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Levels of '3Mn with the s2Cr(3He, d}' Mn and '2Cr(7Li, sHe}5 Mn reactions*

G. D. Gunn, T J. D. Fox, and G. J. KeKelisf-
Depar tment of Physics, The Florida State University, Tallahassee, Florida 32306

(Received 16 December 1974)

The levels of Mn populated by the reactions 2Cr(3He, d) Mn at 24 MeV and Cr( Li, He)-
Mn at 34 MeV were studied using The Florida State University quadrupole spectrometer.

Angular distributions were taken from 5' to 60' for 5 Cr( He, d)5 Mn, and from 1 to 25' for
the 5 Cr( Li, He) Mn reaction. Angular distributions show the expected L-dependent shapes
which are well described by the distorted wave Born approximation. Relative spectroscopic
factors are in excellent agreement with previous studies. The J-dependent shape of the
(TLi, He) angular distributions at forward angles is used to identify the 2.68 and 3.48 MeV
levels as p& g2, and the 4.07 and 4.43 MeV levels as p3g2. Absolute spectroscopic factors
for the two reactions are in very good agreement and are about 30% lower than the values
of previous studies. Seventeen levels of 53Mn above 6 MeV are observed in one or both
reactions. Argular distributions for eight levels are extracted for the ( He, d) reaction,
including the three isobaric analog levels at 6.97, 7.54, and 8.03 MeV. Several of the levels
above 6 MeV exhibit angular distributions which might be interpreted as being for either l
=3 or l =4 transferred. These levels are identified as g-wave fi»& states on the basis of
their strength and excitation energy. The spectroscopic factors for the unbound levels are
derived by a technique of extrapolation of cross sections from the bound state analysis.
The spectroscopic factors extracted for the isobaric analog levels are consistent with (d, P)
results to the parent states, within the limitations of the analysis.

NUCLEAR REACTIONS 5~Cr { He, d) 5 Mn, E = 24 MeV; Cr { Li, 6He) ' Mn, & = ~4 ~
MeV; measured o'{~); DWBA analysis; Mn levels; deduced J ~ and spectroscopic

factors; enriched targets.

I. INTRODUCTION

Direct single nucleon transfer reactions have
been used to extract spectroscopic information
about nuclei for many years. The use of the dis-
torted wave born approximation (DWBA} in the

analysis of direct reactions has been successful
in the extraction of transferred orbital. angular
momenta and spectroscopic factors. The light ion

(d, n), ('He, d), and (n, t) reactions have often been
used to study proton particle configurations. Re-
cently, heavy ion stripping reactions, such as the
("0,"N) and ("N, "C}reactions, have come under
study. These reactions present the opportunity
to study the transfer reaction when the nucleon to
be transferred is not in a predominantly s state
in the projectile. An important experimental
drawback to these heavy ion reactions is the poor
energy resolution generally obtained. The
('Li, 'He) reaction allows one to study the trans-
fer of a proton from a relative p-wave orbit in the

projectile, but does not suffer so extremely from
the problem of resolution.

The levels of "Mn have been studied with all
three light ion proton stripping reactions men-
tioned above, ' ' and many of these results are
tabulated in Table I, and can be found in the Nu-
clearData sheets. Additionally, a study using the
("C,"B)and ("N, "C}reactions has been report-

ed, ' ' although the systematics of the reaction
mechanism was the intent of that study.

The F lorida State University quadrupole spec-
trometer has been used to study the "Cr ('He, d)"Mn
reaction and the "Cr('Li, BHe)"Mn reaction. In
the ('He, d) study, a number of levels up to 8 Mev
excitation are identified and l values and spectro-
scopic factors were extracted from the angular
distributions through the use of zero range DWBA
analysis. Some new levels above 6 MeV are re-
ported, and g-state strength is tentatively identi-
fied. Angular distributions of the isobaric ana-
logsof the first three levels of "Cr were mea-
sured. In the ('Li, eHe) reaction, forward angle
data were taken in to 1 (lab) and the J dependence
of the reaction was used to extract final state J
values for several levels. Spectroscopic factors
were extracted using exact finite range DWBA
analysis.

