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Energy levels of 'Co using the ' Ni(p, n) reaction and level
densities of cobalt isotopes+
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a particles from the ' ' Ni(p, a) reactions were analyzed with the Notre Dame modified 100 cm broad-range
magnetic spectrograph. Data were taken at bombarding energies of 13 to 16 MeV and at observation angles
of 16 to 140. Approximately 125 new levels were observed and uncertainties in excitation energies average
1.3 keV. Systematics of the (p,a) reaction on the cobalt isotopes have been used to discuss spin assignments to
several states in "Co. Level densities and energy spacings are calculated for all the cobalt isotopes from A = 55
to A =61,

~NUCLEAR REACTIONS '+'+Ni(p, u), E=13—16 MeV 8=16-140, enriched
targets. ~' '@Co levels deduced. High-spin state postulated using (p, ot) reac-

tion systematics. Level densities deduced + @Co.

I. INTRODUCTION

The cobalt nuclei are of theoretical interest
since they lack only one proton in the f»2 proton
subshell while as A increases the neutron number
passes through the closure of the f,&, neutron sub-
shell. Shell-model"' and several unified-model
calculations'~ have been performed on the cobalt
nuclei in order to understand their structure.
Much experimental work has been done, and the
level schemes of "'"Co are well known at least
up to 3 MeV excitation. The unified-model calcu-
lations are in good agreement up to perhaps 2

MeV; however, the shell-model results have in
general not been successful. In the case of "Co
the level. structure is less well known and this has
hampered comparison of theoretical calculations
with experimental results. The present work was
undertaken as a systematic survey of the levels of
the odd mass cobalt isotopes with the aim of pro-
viding as complete and accurate level schemes as
possible in order to define the level structures of
the odd A isotopes in a consistent manner. We
then use these results and others to examine the
level density and energy spacing as a function of
neutron number.

The (p, o.) reaction has been found generally to
excite almost all the states and hence this reac-
tion was used not only to reexamine the well
known "Co and "Co isotopes but also the relative-
ly unknown "Co. With the Notre Dame 100-cm
modified broad-range spectrograph the resolution
is higher than that previously used in charged par-
ticle measurements and considerably improved
accuracy is achieved. We observed approximately
125 new levels and have removed most of the dis-
crepancies left by earlier investigators. Level

schemes more nearly complete than those previ-
ously published are given for excitations up to 5
MeV for "Co and "Co and up to 4 MeV for "Co.
Secondly, by using the systematics of the (p, a)
reaction we suggest that a level previously thought
to be one of the missing low-lying high-spin states
in "Co cannot have this high spin. A previously
assumed doub1. et was resolved into a triplet, thus
making the level at 1.6645 MeV a new level which
appears to be a more likely candidate for this
high-spin state.

Finally, both the level density and energy level
spacing for the cobalt isotopes were determined.
In making these calculations we included the "Co
and "Co isotopes which we had investigated ear-
lier"' and the "Co and "Co isotopes measured by
Schneider and Daehnick. ' The inclusion of the
"Co results dramatically demonstrates the clo-
sure of the f», neutron subshell at this isotope.

II. EXPERIMENTAL

The various nickel targets were prepared by
vacuum depositions of "Ni, "¹,or "Ni onto
commercially prepared carbon foils. The isotopic
enrichment of each target was approximately 98%%uo

and the target thickness ranged from 10-30 p, g/
cm'.

Proton beams of 13-16 MeV were produced with
the Notre Dame FN tandem accelerator. Nominal
beam energies were determined by magnetic anal-
ysis. The reaction products were momentum
analyzed with the Notre Dame 100 cm magnetic
spectrograph using 50- p. KO Ilford nuclear track
plates as detectors. The emulsion of these plates
is insensitive to protons and thus eliminates the
background from proton scattering. We deduced
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FIG. 1. A typical spectrum rom e iA
' al t f the @Ni(p 0)~7CO reaction. The bombarding energy was 14 MeV and the observa-

57tion angle 60 . T e ottom sca e gxves e po i '
1 6 . Th b tt 1

' es the position on the plate and the top scale gives the excitation energy in Co.
A schematic spectrum is s own a et '

h 1 b led with the group number. Group numbers correspond to those in Table I. No

analysis was attempte eyon group . s ertt pt d b d 96 Asterisks indicate the ends of plates where tracks were not recorded.

