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Differential cross sections and vector analyzing powers have been measured for (d, t }reactions induced on "Zn and
"Ni at E» = 12.0 MeV and on "Fe and "Cr at E» = 11.0 MeV. Transitions with / = 0, 1, 2, 3, and 4 were

observed. The analyzing power measurements for I = 1 transitions exhibit a strong, systematic dependence on Q
value, in addition to the expected j dependence. Distorted-wave Born approximation calculations generally do not
reproduce the (d,t }analyzing power data quantitatively, but do account qualitatively for the observed Q dependence.
A conclusive analysis of data for the odd-A targets, aimed at determining the relative contributions of different j
values to mixed-j transitions, has bo:n possible only in those cases ~here empirical "calibration curves" for the
analyzing powers could be drawn from results of single-j transitions of appropriate I, j, and Q. A number of
previous spin and parity assignments are confirmed and two new definite assignments are made on the basis of the
present data.

NUCLEAR REACTIONS 5 Cr, Fe{d,d), E =11.0 MeV; Ni, 6 Zng, d), E =12.0
MeV; measured vector analyzing power iT~~{8), cross section cr{8); deduced
deuteron optical model parameters. ~ Cr, Fe{d,t), E =11.0 MeV; Ni,

Zng, t ), E =12.0 MeV; measured iT&&{E,, 8), o{E&,8). 5 Cr, Fe, 6 Ni, 67Zn

levels deduced spectroscopic factors, 4, m. Enriched targets.

I. INTRODUCTION

Measurements of the vector analyzing power
[iT»(8)] in (d, p) reactions are well established as
an important tool in nuclear spectroscopy. The
strong dependence of iT«(8} on the total angular
momentum transfer j complements the sensitivity
of cross section angular distributions to the orbi-
tal angular momentum transfer E. Systematic in-
vestigations of (d, p) reactions have revealed a
strong similarity in the measured vector analyz-
ing powers among transitions of a given l and j
over a wide range of target mass and Q value. '
This empirical similarity has proven to be very
useful in the analysis of mixed-j transitions en-
countered either in the case of unresolved final
states or in the case of nonzero spin targets,
where angular momentum conservation allows a.

range of j values for a given final state. The rel-
ative contributions of the different j values in such
cases can often be accurately determined with the
use of empirical "calibration curves" drawn from
iT«(8) measurements for nearby transitions of
known l and j, without reliance on theoretical cal-
culations.

Investigations of (d, t) reactions, while much
less extensive than (d, p) studies, have established
a strong j dependence in the vector analyzing pow-
er.' ' Data for (d, t) reactions on "'Pb, 3'4 "'Sn, '
and "Mo,' with the outgoing tritons at energies
near or below the Coulomb barrier, are generally
well described by the distorted-wave Born approx-

imation (DWBA}. The DWBA has been somewhat
less successi'ul in reproducing iT« for (d, t) stud-
ies on lighter targets, especially the fp-shell
nuclei studied to date, for which the triton ener-
gies are typically several MeV above the Coulomb
barrier. In addition, the Sn and Mo studiese in-
dicate that the (d, t) vector analyzing power de-
pends considerably more strongly on kinematical
factors, e.g, , the Q value, than in comparable
(d, p) reactions.

The present work reports (d, t) measurements
on "Zn and "Ni at a bombarding energy of F~
=12.0 MeV, and on "Fe and "Cr at F.,=11.0
MeV. These data extend (d, t} systematics on fp-
shell. nuclei, and we examine in detail. the ability
of the 0%HA to reproduce the vector analyzing
power. In particul. ar, the present investigation
includes many /=1 transitions over a Q-value
range of several MeV. Hence, one can system-
atically study the Q dependence of iT» for —,

' and
transitions.

Measurements on the "Fe and ' Cr targets dif-
fer from the (d, t) studies on even-even targets in
that more than one j value is allowed to contribute
in transitions to final states of nonzero spin. In
principle, cross section measurements determine
the I values contributing to a given final state, and
measurements of iT» allow a determination of the
relative strengths of I+ —,

' and I ——,
' components in

the final state configuration. The data for odd-
mass targets allow a quantitative evaluation of the
analysis of mixed-j (d, t) transitions using empir-

1404 1981 The American Physical Society



CROSS SECTIONS AND VECTOR ANALYZING POWERS. . .

ical calibration cux'ves taken from the unique-j
transitions of the present work. %e also report
a limited amount of deuteron elastic scattering
data for the above targets and enex'gies, taken to
aid in the determination of optical model, parame-
ters to be used in the DVfBA analysis.

