. The two processes also
tend to cancel each other's contribution to the VAP
and consequently do not improve the reproduction
of the data, and are, therefore, not included in
F1ge

In summary, the results obtained from the pres-
ent investigation are as follows: (i) the spin-pari-
ty of the 2.217 MeV state of "Ax is established as
-', ', which is consistent with the conclusions from
decay measurements; (ii} the spectroscopic factor
of the state is determined, and (iii) the data are
reasonably mell reproduced by DWBA calculations.
The inclusion of two-step and compound nuclear
processes does not improve the overall reproduc-
ti.on of the data and the magnitude of the spectro-
scopic factor is essentially unaffected, indicating
thereby that the state is primarily populated by a
one-step process.
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