II. EXPERIMENTAL PROCEDURE

The 'He beam was produced in a duoplasmatron
source using a closed 'He recovery system to re-
duce gas consumption. Negative ion beams of 'Li
were produced in a Heinicke radial extraction
source. " The Florida State University Super FN

tandem Van de Graaff accelerator was used to ac-
celerate the 'He beam to an energy of 24 MeV and

the 'Li beams to 34 MeV. Typical beam intensi-
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FIG. 1. Spectra from the 5 Cr(~He, d) ~ Mn reaction
and the Cr(YLi, He) Mn reaction. Numbering of the
peaks corresponds to the numbering in Table I. Each
of these spectra is at the stripping peak for p-@rave final
states, and the similar relative intensities for the two
reactions going to the various levels is evident.

ties on target were 200 nA and 150 nA for the'He
and 'Li beams, respectively. The targets for the
early runs to investigate levels with excitation
energies of less than 5 MeV were of Cr,O, en-
riched to 98% "Cr, evaporated on thin natural
carbon backings. These targets were used for all
studies on the Cr('Li, He)"Mn reaction. For
later runs using the ~Cr('He, d)"Mn reaction to
study the higher excitation energy levels of "Mn,
self-supporting targets were made by evaporation
of metallic chromium onto a copper backing; the

copper was then etched off with hydrochloric acid.
The evaporated targets were 50 pg/cm', and the
self-supporting targets were 200 pg/cm' in thick-
ness. The self-supporting targets were found to
be too thick for use in the Cr('Li, 'He)"Mn re-
action.

Angular distributions were taken in the Florida
State University quadrupole spectrometer" (QDS)
using a counter telescope placed at the focus in
the detector chamber. High lying levels in both
reactions were studied with the quadrupole lenses
set to focus particles with magnetic rigidities cor-
responding to deuterons or 'He's leaving ~Mn at
7 MeV excitation. To study the lower levels, a
4 MeV focus was set for the {'He, d) reaction and
a 2 MeV focus was set for the ('Li, He) reaction.
The angular distributions were taken from 5 to
40' in 5' increments for the 4 MeV focus in the
('He, d) study, and from 5' to 25' in 2.5' steps and
from 30 to 60 in 5 steps for the 7 MeV focus.

For the "Cr('Li, 'He)"Mn reaction, angular dis-
tributions were taken from 5' to 25' in increments
of 2.5, and at 1' and 3' when possible.

For the ('He, d) reaction, a. 380 p. m or a 220 p, m
AE detector was used in conjunction with a 3 mm
Si(Li) detector. In the ('Li, 'He) study, a 94 um
b,E detector was used with a 690 p, m E detector.
Detectors were cooled to -30' for all runs. The
two dimensional events were delivered to the on-
line computer and sorted into one dimensional
particle-identified energy spectra by setting dig-
ital gates in the computer. Typical energy spec-
tra for the ~Cr('He, d)"Mn and for the "Cr
('Li, 'He)"Mn reactions are shown in Fig. 1. The
numbering of the peaks corresponds to the level
energies given in Table I.

A monitor counter was used throughout the ex-
periments to make angle to angle normalization
corrections. Data were also taken at selected
angles in a large multipurpose scattering chamber
to make corrections for the band pass of the QDS.
Typical resolution in the QDS was 50 keV full
width at half-maximum (FWHM) and 70 keV FWHM
for the ('He, d) reaction on the evaporated and on

the self-supporting targets, respectively. For
the ('Li, He) reaction in QDS, 85-80 keV FWHM
was obtained as typical values for the resolution.
In the scattering chamber, 70 keV resolution was
achieved for the ('He, d) reaction on the evaporated
target, and 100-130 keV FWHM resolutions were
typical on this target for the ('Li, 'He) reaction.

Extraction of peak yields was a problem. The
"C impurity in the carbon backing of the targets,
obscured levels of "Mn, especially at more for-
ward angles. Above 5 MeV excitation in "Mn,
' N, and "F impurity peaks dominated the spec-
trum and made it impossible to find levels at
some angles. The use of the self-supporting nat-
ural chromium targets lessened the carbon and

oxygen impurity problem. The spectra at many
angles were compared with those from the en-
riched targets to identify any impurities of other
chromium isotopes. Another difficulty in reduc-
tion of the data was the high density of states
above 6 MeV in excitation. Often the level den-
sity did not allow peaks to be completely resolved.
At the low energy (high excitation energy) region
of the spectra, the background did not increase
exponentially due to the focusing properties of the
spectrometer. Extraction of yields in this region
was troublesome due to the difficulty in determin-
ing the shape of the background.

The band pass efficiency curve was determined
by extracting the ratios of spectrometer data to
data taken in a conventional scattering chamber
at selected angles. To convert yields to cross
sections, elastic scattering data were taken in the
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scattering chamber at low energies. A target
thickness-solid angle product was deduced from
this data and folded into the scattering chamber to
spectrometer (SC:QDS) ratio.

To obtain the energy calibration of the spectra,
a quadratic least-squares fit was performed on
the outgoing particle energies versus channels
for the ground states of the "N and "F impurities,
and for the ground state of "Mn, using the peaks
from the entire angular range. The excitation
energies of the levels were then calculated using
the kinematic information. Excitation energies
quoted in this paper are accurate to +15 keV.

