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Proton energy spectra from the **Cr(a,p)*’Mn reaction at 15, 21, and 24 MeV and at several angles have been
measured with the 100-cm broad-range spectrograph. Both Nal(Tl) and Ge(Li) detectors have been used to
study 7y rays, in coincidence with protons in a particle detector, from the same reaction. From the
spectrograph measurements, the ground-state Q value is found to be —4308+8 keV. Excited levels have been
found at 84.1+1.0, 851.1%+1.0, 1059.2+2.0, 1073.8+2.0, 1227.1+1.0, 1376.5+1.3, 2188.2+1.1, and 2234.3+1.7
keV. Ten 7y-ray transitions have been observed. From particle-y coincidence and angular-correlation
measurements the spins of some levels can be limited as follows: 84 keV, 3/2—7/2; 851 keV, 3/2 or 5/2; 1059
keV, 1/2—5/2. Probable spin assignments for these three levels suggested on the basis of cross-section and relative
transition-strength considerations are (7/2), (3/2), and (1/2), respectively. Other tentative spin assignments,
and the comparison of *’Mn with other odd Mn isotopes, are discussed.
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L. INTRODUCTION

The low-lying levels of the odd Mn isotopes may
be described, in terms of the spherical shell mod-
el, as primarily formed of three proton holes in
the 1f, , subshell. A comparison between **Mn on
the one hand and, on the other, Mn and **Mn
shows marked differences both in the level se-
quence and in electromagnetic transition rates.

The structure of *Mn, which has 28 neutrons, is
similar to that of other nuclei with three identical
S22 particles or holes and one closed subshell,
such as 3+%°Ca and °'V. In these nuclei, the or-
dering of low-lying negative-parity levels among
the spins allowed by the Pauli principle for the
(£)® configuration is determined by the residual
interactions among the valence particles.'™* The
experimentally determined spin sequence begins
7, 3, 3 in each of these nuclei, in accord with cal-
culations. Since M1 transitions are forbidden be-
tween two states of the same (j)” configuration, the
large observed M1 inhibitions, of the order of 103,
in these nuclei support this qualitative picture.
For %Mn in particular, Lips and McEllistrem?*
have carried out calculations with the (f,,,)™® con-
figuration extended to include excitation to the
2p3,2 and 1f5/2 subshells, which yield good quanti-
tative agreement with experiment, both as to the
level spectrum and as to transition rates.

The low-lying levels of *Mn and **Mn, while dif-
fering markedly from *Mn, resemble each other
and also resemble other nuclei such as *'Ti and
“°Cr which have the (f,,,)** configuration with
neither shell filled.5*® All of these nuclei have
spin sequences beginning 3, Z, 2, & with M1

transition rates among the low levels typically of
the order of 0.1 Weisskopf unit. These character-
istics can be reproduced by the rotational model
with Coriolis coupling.””'° In these nuclei of rela-
tively small mass the Coriolis effect is so strong
as to alter significantly the level spacing expected
in rotational bands, yet calculations which include
the strong Coriolis coupling yield good qualitative
agreement with experiment for a variety of such
nuclei.

In particular, the close resemblance of 5°Mn to
'Mn is easily accounted for according to this mod-
el, since only the deformation parameter would
distinguish between them. In terms of the spheri-
cal shell model, the interactions between the pro-
ton holes and the valence neutrons or neutron holes
have to be responsible for the structural differ-
ences between both **Mn and **Mn, and ®*Mn. Since
the dominant neutron configuration should be
@p3/,F in **Mn and (1f,,,)"% in **Mn, the close
similarity of these two to each other is unexpected
from the shell model point of view.

In *"Mn, the subject of the present study, one
might expect any of the following to occur. If ad-
ding two more neutrons relative to **Mn merely
alters the deformation parameter by a small
amount, one would expect 5"Mn to have the struc-
ture of *Mn, °*Mn and the other (f,,,)** nuclei
with neither shell closed. But with the addition of
two more neutrons the 2p,,, neutron subshell would
be closed, in principle. If this closure is signifi-
cant, then the *’Mn structure should closely re-
semble that of *Mn, which also has a closed neu-
tron subshell. Of course, if excitations of the val-
ence neutrons are appreciable in the low-lying
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states, the additional neutrons would have a pro-
nounced effect on the low-lying level structure
and *"Mn might not resemble either *Mn or °Mn.