o.-particle energies from the measured positions
of the particle groups on the plates, using our
standard procedure with magnetic field cycling. "
The spectrograph calibration is based on the en-
ergies of n pa, rticles from" Po a,nd "'Po a.nd un-
certainties in energies for a given run are gener-
ally 2 to 3 keV. The proton bombarding energies
for the (P, o) reactions were calculated from the
positions of the ground state group using Q values
reported by Jolivette et al." The calculated exci-
tation energy of a particular state depends mainly

on the measured energy difference between the
corresponding group and the ground state group.
With this procedure the energy is quite insensitive
to uncertainties in input energy, angle of observa-
tion, beam spot position, and target stopping.
The uncertainties in the final results are of the
order of 1 keV. To positively identify groups with
the particular residual nucleus being studied, var-
ious observation angles were used to assure that
the kinematic energy shift of the group was cor-
rect. Observation angles were 60 and 90' for the

250 5.0
I

40
I

I
I

EXCITATION ENERGY IN Go ( MeV)
3.0 2.0

I
I

I I I

Go GROUP NUMBER

I.O
I

200—

l20 IIO IOO 90 80 70 60 50 40 30 20 IO

i III I I I III I II I I I I I I| I I I| I II I III I

(I
I I I I II

I

I III I I I

0

150—
40I-
X
D
O

I 00—

so —,
I

tO

O
X0

EV

co
Q

0 0
e e

130 140 I50 I60 I70 ISO I90 200 2IO 220 230 240
DISTANGE ALONG PLATE ( cm )

250

FIG 2 A .zz 1 s ectrum from the +Ni(p e)+Co reaction. The bombarding energy was 16 MeV and the observa-
1 andtion angle 120'. Group numbers correspond to those in Table II. Contaminant groups are labeled with the symbo an

excitation energy of the residual nucleus. No analysis was attempted beyond group 121.



ENERGY LEVELS OF '' ' 'Co USING THE ~ ~ ~ 2271

EXCITATION ENERGY IN Co
2.0

I t I I

Co GROUP NUMBER
IO

3.0
I

4 0
I

200— 60 50 40 30 20
IIII I I I I IIIIIIIII illllll IIII I III I II I I II I I

(MeV)
I.O

I

II I I

0

I 60—

I 20—
E

+OJ

K
Lal

80—
lh

O

O
lO

OJ

o
0
tD

IO

O
O

0 I

I 50 I 60 I 70
fc L L I

~ ~ IL~,A. I'.3 i c J;
I 80 I 90 200 2 I 0

DISTANCE ALONG PLATE (cm)

s. i

220
I I

230
.J

240
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"Co study, 60, 90, and 120'for the "Co investi-
gation, and 16, 30, 60, 90, 120, and 140'for the
"Co work. Typical spectra for "Co, "Co, and
'Co are shown in Figs. 1, 2, and 3, respectively.

The full width at half maximum varied from 10 to
14 keV and typical charge collections were 45 to
95 mC.

In addition to the "Ni(p, a) data, two sets of data
on "Co were obtained while measuring the Q value
of the "Fe(o.,p) "Co reaction. These targets
were also prepared by vacuum evaporation of
96.81% isotopically enriched '4Fe onto 20- pg/cm'
thick carbon foils. The reaction products were
also momentum analyzed with the 100-cm spectro-
graph. Data were taken at 13 and 14 MeV bom-
barding energies and at an observation angle of
90'.

III. RESULTS

A. '7Co

Energy levels found in this study are compared
in Table I with those previous results which have
quoted errors of generally less than 10 keV. The
known spin and parity assignments given in column
5 are taken from Refs. 11-18. Ninety-six levels,
one a possible doublet, have been identified below

4.97-MeV excitation energy. Many measurements
have been made on this isotope and the low-lying
levels are well known. The present results con-
firm the level scheme given in the tabulation" up
to 2.61 MeV and the more recent "Fe(p, yn)"C o
measurements" up to 3.26 MeV. The next 12 lev-
els above this energy have been seen in one or
more earlier measurements. The first new level
comes at 3.7696 MeV and in all we find 36 levels
that were not previously reported. The most ac-
curate earlier work is the "Fe(o.,py)57Co mea-
surement of Dayras et al. '4 The average differ-
ence between these& 22 excitation energies and ours
is -0.19 keV with a standard deviation of the mean
of 0.25 keV. The "Fe(p,ny)"Co results" generally
agree much better than the + 3 keV stated uncertain-
ties. Many of the 58Fe(P, y)"Co results" agree,
but the values for states 10, 11, 13, 32, and espe-
cially 30, are well outside the stated errors.