Errors in the absolute and relative cross sec-
tions were a function of the type of data involved.
For the ('He, d) reaction to levels up to 5.5 MeV
in excitation, errors in the absolute cross sec-
tions were from 10% to 15%. Relative errors
among the data points are 5'%%uo to 12%. For the
('He, d) reaction to the levels above 5.5 MeV in
excitation, errors in the absolute cross sections
were from 15/0 to 25%. The relative error in this
case was from 10%%uo to 20%%uq. For the ('Li, He) re-
action, the absolute error is estimated to be 15%
to 25%%u& and the relative error is 12% to 20%.

The main source of the absolute errors was the
uncertainty in the SC:QDS correction factor,
which in turn was due to uncertainties in the scat-
tering chamber yield and fitting uncertainty. Rel-
ative error is a result of the statistical errors and
the fitting uncertainty. Other sources of error
common to all of the cases above are the uncer-
tainty in the angle setting in the scattering cham-
ber and the uncertainty in the target thickness-
solid angle product. Dead times were monitored
and were generally less than 2/~, except in the
('Li, He) runs at 1', where the dead time ran to
about 7%.

III. DATA ANALYSIS

A. General

The levels observed in the "Cr('He, d)"Mn re-
action at 24 MeV are given in Table I. Quoted
excitation energies are accurate to +15 KeV. Lev-
els observed in the studies of Armstrong and
Blair' (AB), O' Brien et al.' (ODBR), and Cujec
and Sz5ghy' (CS) are also given. No new levels
under 6 MeV are observed. The level at 0.38
MeV may have been weakly excited in this study,
but statistics were never sufficient to identify this
level. Several levels between 2.4 and 5 MeV were
not observed due to insufficient resolution or
statistics. The levels at 2.37, 2.72, and 4.35
MeV were sometimes observed as "shoulders" to
larger peaks, but no angular distributions could
be extracted. The levels between 5.75 and 6.55

IOOOO

Cr( He, d) Mn

E~ = ZQ. O MeV
Hp

focus = 7 MeV Excitation

IOOO

IOO

IOOO

IOO

Io
200

I

500
CHANNEL NUMBER

MeV appear in the spectrum as two poorly re-
solved groups centered at 5.9 and 6.3 MeV. No
angular distributions could be confidently ex-
tracted for any of these levels, excepting thelev-
el at 6.54 MeV, where the leading edge of the
peak was used to establish the peak shape so that
the yield could be extracted at many angles. Sev-
eral other levels above 6.6 MeV were also not
resolved sufficiently at enough angles to make it
possible to extract a meaningful angular distribu-
tion from the data. The two spectra in Fig. 2
show the levels from 4.4 to 8.1 MeV and give
some indication as to the difficulties involved in
reducing the data for the higher lying levels.
Numbering of the peaks corresponds to that in
Table I. The spectra chosen are at 12.5 and 45'
(lab) to show all of the identified levels.

The levels observed in the Cr('Li, 'He)"Mn
reaction at 34 MeV are also listed in Table I. Due
to the poorer resolution and the impurity peaks,

FIG, 2. Spectra of the Cr(~He, d) ~Mn reaction at 24
MeV and quadrupol. e l.enses focused for deuterons leaving

Mn at 7 MeV excitation. Numbering of the peaks cor-
responds to the numbering in Table I.
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fewer levels were identified in this reaction. Ad-
ditionally, for the p-wave levels especially, the
cross sections were much smaller, and fewer
angular distributions were extracted. Figure 3
is a spectrum for the "Cr('Li, 'He)~Mn reaction
at 12.5' (lab) showing the high-lying levels popu-
lated in this reaction. Even the levels at 6.54,
6.97, and 7.54 MeV, which have large cross sec-
tions in the ('He, d) reaction, are not populated
very strongly. Thus, the presence of impurity
peaks coupled with the poorer resolution for this
reaction and the reduced population of the levels
makes it virtually impossible to extract usable
angular distributions for any of the higher excited
levels.

200 300
CHANNEL NUMBER B. ' Cr( He,d) Mn reaction data

FIG. 3. Spectrum for the Cr( Li, He) Mn reaction
at 34 MeV and 12.5' lab. The quadrupole lenses are
focused for He's leaving Mn at 7 MeV excitation.
Numbering of the peaks corresponds to the numbering
in Tabl. e I.

Angular distributions of levels populated in the
"Cr('He, d)"Mn reaction at 24 MeV up to 5.49
MeV in excitation energy are displayed in Fig. 4.
The P-wave final states show similar diffraction-
like patterns with a forward angle peak at 8
(c.m. ). The f-wave final states have less struc-
tured angular distributions, with the "stripping
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FIG. 4. Angular distributions for S~Cr(3He, d)~~Mn at 24 MeV up to 5.49 MeV excitation. Lines drawn are zero-range
DWBA calculations.
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TABLE II. Optical model parameters for the Cr( He, d) ~ Mn reaction at 24 MeU. param-
eters used as defined in Ref. 15.