From the g decay of the 5"Mn ground state, its
spin and parity have been established'!*'? as 3.
This would tend to indicate that "Mn follows the
pattern of the Mn isotopes with neither shell
closed, rather than one shell closed.’? No >’Mn
excited levels were known at the inception of the
present study.

II. PROCEDURES

In this work, 5"Mn was produced by the 5*Cr(a, p)
reaction with *He** beams from the Notre Dame
FN tandem Van de Graaff accelerator. First, re-
action protons were momentum-analyzed with the
Notre Dame 100-cm broad-range magnetic spec-
trograph in order to determine the ground -state
@ value and the positions of the excited states.
Runs were taken with the following incident a-par-
ticle energies and laboratory observation angles:
15 MeV at 30°% 60° and 90° 21 MeV at 60° and
24 MeV at 15°. Positive identifications of proton
groups corresponding to levels in *’Mn were made
with the aid of their kinematic shifts. The protons
were detected by 50-um-thick Kodak NTA photo-
graphic plates mounted at the focal surface of the
spectrograph. For these runs, targets approxi-
mately 20 ug/ecm? thick were prepared by vacuum
deposition of Cr metal enriched to 94.1% in Cr
onto 20-pg/cm? carbon foils. Procedures for ob-
taining @ values and excitation energies from the
spectrograph data were those described in earlier
work.!3

Particle-y coincidence spectra were taken in an
axially symmetric geometry with the same reac-
tion at beam energies of 11.0 and 11.5 MeV. Pro-
tons were detected near 180° with an 800-pm-
thick annular silicon surface-barrier detector.
Elastically scattered particles were absorbed by
a 10.6-mg/cm? Mylar foil covering this detector.
Two types of ¥ -ray detectors were used. In one
experiment five 10-cmx 10-cm NalI(T1) detectors
at different angles were operated simultaneously
in coincidence with the protons. In another ex-
periment, a 50-cm?® Ge(Li) detector was placed
alternately at 90° and 151° and also operated in co-
incidence with the protons. The y-ray energy cali-
bration sources were ®Co, *’Cs, and '®Ta. Self-
supporting targets approximately 160 pg/cm? thick
had been prepared for these two experiments by
vacuum evaporation of enriched 5*Cr metal onto
resistance-heated copper foils. The copper was
then removed with a solution of ammonium hydrox-
ide (50 cm3), tricholoroacetic acid (10 g), and dis-
tilled water (50 cm?).

The axially symmetric reaction geometry, in
conjunction with the zero-spin target and beam
particles, permits only the M, = £ § magnetic sub-
states of *"Mn to be populated in this experiment
except for small contributions of other substates
due to the finite size of the proton detector. The
angular-correlation analysis of intensities from
the Nal experiment followed conventional practice,
with the population of M, = + 3 magnetic substates
limited to a maximum of 4% of the total, corre-
sponding to the geometry of the experiment. A
0.1% confidence level was taken as the criterion
for rejection of combinations of spin J and multi-
pole mixing ratio 5. The sign convention of Rose
and Brink'* is followed. Uncertainties in mixing
ratio determined according to the method of Cline
and Lesser!® are quoted at the 95% confidence
level.

Because the energies of some important y rays
lie below the threshold of the fast discriminators
used in the Nal experiment, their angular corre-
lations were not determined. It was thus neces-
sary to extract the branching ratios from the Ge
(Li) detector spectra. Data from the two detector
angles in the Ge(Li) experiment were used to
eliminate the second-order Legendre polynomial
terms in the angular dependence. Possible fourth-
order terms were neglected. Uncertainties in the
branching ratios reported below are those due to
counting statistics only.

III. RESULTS

From the spectrograph data, the reaction @ val-
ue was determined to be — 4308+ 8 keV. This value
is in agreement with the estimate of - 4315+ 300
keV reported by Maples, Goth, and Cerny.!® There
is a discrepancy of 138 keV between our results
and the value of - 4170+ 50 keV calculated by Gove
and Wapstra.'” In calculating the @ value for this
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FIG. 1. Spectrum of protons from the *Cr(a,p)*"Mn
reaction recorded with the 100-cm spectrograph. The
bombarding energy was 24 MeV and the angle of cbser-
vation was 15.5°. Groups are labeled with the excitation
energy, in keV, in 5™Mn.
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TABLE 1. Excitation energies determined with the
magnetic spectrograph, and y-ray branching ratios, of
levels in 5"Mn.