II. EXPERIMENTAI. DETAILS

The experimental appaxatus and procedure have
been described in Ref. 6 and spill be summarized
here. A vector-polarized deuteron beam was pro-
duced by the University of wisconsin Lamb-shift
polarized ion source and tandem accelerator.
The beam polarization was continuously monitored
using a «He(d, d)«He polarimeter located behind the
scattering chamber used for the (d, t) measure-
ments. Targets wex'e self-supporting metallic
foils enriched in the isotope of interest. Details
about the targets are given in Table I.

Deuterons and tritons were detected with four
solid-state counter telescopes located on one side

TABLE I. Targets used in the (d, t} study.

Target

"Ni
~Zn
57Fe
Qc

97.9% in +Ni
98.5% in "Zn
78.0% in +Fe
86.4% in 53Cr

0.93 mg/cm2
1.1 mg/cm2
2.46 mg/cm2

-3.0 mg/cm'

of the incident beam. The target was oriented to
optimize the resolution of the outgoing tritons.
The telescopes frere spaced 5' apaxt and cooled
to about -30'C. An on-line particle identification
program' was used to distinguish deuterons and
tritons. A typical mass spectrum can be seen in
Fig. 1 of Ref. 6. Triton spectra for each target
nucleus ax'e shown in Fig. 1. The resolution eras
approximately 50 keV full width at half maximum
(FWHM) for the ~¹and «'Zn targets and approxi-
mately 100 keV rWHM for the "Fe and "Cr tar-
gets.
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FIG. 1. Representative energy spectra for the g, t} reaction on Zn, Ni, 5~Pe and ~~Cr. Peaks are labeled by the
excitation energy in MeV (taken from Refs. 12-15}of the level populated in the residual nucleus.
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Areas under overlapping peaks in the tritons
spectra were determined with a peak-fitting pro-
gram employing a model peak shape based on the
observed shape of a large isolated peak. Details
of the determination of cross sections and vector
analyzing powers are given in Ref. 6.

The error bars on the experimental results pre-
sented in the following sections include uncerta. in-
ties arising from counting statistics, background
subtraction, and peak fitting, but do not include
absolute normalization uncertainties. The mag-
nitude of all measured analyzing powers may be
in error by a factor between 0.97 and 1.03 be-
cause of the 3'Po uncertainty in the vector analyz-
ing power of the ~He(d, d) polarimeter. possible
systematic errors in the beam integration and in
the elastic scattering cross section assumed at
the angles of the left-right monitor detectors give
rise to an overall normalization uncertainty of
approximately +5' for all absolute cross section
results reported here. Additional details about
uncertainties in the measurements can be found in
Ref. 6.

III. ELASTIC SCATTERING RESULTS
AND ANALYSIS

Differential cross sections and vector analyzing
powers for deuteron elastic scattering from "Zn,

Ni, "Fe, and "Cr were measured over limited

1.00
(a.d)~Z.
2,0 MeV

N1(d, d) Ni

d*12.G MeV

Fe(d, d) Fe

Ed= I I.G MeV

"Ci(d, dP'C

Ed= II.G MeV

0.25

jTgg QQ

0 40 80 120 40 80 120 40 80 120 40 80 120

e, (~g)

angular ranges. These data were not intended to
be the subject of an exhaustive optical model anal-
ysis, but rather allowed a search for small im-
provements to potentials already available for
neighboring nuclei and/or energies (Ref. 8 for

Ni and 'Zn, Ref. 2 for ' Cr and "Fe). The
measurements and optical model fits are shown
in Fig. 2. The explicit form of the optical poten-
tials used is described by Schwandt and Haeberli. '
The analysis was performed with the search code

FIG. 2. Angular distributions of the ratio of experi-
mental to Rutherford cross section and of the vector
analyzing power for the 68Zn(d d)68Zn, Ni(d, d) Ni,
5ZFe(d, d)5ZFe, and 53Cr(d, d)5 Cr reactions. The curves
are optical model fits obtained with the potentials labeled
"a" in Table II.