Set
U

(MeV)
+R

(fm) (fm)
ws

(MeV)
W~

(MeV)
+E

(fm) (fm) (fm) A.

8

rrb
III
IU'

I & III
rrb

52Cr + p
d+ p

98.8
167.2
165.0
142.4

89.7
112.0
Var.

1.069
1.07
1.43
1.36

1.15
1.0
1.25
1.25

0.814
0.804
0.613
0.650

0.81
0.90
0.65
0.65

3He

13.5
16.92
30.3
12.67

Deuterons

19.4
18.0

1.705
1.73
1.50
1.755

1.34
1.55

0.726
0.597
0.710
0.781

0.68
0.47

1.069
1,4
1.4
1.4

1.15
1.3
1.25 25
125 25

' Reference 5.
b Reference 6.

Reference 12.
d Reference 13.

peak" occurring at 21' (c.m. ). The levels at 4.07,
4.29, 4.57, and 4.96 MeV do not have angular dis-
tributions resembling either pure f wave or p--
wave shapes. These levels, except for the 4.29
MeV level, are expected to be unresolved doublets
of different orbital angular momentum. ' Theerror
bars shown represent the statistical counting er-
rors only. Error bars are not shown when the
data point is larger than the error. D%BA anal-
ysis of the levels was performed with the zero
range D%BA code DWUCK. ~ Several sets of opti-
cal model parameters were tested to see if they
would reproduce the experimental results. These
sets were taken from the literature, and are tabu-
lated in Table II. 'He optical model parameter
sets I and II were taken from the work of AB and
ODBR, respectively; the sets III and IV are from
the "Cr('He, o.)"Cr study at 18 MeV of Stock
et a/. '4 All of these parameter sets were derived
from fitting elastic 'He scattering data at the ap-
propriate energy. Deuteron optical model param-
eters for Set I are from the work of Percy and
Percy, "and were used mith 'He Sets I, III, and
IV. Deuteron Set II mas taken from ODBR.

Calculations with sets I, II, and III for the f,~,
ground state and the P,~, 2.41 MeV level are dis-
played in Fig. 5. As can be seen, all of these
optical model parameter sets give essentially
equivalent shape reproduction on the angular dis-
tributions, although Set I seems to do a slightly
better job of reproducing the shape of the ground
state angular distribution at forward angles. The
calculated curves are all normalized by the factor
4.42 and by the spectroscopic factor of 0.47 for
the ground state and 0.45 for the 2.41 MeV level.
These spectroscopic factors are those of AB. A

difference of up to 50% is apparent for the pre-
dicted magnitudes; however, this difference was
not considered sufficient justification to choose
any one of the sets over the others, as it involves
making a choice based on the assumption that both

He, d)~~Mn

= 24 MeV

~ ~

E

IO. &
b
U

---OM set I
~-"-OM set It:

—.OM set III
FRDIA)'BA

M set I

I.O
3/2

IO 20 50 40 50 60 70

c m(deg)

FIG. 5. Comparison of DNBA calculations using a
variety of optical model parameter sets for the
5 Cr( He, d) 3Mn reaction at 24 MeV. Set numbers in-
dicate both 3He and d sets. The solid line is a FRD%9A
calculation made with the code MLRcURY using the param-
eters of Set I.
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the zero-range factor of 4.42 and the spectroscopic
factor used in this test are correct. On the basis
of thebetter reproduction of the shape of the ground
state angular distribution, the fact that the experi-
mental beam energy 22 MeV was closer to that of
this study, and the similarity among the calcula-
tions, optical model parameter Set I was used to
make the calculations for comparison with the
data. Use of a nonlocality correction factor of
0.77 raises the predicted DWBA cross section by
10%. AB used a radial cutoff of 4.2 fm in analyz-
ing their data with this parameter set. For the
p-wave level, no significant difference is visible
over the angular range of 55 . For the f -wave
level, the radial cutoff predicts a more rapid de-
crease of the cross section forward of 20' than
the nonradial cutoff calculation. This rapid de-
crease was not reflected in the data and indicates
that the radial cutoff scheme may in fact give a
worse fit to the experimental results. No radial
cutoff was used in making the DWBA calculations
for comparison with the experimental results.
Finite range (FR) calculations performed with the
parameters of Set I using the code MERCURY" are
also shown in Fig. 5. The bound state parameters
used for the d+p bound state were the same as
those for the "Cr+p bound state, with the well
depth adjusted to bind the proton to the deuteron
with an energy of 5.49 MeV, the proton separation
energy in 'He. The spectroscopic factors of AB
were again used to normalize the calculation, and
1.5 was used as the d+ p spectroscopic factor. The
magnitude is in excellent agreement with that of
the zero-range calculation, although some differ-
ences appear in the shapes of the angular distribu-
tions due to the use of the finite range (Woods-
Saxon potential) form factor. The finite range
calculation did not take into account the 7% D state
of the 'He.