Initial level Final level

E, (keV) (keV) Branching ratio
84.1+1.0 0 (100) 2
851.1+1.0 0 100
1059.2+2.0 0 12+ 4
851 88+ 4
1073.8+2.0 0 6+ 6
84 94+ 6
1227.1£1.0 84 94+ 3
1074 6+ 3
1376.5+1.3 84 72+10
851 28+10
2188.2+1.1
2234.2+1.7

2 The internal conversion coefficient of this transition
is expected to be of the order of 4%.

reaction, Gove and Wapstra used the measured
end-point energy of the g decay of *’Mn to the sec-
ond excited state in 5"Fe. It appears that they may
have neglected to take into account the 136-keV ex-
citation energy of this state in calculating the *'Fe
to "Mn ground -state energy difference. This cor-
rection would bring their value and the present
measurement within quoted uncertainties. A pre-
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liminary report of this result has been presented.'®

One of the proton spectra taken with the magnetic
spectrograph is presented in Fig. 1. A 4% 52Cr
contaminant was responsible for most of the back-
ground in this spectrum. In generai, the back-
ground was much more severe at the lower inci-
dent ¢-particle energies. The **Cr(a, p)*’Mn
cross sections were typically only 5% as large as
those of *2Cr(a, p)**Mn. Data from five indepen-
dent runs were averaged to obtain the excitation
energies shown in the first column of Table I. The
calculated excitation energy depends on the mea-
sured difference between the corresponding group
and the ground-state group. The excitation ener-
gies, therefore, are not very sensitive to uncer-
tainties in beam spot position, beam energy, angle
of observation, and target stopping. The uncer-
tainties in excitation energy were calculated ac-
cording to the method of Jolivette et al.’* These
results constitute the first information on the
excitation energies of *"Mn.

The placement of y rays into the level scheme of
5"Mn shown in Fig. 2 is based on the two-param-
eter p-y coincidence spectra in which each coinci-
dence peak could be identified as to y-ray energy
and excited level. In the coincidence experiments
with the Nal detectors, where the y-ray energy
resolution was poor, the problem of the 52Cr-

(a, py)**Mn background was compounded by small
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FIG. 2. Energy levels and branching ratios of 5"Mn excited levels.

Also shown are the low-lying levels of %Mn taken

from Ref. 6 and references therein, and those of %Mn taken from Refs. 19 and 20. The lowest seniority-3 states of the
three isotopes have been aligned; the arrows showing y-ray transitions in 53Mn have been transposed so as to corre-
spond to the same final-state spins as in the other two diagrams.



TABLE II. Minimum values of the normalized good-
ness-of-fit index x2 for 1,3 correlation of the 851 -keV
v ray coincident with protons feeding the 1059-keV level.
The 0.1% confidence level falls at x2 =3.7. The full x?
plots for selected combinations of spins are shown in
Fig. 4.

J (1059)

J@E5)  § F  + ¥ 3 %
$ 1542 107 172 6.0 6.5°2
3 1232 55 22% 13P 13
3 832 12® o097 1.3

2 Octupole-quadrupole mixture, arbitrarily cut off at
6=+0.5.

Y Minimum occurs at quadrupole limit of quadrupole-
dipole mixing.

chemical impurities of Cu and Mg. These impuri-
ties were probably introduced during the prepara-
tion of the self-supporting targets.

