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Angular distributions of 43-MeV alpha particles scattered by Mn® and Co® have been derived. The
angular distributions for reactions leading to the levels at 0.98 and 1.88 MeV in Mn® are out of phase with
elastic scattering. The Mn® spectra lack the very strong collective quadrupole group. Eight peaks from
Mnb6 and seven from Co® were resolved. The Co® spectra are similar to those from Ni%®, except that the
excitation energies are slightly smaller in Co®. The collective quadrupole group in Co® is at least 0.3 MeV

wide.

INTRODUCTION

RECENT experiments have studied the levels in
Mn55 excited by 6.6-MeV protons and by 2.21-
MeV neutrons.? The levels of Co® have been studied
by inelastic scattering of 15-MeV deuterons.? Further-
more, high-energy electrons have been used to study
collective excitationst in Co®. In the present experi-
ment, 43-MeV alpha particles were scattered from Mn?5
and Co®. In this experiment the collective spectrum
from Mn55 could be followed to higher excitation energy
than in the work at lower energies (although the
resolution obtainable with 43-MeV alpha particles is
not as good). On the other hand, Co® could be studied
with better resolution than in the electron-scattering
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F'16. 1. Pulse-height spectrum of alpha particles scattered by Mn®
at 30°. Energies of the peaks are given in Table I.
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experiment. However, the resolution in this experiment
is not as good as the 80-keV resolution of the deuteron-
scattering experiment.® The study of Co® is of interest
because two nearby nuclei Ni® and Ni® have been
studied in detail with the same beam energy.5

Mn?% is noted for its unusual ground state in which
frj2 protons are coupled to give a ground-state spin of
5~ This coupling in the ground state may produce a
different inelastic spectrum than is seen in the more
normal case of Co® with its ground-state spin of 7. It
is possible that correspondence between Mn?s and Ti¥
may be found, since Ti¥ has a ground state in which
f72 neutrons are coupled to give a ground-state spin
of . A report on alpha scattering by Ti* and by the
other Ti isotopes is in progress.”

EXPERIMENTAL PROCEDURE

The elastic and inelastic scattering of 43-MeV alpha
particles was observed by use of solid-state detectors
(without dE/dx gating) at angles from 14° to 50° (lab)
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F1G. 2. Pulse-height spectrum of alpha particles
scattered by Mn®® at 46°.
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at 2° intervals. The methods used were essentially the
same as those of Refs. 5 and 6. The equipment was
described in detail in Ref. 8. The linewidth in this
experiment was 280 keV.

SPECTRA FROM Mn*

Figure 1 shows the spectrum of alpha particles
scattered by Mn% at 30° (lab). The large peak con-
tains elastic scattering and presumably some inelastic
scattering to the unresolved first excited state at 0.13
MeV. The full-width at half-maximum for this peak is
0.30 MeV. The spectrum from Mn® at 46° (lab) is
shown in Fig. 2. At this angle the elastic scattering is
near a maximum and hence little or no contribution
from the unresolved first excited state is expected. The
width of the elastic peak is less at 46° than at 30° and
hence inelastic scattering may contribute at 30°. Peak
A at 0.984+0.02 MeV excitation is due to the resolved
second excited level and is out of phase with elastic
scattering. The spin of the level is known!? to be .

Peak B at 1.88+£0.05 MeV is due to the resolved
fifth excited level and is out of phase with elastic
scattering. According to the proton-scattering experi-
ment,! the spin of the level is probably .

Peak C at 2.32+0.05 MeV is out of phase with
elastic scattering. Peaks D and E are rather weak but
undoubtedly are real. Peak E is in phase with elastic
scattering. “Peak” F is a shoulder which shows up
consistently on the side of peak G.

The very strong peak G at 4.284-0.05 MeV is in
phase with elastic scattering and is undoubtedly the
1=3 collective octupole group. Peak H is in phase
with elastic scattering. Beyond peak H there may be
further groups, in particular one at channel 113 in
Figs. 1 and 2. However, the evidence for such groups
is inconclusive. A very weak peak is seen at much
lower pulse height near where He? particles from the

TasLE 1. Excitation energies, phases, and spins of levels and
groups of levels excited by inelastic scattering of 43-MeV alpha
particles.