The zero-range DWBA calculations made with

the optical model parameter Set I are shown with
the data in Fig. 4. The unresolved doublets at
4.07, 4.57, and 4.96 MeV have been fitted with
DWBA calculations for l=1 and l=3 components.
Spectroscopic factors derived from the compari-
son of the DWBA calculations with the data are
given in Table I. The spectroscopic factor for
the ground state is felt to have a large error since
the band pass correction for this level was large.
The spectroscopic factors found in the previous
('He, d) studies are also given. The spectroscopic
factors were calculated using the traditional nor-
malization of 4.42,"which agrees to within 10%
with the values calculated by Lim. ' In their anal-
ysis, AB used a normalization constant of 3.7,
found by analysis of the "Ca('He, d)"Sc reaction,
and additionally AB normalized the spectroscopic

IOQ

Cr( He d) Mn

E~ =24.0 MeV
He

IO.O I.O-

I.O

JD
E

E IO.O
O

b I.O

I.O-

I.O-

I.O-

I.O .-
I.O-

I

IO 20 30 40 50

Gem (deg)

IO 20 50 40 50 60

factors to bring the summed strength of the f
wave states into agreement with the total spectro-
scopic strength predicted from simple shell model
calculations. This will be discussed further in
Sec. V. ODBR used the value of 2.6 for the nor-
malization on the basis of agreement of the strength
of the f,~, state with the predicted strength. As
can be seen, the values of C'S found in this study
are generally lower by 30% from the values found
in the previous studies, although the relative
spectroscopic factors from level to level are in
very good agreement. The spectroscopic factors
derived from the FRDWBA calculations for sev-
eral selected levels are in excellent agreement
with the present zero-range spectroscopic factors.
These values are indicated by brackets in Table I.

Angular distributions for the levels from 6.54
to 8.03 MeV are shown in Fig. 6. All of these
levels are unbound, with the exception of the 6.54-
MeV level; the "Cr+p threshold is at 6.56 MeV.
The levels at 6.97 and 7.54 MeV are identified as
isobaric analog states (IAS) to the ground state
and the 0.56 MeV first excited state of "Cr.
These two levels are both p-wave states. The
level at 6.87 MeV always appears in the spectra
as a shoulder to the large 6.97 MeV level, and

this made the extraction of the angular distribution
somewhat difficult. As a result, the shape is not
well enough defined to determine the orbital angu-
lar momentum transferred in populating this level.
The level at 8.03 MeV is identified as the isobaric

FIG. 6. Ar~ular distributions for Cr( He, d)53Mn at
24 MeV for levels above 6.5 MeV. Lines drawn are zero-
range DWBA calculations.
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analog state to the f,~, 1.01 MeV level in "Cr. The
other angular distributions have shapes which may
be interpreted as either f -wave or g-wave trans-
fers, and the DWBA calculation is needed to es-
tablish the orbital angular momentum of the levels.
DWBA calculations were performed and are shown
in Fig. 6 with the experimental results. In order
to make the calculations for the unbound levels,
the form factors were calculated using a small
binding energy of 0.1 MeV. Fortune et a/."have
shown that this treatment is adequate in determin-
ing the shape of the unbound levels at forward
angles. The bound state form factor was again
integrated out to 16 fm in 0.1 fm steps. It was
found that by integrating out to 20 and 25 fm, the
forward angle cross section changed less than 5%,
and the cross section for more backward angles
changed less than 2%. The angular distributions
of the IAS levels at 6.97 and 7.54 MeV are both
well fitted by the p-wave calculations, and the
angular distribution of the level at 7.36 MeV and
the IAS at 8.03 MeV are well reproduced by f-
wave calculations. The levels at 6.54, 7.10, 7.25,
and 7.91 MeV are all identified as being g-wave
levels, although for some of these levels the cal-
culated f wave angul-ar distribution might be con-
sidered as an equally good fit to the data, as can
be seen in Fig. 6. These assignments are made
on the argument that should they be l =3 levels,
there would be too much total f strength. Addition-
ally, the cluster of levels from 6.2 to 6.54 MeV
have a rather characteristic shape in the spectra
which persists throughout the angular distribution,
and although the other levels were not explicitly
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FIG. 7. Angular distributions for the Cr( Li, He) 3Mn

reaction at 34 MeV. Levels shown are f-wave or are un-
resolved doublets of mixed final state orbital angular
momentum. Solid lines are exact finite range DWBA cal-
culations.
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FIG. 8. Angular distributions for P-wave levels for the
5 Cr( Li, He) Mn reaction. Solid lines are exact FRDWBA
calculations.