In the two-parameter p-y spectra taken with the
Nal detectors, only two coincidence peaks were
found to be sufficiently intense and free of con-
taminants to permit reliable angular-correlation
analyses to be carried out. Figure 3 illustrates
the analysis of the angular correlation of the
851 - 0-keV transition with protons feeding the 851-
keV level. These results rule out (at the 0.1% con-
fidence limit) the spin possibilities of £ and 3.
From this angular correlation alone, the possible
spins of the 851-keV level are 3, 3, and .
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FIG. 3. The normalized goodness-of-fit parameter
x 2 plotted against the multipole mixing ratio & for the
851 — 0-keV transition in 5"Mn.
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FIG. 4. Plot of x? from the analysis of the 1, 3 cor-
relation of the (1059 — ) 851 —0-keV sequence in 57Mn.
The abscissa is the mixing ratio of the unobserved
1059 — 851-keV transition. Mixing ratios 6, correspond-
ing to the minima in Fig. 3 have been assumed for the
851— 0-keV transition. Where Jg5; =3 has been as-
sumed, either choice of 6, leads to the same )(2 curves
here. Other spin combinations are listed in Table II.

For the 1059-keV level, the low energy 1059
- 851-keV y rays did not trigger the coincidence
circuit and the weak 1059 - 0-keV transition was
masked by the stronger 1073 -84-keV transition.
The analysis of the 1, 3 angular correlation was
carried out for the values of spins J, ., and Jg,,
listed in Table II, with the mixing ratios 6, for the
second transition corresponding to the minima in
Fig. 3. For the case J,,, =3, the two choices of
mixing ratio produced nearly identical results.
The x? curves for selected combinations of spins
are shown in Fig. 4. In all cases where Jy; =1 is
assumed, the analysis of this 1, 3 correlation re-
sults in a x2 curve which fails to meet the 0.1%
confidence limit. This eliminates the J=1 possi-
bility for the 851-keV level. All combinations of
Jys, =3 or 3 with J, ., =3, 3, or 3 satisfy the 0.1%

TABLE @I. Multipole mixing ratios corresponding to
x? minima in Figs. 3 and 4.

Transition Assumed spins

(keV) J; Jy Mixing ratio
851— 0 2 3 6=-01rfior1/6=01%01
2 3 6=0.60%0.15
1059— 851  § 3 Jel=12%,
$ $ |1/6]|=0.0208
3 % |1/e|=021
¥ 2 |1/8]=0.0%15
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confidence limit. All of these reach minima in y?
only at the quadrupole limit of quadrupole-dipole
mixing except for the case J,q, =dJgs, =3 and the
case Jyu =3- In support of this last possibility,

the intensities of the 208-keV y ray from the 1059-
keV level, as measured at 90° and 151°, were com-
patible with isotropic radiation within rather large
statistical and systematic uncertainties of about
12%. The mixing ratios corresponding to minima
in ¥% for the 1059~ 851- and 851~ 0-keV transi-
tions are listed in Table III.

IV. DISCUSSION

The energy levels and y-ray transitions observed
in 5"Mn are presented in Fig. 2 along with portions
of the level schemes of **Mn and **Mn. The 84-keV
y ray was observed with the Ge(Li) detector in 1,
2, and 1, 3 coincidences with protons feeding the
84-, 1074-, 1227-, and 1376-keV levels. Although
the angular dependence is not accurately known and
small numbers of counts prevailed, there was no
perceptible loss of coincidence efficiency attribu-
table to the lifetime of the 84-keV level. As the
single-particle estimate of mean lifetime for an
E2 transition of 84 keV in A =57, with an assumed
100-fold enhancement, is 150 ns, and the coinci-
dence resolving time was 35 ns, we conclude that
the 84-keV transition can be at most a dipole-
quadrupole mixture. This limits the spin of the
84-keV level to 3, 3, or . The asymmetry of the
84-keV y ray measured with the Ge(Li) detector is
consistent with a spin of 3 or % if pure dipole ra-
diation is assumed. This does not rigorously ex-
clude a 2 spin, since a small but significant E2/M1
interference is conceivable if the M1 component is
greatly retarded and the E2 component enhanced.

The large relative intensity of the (a, p) reaction
to the 84-keV level in all of the spectra taken, in-
cluding that in Fig. 1, suggests a direct process in
which the proton in the transferred triton goes into
an available f, /, orbit. Since in the target nucleus
the protons are coupled to J =0, such a direct
transfer should favor population of a £~ state with
single-proton character.

All of the known odd (f,,,)® nuclei hava a low-ly-
ing £~ level with a strong single-particle or senior-
ity 1 component. In 5'Mn it lies at 237 keV, and it
lies at 126 keV in °*Mn. Thus all of the available
evidence points to the 7~ assignment for the 84-keV
level in 5"Mn. While rigorous proof is lacking, we
propose this assignment provisionally.