TABLE II. Optical model parameters (all potential strengths are in MeV; all lengths are in fm).

Energy Parameter
Nucleus Particle (MeV) set Xp ap Wy WL) & I &~ &30

4Ni

63Ni

3Ni
68Zn

68Zn

6ZZn

6ZZn

"Zn
"Fe
56Fe
"Cr
52Cr

d
d
t

t
d
d

t
t
d
t
d
t

12.00
12.00
8.62~

8.62
8.62

12.00
12.00
8.06f
8.06
8.06

11.00
9.47'

11.00
9.43f

109.98
106.53
162.82
165.40
168.00
111.87
107.30
162.89
165.40
168.00
82.01

162.90
83.22

162.90

1.05 0.86
1.05 0.86
1.2 0.72 30.93
1.2 0.72 34.0
1.2 0.65 13.5
1.05 0.86
1.05 0.86
1.2 0.72 31.70
1.2 0.72 34.0
1.2 0.65 13.5
1.23 0.772
1.20 0.72 34.93
1.23 0.772
1.2 0.72 34.43

15.21
13.63

14.92
13.09

17.60

15.72

1.351
1.43
1.4
1.4
1.6
1.341
1.43
1.40
1.40
1.6
1.345
1.40
1.377
1.40

0.711
0.71
0.84
0.84
0.87
0.738
0.717
0.84
0.84
0.87
0.725
0.84
0.690
0.84

8.46 0.706 0.414 1.3
7.0 0.75 0.5 1.3
2.5 1.2 0.72 1.3
2.5 1.2 0.72 1.3
60 115 051 13
7.38 0.704 0.486 1.3
7.0 0.75 0.50 1.3
25 12 072 13
2,5 1.2 0.72 1.3
6.0 1.15 0.51 1.3
4 06 0 90 0 60 1 3
2.5 1.2 0.72 1.3
5.16 0.90 0,60 1.3
2.5 1.2 0.72 1.3

~Parameters determined from an analysis of the present elastic scattering cross section and vector analyzing power
data,

Parameters determined from the global analysis of Lohr and Haeberli (Ref. 8).' Parameters determined from the global analysis of Becchetti and Greenlees (Ref. 11). (The energy dependence of
these parameters is given in Ref. 11.)

~ Parameter set used to investigate the sensitivity of DWBA calculations to triton optical model parameters.
Parameters determined from an analysis of the elastic scattering of polarized tritons on Zr (Ref. 20).
Energy of the ground state triton group.
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SNOOPY 2,' In all searches on the deuteron opti-
cal model parameters, the Coulomb radius and
volume absorption were held fixed at z~ =1.3 fm
and 8'„=0.00 MeV. In fitting the SZn and ~Ni
data, the radius and diffuseness of the real cen-
tral well. were fixed at their initial. values of 1.05
and 0.86 fm, respectively, with the remaining
seven parameters varied to obtain the fits in Fig.
2. For the "Fe and "Cr analyses, r„and a„
were fixed at their initial values. The central
potential depths and geometries and the depth of
the spin-orbit potential were varied to achieve
optimum fits. The final optical. model parameters
are given in Table D. The changes from the
starting parameters are found to be small for

Zn and Ni, but in some cases substantial for
"Fe and "Cr. For all targets, however, differ-
ences in the DlVBA calculations for (d, I) transi-
tions between the starting and the final deuteron
optical model parameters are small and do not
qualitativel, y change the conclusions of the present
work.

Examining the elastic data, one finds that the
Zn and Ni data are quite similar. The magnitude

iTxx for "Fe is approximately half that for the
~Ni and '3Cr data. A similar difference in the
amplitude of iT„ for ' Cr and "Fe has also been
found at 10 MeV (Ref. 2). A discussion of this
result and the possible effect on the optical. poten-
tial parameters is given in Ref. 2 and will not be
pursued further here.

IY. RESULTS AND ANALYSIS OF THE (Z,t)
REACTIONS

A. The l = I transitions with unique j value

for & states, a result reminiscent of the relation

which is valid only in the absence of spin-depen-
dent forces. '6 As Q changes, the oscillations in
iT»(8) shift rapidly in phase, but to nearly the
same extent for both j values. So long as we com-
pare transitions of similar Q value, the —,

' and &

anal. yzing powers osciBate predominantly out of
phase with one another. However, the phase of
the oscillations for a —,

'
(& ) transition with @=1.5

MeV is very similar to that for a a (-,' ) transition
with @=4.4 MeV.