reduced into angular distributions, this fact is
highly suggestive that the entire cluster of levels
should be assigned 1 =4. Lu, Zisman, and Harvey'
have also observed g, ~, strength at 6.4 MeV. Spec-
troscopic factors derived from comparing the ex-
perimental angular distributions with the calcula-
tions are given in Table I. These spectroscopic
factors were deduced by using an extrapolation of
the DWBA cross section. " The DWBA calculation
was performed at several binding energies, —0.1,
—0.5, and —1.0 MeV, and a linear extrapolation
was made to the actual positive values "binding
energy. " For all of the binding energy calcula-
tions, the distorted wave information appropriate
for the actual entrance and exit channel situation
was used. Discussion of the validity of these
spectroscopic factors and comparisons for the
IAS levels to other experiments will be given
later.

C. Cr( Li, He) Mn reaction data

Angular distributions of the levels populated in
the "Cr('Li, ~He}"Mn reaction at 84 MeV up to 5

MeV in excitation are shown in Figs, 7 and 8. The

f wave levels all s-how similar shapes in the angu-
lar distributions, with a peak at 12' (c.m. }. These
angular distributions are shown in Fig. 7 as well
as those for the 4.07 and 4.96 MeV levels, which
are unresolved doublets of mixed orbital angular
momentum quantum numbers. The p-wave angu-
lar distributions are displayed in Fig. 8. Back-
ward of 5' (c.m. ), the angular distributions show
similar shapes, which are dependent on the final
state orbital angular momentum L with a peak at
8' (c.m. ). However, several of the levels have
angular distributions showing peaking forward of
5', while other levels have angular distributions
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which show no such peaking at the extreme for-
ward angles. This is a J-dependent effect for the
p-wave levels in the ('Li, 'He) reaction which was
first studied by White et al.

The J dependence for the final P states is ex-
pected on the basis of the well-known angular
momentum selection rules. For the ('Li, He) re-
action, since the transferred proton is in a bound

p3/2 orbit in the 'Li projectile, the allowed trans-
ferred l values are l=0, 1,2 for a final p, ~, level,
and /=1, 2 for a final P,~, level. The "extra" l=0
component for the p, ~, levels is expected to con-
tribute at forward angles in the angular distribu-
tions.

The P-wave angular distributions which show
forward angle peaking in our study can thus be as-
signed spins of &, while the other p-wave levels
are assigned spins of 2. The levels at 2.68 and

3.48 MeV are both determined to be py/2 levels
from the lack of forward angle peaking in their
angular distributions. Both these levels were ini-
tially considered to be P, ~, levels by AB. The
level at 2.68 MeV was revised to a p, ~, assignment
in a ~Cr(n, t)"Mn study at 22 MeV by Armstrong,
Blair, and Thomas. 4 This reassignment of the
spin was based principally on the fact that the 2.41
and 2.68 MeV levels angular distributions were
outof phase. The level at 3.48 MeVwasreassigned
a spin of —,

'
by Maripuu, " in a study of the 52Cr(P, y)

"Mn reaction. This assignment was based on

discrepancies in the branching ratios of the y rays
when a spin of & was assumed.

The 4.43 MeV l =1 level is identified as being a
—,
' level. This assignment is somewhat tentative
as the forward angle peaking is only exhibited by

the single data point at 3'. It was not possible to
extract a reliable yield for this level at 1'. The
l = 1 component level of the 4.07 MeV doublet is
likewise assigned as a & level on the basis of the

forward angle peaking which it exhibits. The level
at 4.97 MeV exhibits no forward angle peaking and

thus the p-state component is expected to be p, ~, .
The finite range DWBA code MERCURY'~ was

used to calculate most of the angular distributions
for comparison with the experimental results.
For several of the angular distributions, the finite
range DWBA code LOLA'4 was used. Comparison
of calculations made on the same levels with these
two codes result in identical shapes and magni-
tudes in agreement to a few percent. Since elastic
scattering data were not taken and no optical mod-
el parameters exist for the 'Li+ "Cr or 'He+ "Mn
systems, the optical parameters of White and

Kemper" were used. The entrance channel pa-
rameters are from 'Li scattering on "Ni at 34

MeV, and the exit channel parameters are from
'Li scattering on ~Cu at 30.1 MeV. These optical
model parameters are listed in Table GI. The
calculations made with these parameters are
shown in Figs. 7 and 8 with the data. The shapes
of the angular distributions of the f -wave levels
and of the p,~, levels are fairly well reproduced.
The forward peaking for the P,~, levels is gener-
ally overestimated. The shape predicted by the
calculation for the p states is generally more
extreme than that present in the data, and a care-
ful visual inspection indicates that the p-wave
levels experimental angular distributions may be

slightly out of phase with the calculations.
These problems with the calculations might be

explained by the fact that the optical model param-
eters were not those derived from fitting elastic
scattering data for "Cr+'Li or for "Mn+'He.
However, it was felt that the optical model param-
eters used were from a case sufficiently close so
that the use of the parameter set was justified. To
make a simple test of this assumption, parameters
for ' Ca+'Li and ~Ca+'Li at 20 MeV" were rather

TABLE III. Optical model parameters for the Cr(YLi, He) Mn reaction at 34 MeV. Param-

eters used as defined in Ref. 15.