Excitation
energy
(MeV)

0.98-+0.02
1.88£0.05
2.32+0.05
2.85+0.04
3.16£0.06
3.78+0.10
4.2840.05
5.170.04
1.23+0.03
(1.940.05)
2.18+0.05
3.1 +02
3.85-£0.05
4.62+0.05
5.3 +0.15
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Mnss
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Fic. 3. Pulse-height spectrum of alpha particles scattered by Co®
at 30°. Energies of the peaks are given in Table I.

Mn?(a,He?) reaction would be expected. The excita-
tion energies and phases are summarized in Table I. A
plus sign indicates that the peak is out of phase with
elastic scattering and a minus sign indicates that the
peak is in phase.

SPECTRA FROM Co*

Figure 3 shows the spectrum of alpha particles
scattered by Co® at 30° (lab). The large peak is elastic
scattering. The broad peak A, centered at an excitation
energy of 1.23 MeV, is at least 0.3 MeV broad and thus
contains contributions from more than one level in the
region from 1.1- to 1.5-MeV excitation. Peak A is not
quite so broad in Fig. 4, which shows the spectrum at
50° (lab). Peak A is out of phase with elastic scattering.

At angles for which elastic scattering is near a
minimum, peak B is 18 channels away from the elastic
peak ; but it is only 15.5 channels away at angles where
elastic scattering is near a maximum. Hence peak B

10%

T T T T T T
co*®, 50%1ab)

T T T

el FREEI

T T TTTITY
I

COUNTS 7/ CHANNEL

T IIIIIII

Ll

| S W
120 140 160

S . . [ -
20 40 60 80 100
CHANNEL NUMBER

Fi1G. 4. Pulse-height spectrum of alg)ha particles
scattered by Co® at 50°.



B 1162

can be split into two poorly resolved peaks: peak By,
which is probably in phase with elastic scattering, and
peak Bs, which is definitely out of phase with elastic
scattering.

The excitation energies for Co® shown in the table
are in good agreement with those of the deuteron-
scattering experiment® except for the poorly resolved
peak B; at 1.94 MeV reported in the table. This peak
may be produced by more than one level and the value
of 1.94 MeV may be a weighted average of several near-
by levels.

Peak D is the collective octupole level at 3.85 MeV
that has been reported previously.* Peaks E and F are
in phase with elastic scattering. The peak at channel
93 in Fig. 4 may be due to oxygen contamination of
the target. Peak X occurs where He® particles from
Co%(a,He?) would be expected to appear. Peak X is
of doubtful significance here but tends to show up in
most of the spectra.

ANGULAR DISTRIBUTIONS

The difference between the elastic-scattering cross
sections (expressed as the ratio to the Rutherford cross
section) for Co® and Mn® is shown as the dotted line
in Fig. 5. The solid line represents the difference
between the ratio-to-Rutherford cross sections for Cu®
and Co®. In each case the two nuclei differ by two
protons and two neutrons. The differences are taken
at constant laboratory angle, since the laboratory angle
can easily be made exactly the same by actuating a
target changer while keeping the detector locked in
place.® The ratios-to-the-Rutherford cross section (for
elastic scattering of 43-MeV alpha particles by medium-
weight nuclei) have a deep minimum approximately
every 10°. This periodicity has been noted many times
before.5:69 As A increases from one target to the next,
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Fic. 5. Differences between the ratio of the elastic-scattering
cross section to the Rutherford-scattering cross section for Cu®®
and the ratio for Co® (solid curve), and between the ratios for
Co™ and Mn®% (broken curve). No correction for the unresolved
first excited state of Mn% has been made.
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the positions of the minima tend toward slightly smaller
angles. Since these regularly spaced deep minima shift
gradually in angle, the difference between ratios-to-
Rutherford for near-by isotopes must oscillate with
the same periodicity. Figure 5 shows this oscillation.
The difference between the Cu® and Co® ratios-to-
Rutherford oscillates about an average that is close to
zero at the higher angles. On the other hand, the
difference between the Co® and Mn? ratios-to-Ruther-
ford oscillates about an average that steadily becomes
more negative as the angle increases. This negative
average may be due to inclusion of scattering to the
unresolved first excited state of Mn% at 0.13 MeV. A
distorted-wave analysis of the elastic scattering is in
progress.’