The Q dependence of the —,
' transitions is exam-

ined in more detail in Fig. 4. As Q becomes
more negative, the oscillations in the —, analyzing

~ jn I/2
o jna 3/2 l

e~d 0) Fe, Ed=II.GMeV, Q=-I.38MeV

Cr~d ta) Cr, Eo II.OMeV ~ Q 169Mev

/
T I.o.~ .I" (, : /'o,

/ ') ) I gT c,g 4P

E„=O.OGG MeV, Q=-3.40MeV ~~NI(d t)6~N

----E„=G.IS6 MeV, Q= -3.56MeV. E,=I2.0MeV

l. Empirical systematics of the vector analyzing power
0.2—

Figures 3-5 contain the data for most of the
/=1 transitions studied in the present work. The
spins of the final states are known from previous
work, ""except for the 2.149 MeV level in '3Ni.
For the latter state the data to be discussed below
clearly indicate a 2 assignment.

The basic conclusion from these data is that
while the j dependence of the analyzing power is
as pronounced as in (d, p) reactions on intermedi-
ate-weight nuclei, the sensitivity to kinematic con-
ditions is much greater in the Q, t) reactions.
Figure 3 compares the analyzing power angular
distributions for three pairs of ~ and & transi-
tions, the two transitions in each pair having
nearly the same Q value. Note that iT»(8) for a
states is generally larger in magnitude than iT»(8)

I"0 '0

&(/

6~Ni(d, t)6~Ni,

----68Zn(d t)S~Zn
I I I

20 60'

Ed= I2.0 MeV

E„=I.002 MeV, Q = -4AG MeV

E„=0.394 MeV, Q = -4.33 MeV
I I I

IGG

ec.m.

FIG. 3. A comparison of the measured analyzing povg-
er distrhttons for three pairs of $ and sa transitions.
The transitions in each pair have approximately the
same Q value. The curves are intended to guide the
eye.
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FIG. 4. Angular distributions of the differential cross

section and of the vector analyzing power for a (j, t)
transitions, arranged {from top to bottom) in order of
decreasing q value. The solid and broken curves are
the results of DWBA calculations employing the optical
model parameters of Table II. Note the inability of the
DWBA to reproduce quantitatively the empirical Q de-
pendence in iT~~(e). The spectroscopic factor 8 ob-
tained by normalizing the DWBA cross section calcula-
tion to the forward-angle measurements is specified for
each transition.
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FIG. 5. Angular distributions of the differential cross
section and of the vector analyzing power for @~ (pf, t)
transitions, arranged in order of decreasing Q value.
The solid and dashed curves are the results of D%BA
calculations employing the optical model parameters of
Table II.



CROSS SECTIONS AND UKCTOR ANALYZING PO%ERS. . . 1409

powers move steadily toward more forward angles
and the analyzing power increases in magnitude,
especially in the positive-going excursions. While
the significant change observed between the
"Fe(d, t) and ~¹i(d,t} ground-state analyzing pow-
ers (top two frames) might be attributed in part to
changes in target mass and bombarding energy,
there are several reasons for believing that it re-
flects mainly the 2 MeV difference in Q value.
First, the extent of the angular shift in the oscil-
lation pattern is consistent with that observed for
the 1 MeV change in Q value between "Ni(d, t)'
transitions to the ground and 1.002 MeV states of
'3Ni. Second, we have made measurements for
"Fe(d, t,} at Z~ =12.0 MeV between 20' and 85'
which show that the angular distribution of i&»
remains essentially unchanged from 11.0 MeV,
except for a slight increase in the amplitude of the
oscillations. En addition, DWBA calculations for
hypothetical —, transitions in "Fe(d, t} (to be dis-
cussed below, see Fig. 8) predict a Q dependence
similar to that observed.