Set
U rR

(MeV) (fm) (fm)
s

(MeV)
W~

(MeV)
al

(fm) (fm)
rc

(fm) A.

1.78
1.81

1.78
1.72

Var. 1.25
68.50 1.25

'Li + 82Ni ' 49.72
'Li + 4'Ca b 32.6

(Set A)
6Li + 63Cu ~ 47.37
6Li + 40Ca b 31 0

(Set B)
52Cr+ p
'He+ p

0.58
0.64

0.58
0.81

0.65
0.65

8.52

11.56

29.6

53.2

1.78
1.71

1.01
1.0

1.675 0.90
1.69 0.80

1.78
2.50

1.78
2.50

1.25 25
1.25 25

' Reference 21.
Reference 24.
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difference might be attributed to the difference in

Q value causing dynamic changes in the angular
distributions. It is true that this has a marked ef-
fect on the shape of the angular distribution. How-

ever, an additional factor in the difference in
shape is a further 4-dependent effect of the angular
momentum selection rules. This effect has been
previously reported and discussed for these data
by Kemper et pi.

Spectroscopic factors from the ('Li, 'He) reac-
tion are listed in Table I with the ('He, d) spec-
troscopic factors ~ No renormalization has been
made. Except for the ground state, where the
C'S differs by 25% possibly due to the large QDS
band pass correction for the ('He, d) data, all of
the spectroscopic factors in the two reactions are
in reasonable agreement.

IV. DISCUSSION

FIG. 9. Comparison of DNA calculations made with
various optical model sets for the 5 Cr('Li, He)53Mn re-
action st 34 Mev. The curve indicated as Ni param-
eters used Li+ Ni parameters in the entrance channel
and SLi+ 83Cu parameters in the exit channel (parameters
taken from Ref. 2). The curve marked Set A used Set A

of Table III in both the entrance and exit channels. The
curve marked Sets A&B used Set A in the entrance chan-
nel and Set B in the exit channel.

arbitrarily chosen as a set to make DWBA calcu-
lations for comparison with the calculations from
the "Ni+'Li set. These optical model sets are
listed in Table III. The same bound state param-
eters were used in all cases. Figure 9 shows a
comparison of the calculations made with the var-
ious sets. In one calculation, the 'Li+"Ca set
was used in both the entrance and exit channels.
In the other case, the 'Li+' Ca parameter set
was used for the exit channel distorted waves. The
"Ni+'Li set generally gives a slightly better fit
for the P, /, 2.41 MeV level and gives a much better
result for the f,i, ground state.

It might be noted that the angular distribution
for the f,i, ground state is somewhat different in

shape from that of the f,i, 3.67 MeV level. This

The spectroscopic factors determined in the
('He, d) reaction are summed for each /i and listed
in Table IV. Levels of /=1 whose spins are not
identified in the ('Li, 'He) reaction and were not
previously known were included in the sum of the

P, i, strength. All f -wave levels other than the
ground state were considered to be f,i, levels for
the purpose of summing the strength. The f-wave
levels above 7 MeV were not included, as it is
possible that these might be T& levels. Also shown
in Table IV is the total strength expected from the
shell model, using the simple formulas of Ref. 27.

Also shown in Table IV are the summed value of
AB, corrected for the levels which mere incor-
rectly identified. Too much strength is present
in the f,/, orbit, and also in the p, /, orbit when it
is realized that AB did not see the levels at 5.32
and 5.49 MeV. A second column shows the AB
values adjusted for a normalization factor of 4.4
rather than the value of 3.7 mhich they used. These
values are in good agreement with the values from
this study, although they are systematically 15%
higher. The summed values of OBDR are not in-
cluded in this table, as corrections for the spin-
orbit dependence in the bound state were not made.
Shell model calculations have been made for "Mn,

TABLE IV. Summed strength from the 5 Cr(SHe, d) 5 Mn reaction and energy centroids for
the strength for each orbit.

Q g2s
(3He, d) AB x0.84 Theory ( He, d) AB

P 3/2

Pi/2
~ 5/2

gs/2

0.23
0.45
0.55
0.57
(0.51)

0.47
0.66
0 ~ 79
0.86

0.39
0.56
0.66
0.72

0.50
0.80
0.80
0.80
0.80

0.0
2.71
4.04
4.14
{6.87)

0.0
2.60
3.94
4.01
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TABLE V. Spectroscopic factors for analog states seen in the Cr( He, d) Mn reaction
and low lying levels seen in the Cr (d,p) 3Cr reaction.