In Fig. 2 we have included **Mn (see Refs. 19 and
20), which may be called a closed-shell or spheri-
cal nucleus, and **Mn (*!Mn is similar), which rep-
resents open-shell or rotational nuclei.® The figure
has been prepared in such a way as to de-empha-
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FIG. 5. Low-lying levels of %Mn, °*Mn, *"Mn and of
their even isotones. The easily recognizable %" ®2*
multiplet structure in ®*Mn and %Mn is obscured in
5TMn, at least by the presence of additional levels. Cor-
respondingly, the first excited 2* level in 56Cr and %8Fe
is not well isolated in comparison with the other even
nuclei shown. Levels of the even nuclei are taken from
Nuclear Data Sheets; additional information on %¢Cr
is from Ref. 21 and that on *Fe is from Refs. 22 and 23.

size the differences among the better-known odd
Mn isotopes and to bring out instead the similarity
in certain low-lying states. These states could be
thought of in an approximate sense as the multiplet
(37 + +¥7) formed by coupling a single f, /, proton
or hole to the 2* first excited level of the adjacent
doubly even neighbor?!~2% of each Mn isotope (see
Fig. 5). We do not propose that a single particle
coupled to the core is a good representation for
these states, but only use this scheme to identify
the levels under discussion. In the lowest I state,
in this terminology, the f,;, proton or hole would
be coupled to the 0* ground state of the neighbor.
Putting aside the exact ordering of levels, one can



recognize common features among the isotopes in
Fig. 2.

In both *Mn and **Mn, the ¥ —-% transition is pro-
minent. (In *Mn there is also a ¥ —§ branch which
is not energetically possible in *Mn.) Three levels
in "Mn are known to decay to the () 84-keV state.
Of these, neither the 1074- nor the 1376-keV lev-
els can have spin ¥ because of their transitions to
the J =% ground state and to the J < § level at 851
keV. We therefore suggest that the 1227-keV level
is the ¥~ state in "Mn.

The weak branch 1227 - 1074 keV, thogether with
the decay of the 1074-keV level mainly to the & and
more weakly to the # level, suggests that the 1074-
keV level is the counterpart of the § levels in **Mn
and *Mn. Of the remaining " Mn levels in the
group near 1 MeV, it is very unlikely that the
1376-keV level is the § level because it decays
mainly to the % first excited state. Both the 851-
and 1059-keV levels are possibly J=# states on the
basis of the y-ray transitions. The angular-cor-
relation results already discussed, together with
the strong branch 1059 - 851 keV, which is ener-
getically unfavored, and the 100% decay of the 851-
keV level to the 3 ground state, strongly suggest
that the 1059-keV level has J" =3 and that the 851-
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keV level is the 3~ state.

It has been pointed out®'® that the 3 level is sub-
ject to stronger configuration mixing than other
levels, owing to the proximity of the 2p, ,, orbit.
This may be why the excitation energy of the 3 lev-
el exhibits more variation from one isotope to an-
other than the higher-spin states. The lowest
known J = # state in **Mn is at 1825 keV.?* If this is
indeed the lowest 3 state, then there is a systema-
tic decrease in excitation energy of the 3 state with
increasing mass number from 5*Mn to 5°Mn to 5"Mn.

It is evident that there are more levels near 1
MeV excitation in "Mn than can be matched with
the &, ¥, 2 group occurring in *Mn and **Mn.

This is undoubtedly related to the number of low-
lying states in the N=32 even isotones 5Cr and
8Fe (see Fig. 5). Already in *2Cr with 28 neu-
trons, configurations with neutrons excited to the
2pg, orbit begin at about 2.7 MeV.*'2* With 32
neutrons, there is a reduced energy gap for ex-
citation of neutrons to 2p,,, and 1f; /, orbits; thus
a multiplicity of low-lying low-spin states can be
expected. It would appear that only a calculation
in which not only the proton holes but also the neu-
trons are treated as valence particles will suffice
to account for the low-lying structure of 5"Mn.

*Work supported in part by the National Science Foun-
dation under grant No. GP - 27456.
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