Data for the & transitions are presented in Fig.
5. As seen for the —,

' states, the oscillations in
i T»(8) move forward, and their amplitude in-
creases, with decreasing Q value, although the
amplitude variation is not as dramatic as in Fig.
4. A simple average of the analyzing power over
the angular distribution shifts nearly linearly with

0.3~ i &.

i
~ /

('

\

—-—g = -0.50 MeV--- g= -~.OOMeV

Q= —].38 MeV
---- Q=+ i.58 MeV

)))0
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I
I
I
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i t
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)4020
l i 1 l

60 )OO
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FIG. 6. Results of D%BA calculations predicting the

Q dependence of the vector analyzing poorer for -' trans-
itions using hypothetical Q values in the +Fag, t}+Fe
reaction.

value for both —,
' and & transitions, becoming

more positive as Q decreases for —,
' and more

negative for & .
The data alone thus demonstx ate that spin deter-

minations based solely upon comparison of {d,t)
measurements for different transitions may not
always be reliable (e.g. , compare the results in
Fig. 3 for the —,

' transition to the Fe ground
state with those for the & transition to the 0.394
MeV state in a'Zn). At least for triton energies
not too far above the Coulomb barrier, empirical.
comparisons of iT» data are useful only for (d, t)
transitions of quite similar Q value (and probably
also of similar target mass). While the present
measurements go a long way toward establishing
systematic empirical "calibration" curves fox'

/ =1 (d, t) reactions on intermediate-weight nuclei,
extrapolation from these curves into other mass,
energyy or Q-value x'egions ls dangex'ous ~

2. Compuriron ~fth DH'BA culcuhdons

The solid curves in Figs. 4 and 5 are DWBA
calculations using the elastic deuteron optical mo-
del parameters from Table II (set a) and the triton
parameters (set c}of Becchetti and Greenless. "
The spectroscopic factors determined by normal-
izing these calculations to the cross sections
measured at the most forward angles are specified
in the figures. The Ni and Zn cross section angu-
lar distributions are well reproduced, but the Fe
and Cr cross sections are underestimated at
1,arger angles. The calculations agree well with
the analyzing power measurements for the —,

'
transitions at all Q values, but exhibit deviations
from the —,

' analyzing powers which increase as
Q decreases. Difficulties in reproducing iT„(8)
for a states have also beell foulld ill ' ' ¹{dqt)
(Ref. 17), 64Zng, t) (Ref. 18), and "Ge(d, t) (Ref.
19) studies.

The effect on these discrepancies of variations
in the deuteron and triton optical model parame-
ters were investigated. DWBA calculations were
made with an alternate set of deuteron and triton
parameters (sets b and d in Table II) and are pre-
sented for representative transitions as dashed
curves in Figs. 4 and 5. Some improvement can
be obtained for individual transitions, but no over-
all quantitative improvement was found in the de-
scription of the Q dependence of iT».

DWBA calculations were also made using elastic
deuteron parameters (set a) and the Los Alamos
triton parameters (set e) determined from elastic
scattering of 1V MeV tritons fxom "Zr.~" Sam-
ple calculations are shown as dot-dashed curves
in Figs. 4 and 5. These calculations are similar
to the previous ones and again do not describe the
Q dependence of the analyzing power any more
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quantitatively.
The DWBA does appear to explain at least the

qualitative trends of the analyzing power data.
Galculations were made for the "Fe(d, f)"Fe re-
action for —,

' transitions with hypothetical Q val-
ues, using elastic deuteron parameters and Bec-
chetti-Greenlees triton parameters. The energy
dependence of the triton parameters required the
use of somewhat different central potential depths
for each Q value. Results of these calculations
are shown in Fig. 6. The calculated analyzing
power is predominantly negative at positive Q val-
ues and positive at large negative Q values. [Such
a sign change in (d, f) analyzing powers for j = l --,'
transitions is to be expected over this Q-value
range for Coulomb distortions alone, see Ref. 22.
However, the oscillations in iT»(e) and their shift
in phase with Q depend on the presence of nuclear
distortions as well. ] ln the Q-value region span-
ning the range encountered in the present work,
the calculations exhibit sign changes and shifts in
phase roughly similar to those actually observed.

It is interesting that the DNBA calculations re-
produce the analyzing powers better for the & than
for the —,

' transitions (see Figs. 4 and 5). This
observation suggests an inadequate treatment in
the DWBA calculations of some aspect of the spin-
dependent distortions, since in the absence of such
distortions iTyg would be simply related for 2 and

transitions of similar Q. One possible spin-
dependent effect that is ignored in the usual DWBA
calculations for the (d, t) reactions arises from the
deuteron and triton D states. Calculations of
iT»(8) for the 0.00 and 0.156 MeV states in "Ni
mere made using the program DTCODE, which in-
cludes D-state terms in the local. energy approxi-
mation. The results of these calculations reveal
that the D-state effects are larger for the —,

' than
for the —,

' transitions, but that in both cases they
are very much smaller than the discrepancies ob-
served between the data and the DNA calculations
in Figs. 4 and 5.