E( He, d) S ( He, d) E(d,p) S (d,p) S(d,p) b S(dp) AE

p 3/2

p1/2f 5/2

6.97
7.55
8.03

1.00
0.91
0.55

0.0
0.57
1.01

0.76
0.61
0.50

0.62
0.47
0.30

0.63
0.43
0.41

4.26
3.55
3.98

' Reference 28.
Reference 29.' Reference 30.

but these generally emphasize the electromagnetic
quantities and the levels under 3 MeV, and their
results are not very pertinent to this study. Lips
and McEllistrem" have calculated the ground state
spectroscopic factor to be 0.48 using simple con-
figuration mixing. This value is, of course, much
higher than our experimental value. However, it
should be recalled that the choice of optical model
sets used to analyze the ('He, d) reaction data could
cause a difference of up to 50k in the absolute
spectroscopic factors. Although the absolute spec-
troscopic factors from the ('Li, 'He) reaction agree
very well with the ('He, d) values, this agreement
could be fortuitous, as the optical model set used
was not derived from appropriate elastic scatter-
ing data.

Energy centroid values for the l& orbit strength
are calculated from

(E) Q(E, C'S(
lg

and are listed in Table IV. Centroid values from
AB are also given. Although a centroid is given
for the g, /, strength, this value is possibly too
high as a large percentage of g, /, strength is
thought to reside in the cluster of levels between
6.2 and 6.5 MeV which are not included.

In Table V, the spectroscopic factors for the
three isobaric analog levels, multiplied by a factor
of 5 to remove the C', are compared to spectro-
scopic factors for the three lowest levels in "Cr
found in Cr(d, p) Cr studies. "" The values for
the two p-wave isobaric analog are about 20%
higher than those for the corresponding "Cr levels.
Several factors should be taken into consideration,
however. The extrapolation of the DWBA cross
sections to determine the spectroscopic factors
for the unbound isobaric analog levels may over-
estimate the spectroscopic factors. It is also
likely that the experimental cross sections are
somewhat overestimated because, in extracting
the yields, a fixed, low background was used. The
extracted cross sections could thus be systemat-
ically 7% to 20% too large. This problem is not
shared by the isobaric analog state at 8.03 MeV as

the background in this region was more certain.
An important possible cause for the discrepancy
is the isospin considerations for the ('He, d) reac-
tion as pointed out by Cotanch and Robson"; there
are two ways in which the conventional DWBA, as
used in this study, can lead to anomalies in the
spectroscopic factors due to the neglect of isospin.
For the ('He, d) reaction, charge exchange coupling
occurs for both the T& and T& levels; this results
in destructive interference for T& states leading
to smaller DWBA cross sections, and constructive
interference for T& states, leading to larger theo-
retical cross sections than the conventional theory
would predict. The second and stronger effect of
including isospin involves the fact that there are
many more available T& channels than T& channels
to absorb flux. This is reflected by a larger ab-
sorption for the T& states than for the T& states.
The inclusion of different absorptive potentials in
the deuteron channel would be expected to affect
the theoretical cross section in the same manner
as the charge exchange coupling. While the effect
is not expected to be dramatic for the T& states,
the change predicted for the T& states by the DWBA
cross sections would reduce the spectroscopic
factors for each of the isobaric analog states. It
is also pointed out by Cotanch and Robson that
significant changes are only expected for the
('He, d) reaction where the final nucleus is popu-
lated through a definite T& or T& channel. For all
other proton stripping reactions, such as (d, n) or
('Li, 'He), there is a unique total isospin coupling
in the entrance channel through which the popula-
tion of all levels in the residual nucleus, both T&

and T&, must proceed. In light of these uncertain-
ties, it is felt that the spectroscopic factors for
the isobaric analog states are in good agreement
with those of their "Cr parent states.

Also shown in Table V are the values of AE
= (E& —(E&)),&. A difference of 600 keV exists be-
tween the py/2 and p, /, values, and their average
occurs at the value of nE of the f,~, orbit. This
might suggest that some of the missing p, /,
strength is still incorrectly identified as py/2 It
should be noted that small changes in the identifi-
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p'y /2 strength as be ing ac tually p3/ 2 w ill
cause the p, /, T& centroid to shift dramatically
upward, as the uncertain py/2 levels all lie at least
2 MeV higher than the p, /, centroid. Robson" has
pointed out that the isospin energy splitting value
4E can be a function of the shell orbit, and Phil-
pott" has shown that this effect can cause shifts
of 20% of the energy difference. This could ac-
count for the 600 keV spread in energy which is
observed.
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