The upper curve in Fig. 6 is the cross section for
inelastic scattering to the collective octupole state at
4.28-+0.05 MeV in Mn5%5, The angular distribution has
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F16. 6. Cross section for the 4.28-MeV collective octupole
transition in Mn% (upper curve) and for excitation of the 1.88-
MeV fifth excited level of Mn% (lower curve).

the familiar in-phase oscillations, and at 35° (c.m.) the
envelope of the oscillations lies at about 1.5 mb/sr.
This value is less than the values of 2.8, 2.9, and 3.5
mb/sr found in the even-even nickel nuclei.®

The lower curve in Fig. 6 is the cross section for
inelastic scattering to peak B which lies at 1.88+0.05
MeV in Mn%, The angular distribution is strongly out
of phase with elastic scattering.

The cross sections for inelastic scattering by the
collective =2 and !=3 transitions in Co® are shown
in Fig. 7. As was the case in Ni and Zn, the /=2 transi-
tion is more prominent than the =3 transition, and
both angular distributions obey the Blair phase rule.
The collective /=3 transition has about the same cross
section in Mn®® as in Co%. However, the collective /=2

10 G, R. Satchler (private communication).
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transition (presumed to be peak A in both cases) has
about 3 times as great a cross section in Co® as in
Mn?®, In all cases the collective /=2 and /=3 transi-
tions have smaller cross sections in Co% and Mn%® than
they have in the even-even Ni and Zn nuclei.

SUMMARY

Figure 8 compares the energies of the various peaks
found in this experiment with those of Ni% and Ni®.

The peak at 0.98 MeV in Mn? is due to the resolved
second excited level, which has a spin'? of §~. The
transition is presumably /=2 but has a much smaller
cross section than that observed in other isotopes in
this region of the periodic chart.5¢ The isotope Zr®
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F16. 7. Cross section for the 1.23-MeV collective quadrupole
transition in Co%® (upper curve), and for the 3.85-MeV collective
octupole transition in Co® (lower curve).

lacks a strong /=2 transition," but lacks it for a differ-
ent reason. (Presumably the collective model does not
give a good description of Zr® because it is next to the
double-closed-shell nuclide Zr.)

No sign of the third and fourth excited levels (at
1.291 and 1.523 MeV, respectively) was seen in any
of the data, even though the resolution was good
enough to see them had they been present. These levels
must have less than 0.2 times the cross section for peak
A. This fact is consistent with the single-particle
character! of the fourth excited level.

1 H. W. Broek and J. L. Yntema, Phys. Rev. 138, B334 (1965).
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F1G. 8. Peaks observed in this experiment and in Ref. 4. The
numbers are excitation energies in MeV. A minus sign signifies
that the angular distribution is in phase with elastic scattering;
a plus sign signifies that it is out of phase. The signs do not
necessarily indicate parity of levels. The upper line connects the
collective /=3 groups, the lower line the collective =2 groups.

The peak at 1.88 MeV is out of phase with elastic
scattering. It is a transition to the resolved fifth
excited level of Mn?, which has a probable spin! of .

Above this excitation the levels in Mn%5 are much too
close to be resolved.

In the Co® data, none of the peaks are due to a
single resolved level. The first peak at 1.232£0.03 MeV
is broad and might contain contributions from any of
six known levels. Nevertheless, the major part of this
peak must come either from the known 3~ level at
1.29 MeV or from the level at 1.19 MeV or from both.
The deuteron-scattering experiment? shows strong ex-
citation of these two levels and also strong excitation
of near-by levels at 0.85, 1.09, and 1.47 MeV. The
spectrum from Co® bears a strong resemblance to that
from Ni®; indeed the excitation energies in Co® seem
to be consistently slightly less than in Ni®,

The ratio of the energy of the /=3 transition to that
of the /=2 transition is 3.13+£0.08 for Co%®. This
value for the ratio is the same (within experimental
uncertainty) as those® for Ni%, Ni®, Ni®, and Zn®,
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