8. Single transitions arith EA 1

The measurements and DWBA calculations for
the two 1 =3 transitions studied (both known to
have j=—,

' from previous work) are shown in Fig.
7. Note that since these transitions have similar
Q values, the data are quite similar for the two
states. The cross section data are reasonably
reproduced by the calculations, but there are sub-
stantial differences between the calculated and the
measured —,

' analyzing powers, most notably in the
amplitude of the oscillations. In fact, the iT»
comparison for the "Ni 0.087 MeV state indicates
only a slight preference for the j=-,' (over the

j=-') DWBA calculation at forward angles. The
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FIG. 7. Angular distributions of the differential cross
section and of the vector analyzing power for ~ g, t )
transitions. The solid and dashed curves are the results
of DNBA calculations employing the optical model
parameters of Table H.

"Zn 0.DOD MeV data show a more definite prefer-
ence for the j=-,' assignment at forward angles.
In both cases, the oscillations in the —,

' calcula-
tions are approximately in phase mith the data,
while the 2 calculations are generally out of phase
with the measurements. Examining previous (d, f)
studies, one finds that the differences between
measured and calculated -', vector analyzing pow-
ers are somewhat larger here than observed in

Ni(d, t) (Ref. 1't), ~Zn(d, t) (Ref. 18), and
"Ge(d, i) (Ref. 19) investigations.

Measurements and calculations for the two 1=2
transitions studied in this work are presented in
Fig. 8. Both of these have been previously identi-
fied, at least tentatively, as -', transitions. ""
The measured analyzing powers for the two transi-
tions are indeed quite similar (at all angles for-
ward of 100'), but the cross section angular dis-
tributions differ substantially in their oscillatory
behavior and in the average rate of falloff with
angle. The sizable discrepancies observed in
Fig. 8 between the calculated and measured cross
sections for the 0.980 MeV level in "Zn are rem-
iniscent of the difficulties reported by Borsaru
et al. 4 in reproducing Zn(d, t) data for this state.
The E = 2 assignment, homever, is strongly sup-
ported by (d, p) studies 5 ' (unless, of course,
there is a doublet at this energy mhich has never
yet been resolved). The cross section agreement
is considerably better for the 2.297 MeV state in



CROSS SECTIONS AND VECTOR ANALYZING PO%KRS. . .

0.01,-

c. m.

(mblsr)

0.1;

63N

Ex 2 297 MeV

0=-5.701 MeV

8*0.12

0.01 .-

I 1 1

67Zn

E„*0.980 MeV

Q=-4925 MeV

S 0.12

.3/2+
- OA

I

5/2+

0I %I

agreement is sufficient in both cases to strongly
support a —,", as opposed to a ~, assignment.

The single 3 =0 transition studied in the present
work is x epresented in Fig. 9. The 1.672 MeV
level in "En is known to be a 3s», state since
l =0 transitions to this l.evel have been obsexved
in "Zn(d, p) reactions. "z' This state had been
previously identified as a 2s», state in the (d, i)
work of Borsaru et al.~ The present cross sec-
tion and iT„data are poorly reproduced by the
DWBA calculations.

The only isolated 1g», transition observed in
this work is the 0.604 MeV level in "Zn. The
data for this state, displayed in Fig. 9, are not
very well described by the 0%BA calculation.
Nonetheless, the comparison with DVEBA does
support the previous —,

'
assignxnent to this state. '
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' Ni. Although the calculations fall far short of
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measurements for the &=2 transitions, still the
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FIG. 9. Angular distributions of the differential cross
section of the vector analyzing power for the isolated
p and —'+ tf, t) transitions studied. The solid and dashed
curves are the results of DWBA calcul. ations employing
the optical model parameters of Table II.

FIG. 8. Angular distributions of the differential cross
section and of the vector analyzing Power for as+ faT, t )
transitions. The solid and dashed curves are the results
of DWBA calculations employing the optical model
parameters of Table H.

C. Unresolved and mixed-j transitions

Vector analyzing power measurements have
proven very useful in (d, p) reactions for disting-
uishing the relative contributions from different
j values to transitions leading to unresolved final.
states, or to transitions between two states with
nonzero spin. A similar application of iT»
measurements has been reported for the
"Cl(d, t)MCl reaction. a' One must expect only
limited success in the analysis of the present
multiple-j (d, i) transitions, given the above re-
sults for single-j transitions —namely, the strong
Q dependence observed for the analyzing powers
and theix genex ally poor quantitative description
by DWBA calculations. In light of these prob-
lems, we confine our attention here to three cases
in "Fe(d, f) of unresolved or mixed-j transitions
where previous work, together with the present
cross section results, indicate possible contribu-
tions only from / and j values for which empirical
iT»(8) calibration curves can be drawn from
measurements for single-j transitions of appro-
priate Q value.

As an example, consider the transition (with Q
=-4.04 MeV) from "Fe (8'=-,' ) to the 2.65V

MeV state in MFe (J'=2', Ref. 14), which can
proceed in principl. e via pickup of either a —, or a

neutron. Calibration curves for the analyzing
power are available from the ~Ni(d, f)"Ni 0.518
MeV transition (—', , Q =-3.92 MeV) and from the
saZn(d, t)s'Zn ground-state transition (—', , Q = -3.95
MeV). The measured iT„(8) for the transition to
the ' Fe 2.657 MeV state is compaxed to these
calibration curves, and the measured cross sec-
tions are compared to -,' (f =1) and -', (l=3) DWBA
calculations, in Fig. 10. Both the cross section
and analyzing power measurements are well ex-
plained under the assumption of a pure ~ pickup.
The "Fe(d, i) study of Daehnick~ also indicated no



l412

I I I I I 1 j I I I I I f

56Fe - —3/2 COMPONENT 0 4
Ex'2 657 MeV '" "5/2 COMPONENT

Q 4041 M V

0.01

0.001 .—

1.0—

Ol—

ac.m.
(mb/sr)

0.01—

1.0 .—

j I ! I . I I I I l I

56Fe -.—COMPOSITE

E = 2 ~2+2 ~0 Mey- ——1/2 COMPONENT

Q = -4.33 Mey ---3/2 COMPONENT

S(l/2) = O. t2
S(3/2)=0.33 .— I

'.
f !

1 1
l

i &i'

N e
0

I 1 j
~.i & i

i I I I I I} I I I I J i
l'

——1/2 COMPONENT

Q= -4.50 MeV:.
S(l/2) .0.24
S(3/2) =0.084 -- ll

0

-0.2

0.4

0.2

0

0.01 .—

0 40 80 120

lg

i I I I I I

40 80 120

significant l =3 contribution to this state.
The analysis of the unresolved transitions (with

Q =-4.33 MeV) to the 2.942 and 2.960 MeV states
in "Fe (Fig. 10) demonstrates the applicability of
the analyzing power measurements to a qgggtitative
determination of relative spectroscopic factors for
different j values. These two states have been
previously resolved in the (d, f) study by Daeh-
nick, whose cross section measurements indi-
cated pure /=1 transitions to both. This concl, u-
sion is confirmed by the excellent agreement be-
tween E=1 DWBA calculations and the present
cross section measurements (see Fig. 10). An
acceptable fit to the measured analyzing powers
can be obtained only with a combination of ~ and

transitions, using cal.ibration curves from data
for the '~Ni 1.002 MeV (—,', Q=-4.40 MeV} and

Bc~ (deg)

FIG. 10. Angular distributions of the differential cross
section and of the vector analyzing power for three cases
in the ~ Feg, t }+Fe reaction of unresolved or poten-
tially) mixed- j transitions. Empirical calibration
curves from the measurements for single-j transitions
of appropriate l,j, and Q values are used in the analy-
sis of gT&&(8), while DNBA calculations are used for
the cross sections.

"Zn 0.394 MeV (—', , Q = -4.34 MeV) levels. Such
a mixture is consistent with the previous spin-par-
ity assignments'4 of 0' for the 2.942 MeV state and
2 for the 2.960 MeV state. By adjusting the
spectroscopic factors (S) for the two transitions,
we achieve an optimum fit to o(8) and iT»(8} (see
Fig. 10) at values s(—,

'
) =0.12, s(~ ) =0.33, in

excellent agreement with the values s(2.94)
=0.11, s(2.96) =0.32 obtained by Daehnick (at
E~ =11.7 MeV) when the states were resolved.
In view of the enormous difference between the —,

'

calibration curve used in analyzing these transi-
tions and the ~ analyzing power distribution ob-
served for the "Fe(d, t, ) transition (Fig. 4), this
excellent agreement in spectroscopic factors and
the high quality of fit to iT»(8) for the 2.942
+ 2.960 MeV states (Fig. 10) provide further evi-
dence that the strong variation of jT» seen in
Figs. 3-5 arises predominantly from a depen-
dence on Q, rather than on target or bombarding
energy.

Reference 14 reports states in "Fe at 3.120 and
3.123 MeV with spin-parity assignments of (1 )
(tentative) and 4', respectively. A (d, t) transition
to the latter level would involve either —, or —,

transfer, neither of which have appropriate jT»
calibration curves available. As seen in Fig. 10,
however, the cross section measurements for the
peak at this excitation are reasonably well, de-
scribed by a pure l = 1 calculation, with the agree-
ment deteriorating upon admixture of an appreci-
able &=3 or 1=5 contribution. The implication
that the 3.123-MeV level is at most, weakly popu-
lated is consistent with the conclusion of Daeh-
nick's previous 5 Fe(d, i) study. We therefore
have analyzed the iT„measurements for this case
as a —,

' ——,
' mixture, using the same calibration

curves as for the 2.942+2.960 MeV states [Note.
that in a mixed-j transition to a single state, con-
tributions fxom different j values corresponding
to the same $ (e.g. , —, and & ) add incoherently
in the overall cross section and analyzing power;
see Satchler, Ref. 16.j The quality of fit to
iT»(8) is not quite as good as in the latter case,
but stiU clearly indicates (see Fig. 10) that the
transition to the 3.120-MeV state is dominated by

pickup. This observation constrains the spin
and parity of this state to be either 0 or 1 . The
1 assignment is weakly favored since the quality
of fit to iT»(8) is somewhat improved by the ad-
mixture of a small —,

' co~potent.
In the present experiment, data were also ob-

tained for a number of other unxesolved or multi-
ple-j transitions. The analysis for these transi-
tions was inconclusive because of a lack of empir-
ical iT~ calibration curves for some of the possi-
ble contributing j values. This problem is espec-
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ially serious for 'scr(d, t), since the target spin
parity is —, , allowing up to four different angular
momentum transfers to contribute to the popula-
tion of single '2Cr states with J & 2.

V. SUMMARY AND CONCLUSIONS

%e have measured differential cross sections
and vector analyzing powers for (d, t) transitions
on targets of "Zn, ~¹i,"Fe, and '3Cr, involving
orbital angular momentum transfers 1=0, 1, 2,
3, and 4. The greatest emphasis has been placed
on the L=1 transfers, where analyzing power
systematics for many transitions establish a clear
and strong dependence on Q value, in addition to
the expected j dependence. In light of this strong
Q dependence, spin assignments based on empiri-
cal comparisons of analyzing power data for (d, t)
transitions of appreciably different Q values are
questionable. Although DNBA calculations gener-
ally fail to reproduce the measured analyzing pow-
ers quantitatively, they do at least exhibit qualita-
tively similar Q-dependent shifts in magnitude and
in the phase of the oscillations in iT»(8).

The strong observed Q dependence and the quan-
titative inadequacy of the DWBA calculations hin-
der the analysis of analyzing power data for unre-
solved or mixed-j transitions. In those few cases
where the analysis could be based upon empix ical
tT'»(8) calibration curves drawn from measure-
ments for single-j transitions of appropriate l, j,
and Q values, we have demonstrated the useful-
ness of the analyzing power data in quantitative
determinations of the relative contributions from
different j values.

Despite the complications we have described, it
is clear from the present work that the (d, t)
measurements are still. quite useful for deducing
values of the total angular momentum transfer.
The present work has confirmed a number of pre-
vious spin and parity assignments to states in
'Zn, '¹,and "Fe, and has yielded new definite

assignments of —,
' for the 2.149 MeV state in ~Ni

and ~ for the 0.980 MeV state in ~Zn.
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