Considerable controversy has arisen about the
existence of a doublet around 1.75 MeV excitation.
A level near 1.75 MeV was given a spin assign-
ment of —', by Lingeman and co-workers'9 in their
P-decay work and by August, Gossett and Treado'
using the MFe(p, y) reaction. This assignment,
however, was in disagreement with the —, assign-
ment of Blair and Armstrong" who used the ' Ni-
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(f, o.')"Co reaction and of Rosner and Holbrow'2 in
their "Fe('He, d)'7Co study. Bouchard and Kjec2'
concluded from their '4Fe(n, p)"Co work that a
doublet may exist in this region, thus accounting
for the spin discrepancies.

Recent (n, Py) work, '~ however, has given no in-
dication of a doublet in this area. We concur with
these findings. If a doublet does exist, and if we
assume two equally populated states, then their
separation must be less than our 4-keV resolving
power. Further agreement with our findings ap-
pears in the more recent P-decay work of Gatrou-
sis and co-workers" who assigned a spin of & to
a state at 1.757 MeV, and the work of Hardie
et al."whose study placed an upper limit of 10
keV for any possible doublet separation.

The next major region of controversy occurred
around 2.13 MeV. A doublet in this region would
partially explain the spin assignments of —,

"by
August's 56Fe(p, y)57Co study, "—,' by Blair and
Armstrong's2' 58Ni(t, n)"Co work, and 2 by Ros-
ner and Holbrow's" "Fe('He, d)"Co experiment.
The investigations of Burton and McIntyre'4 and
O' Brien and Coote" supported the possibility of a
doublet. However, Dayras and co-workers'4 and
other investigators found no evidence for two lev-
els. If a doublet exists, our investigation indicates
that the level separation would be less than 4 keV.

For the first time in a charged particle spectrum
a triplet was observed at 2.7230, 2.7322, and
2.7440 MeV. Previously this triplet had been re-
ported as a possible doublet by Coop and co-work-
ers" using the (P, ct.) reaction. Burton and McIn-
tyre" and other investigators saw only one level at
2.731 MeV that decayed to the ground state. How-
ever, in the '4Fe(n, Py) study of Dayras and co-
workers" a triplet was reported from observation
of y rays. This triplet level scheme around 2.7
MeV was also deduced by Pietrzyk and co-work-
ers" using the 57Fe(p, ny) reaction. Our observa-
tion of this triplet supports the decay scheme pro-
posed by Dayras and co-workers'4 and Pietryzk
and co-workers. "

Levels at 3.11, 3.18, and 3.27 MeV found in pre-
vious (P, n) work" have been resolved into multi-
plets. The new states have energies of 3.1068 and
3.1214, 3.1765, and 3.1841, and 3.2640 and 3.2722
MeV. In the (p, ny) work" the first two pairs were
seen but only one member of the upper pair was
seen. Only the other member of this pair was
found in the "Fe(P,y) work" and the ('He, d)
work. "

Leslie and co-workers" and O' Brien and Coote"
[both using the "Fe(P,y) reaction] saw a level at
approximately 3.993 MeV that decays to the ground
state. Hardie and co-workers" have seen a level
at 4.002 MeV that they believe may be the same

level although no evidence for a ground state de-
cay was observed. Our study showed levels at
both 3.9908 and 3.9994 MeV, removing the appar-
ent discrepancy in the two measurements. Above
4 MeV, the number of levels populated is very
large and, as only an occasional one was seen in
other works, an exact comparison is difficult.

B 59CO

The levels observed in "Co are compared in the
Table II with those previously reported. 6 The
level scheme was well known up to 2.7 MeV al-
though the excitation energies were not as accu-
rately known as those of "Co. Using the (p, n) re-
action we find all levels reported by previous in-
vestigators with the exception of a state at 2.720
MeV. In addition, four new levels below 3.5 MeV
have been observed. Between 3.5 and 4 MeV most
levels had been seen only in (P,P') studies. We
confirmed these and added three new ones. Be-
tween 4 and 5 MeV approximately 50 new levels
are added to the "Co structure. The present work
then has extended the level scheme to 5 MeV and
reduced uncertainties to the order of 1 to 2 keV
over this range. Previously they were 5 to 8 keV.

In the present work, the doublet suggested by
Coop and co-workers" at 2.822 MeV has been re-
solved into states at 2.8202 and 2.8291 MeV.
Swann however, using "Co(y, y) has reported" a,

single level at 2.825+0.001 MeV. A triplet at this
energy might explain the situation; however, we
saw no evidence of a triplet. Other new states be-
low 3.5 MeV have energies of 3.3509 and 3.4981
MeV. Above 3.5 MeV, we saw all the levels re-
ported in the last Nuclear Data Sheets compilation
plus approximately 53 new levels.

c. 6Ico

This nucleus was not nearly so well known" as
the "Co and "Co isotopes. Prior to this investi-
gation, comparison between energy level schemes
reported by different investigators was quite diffi-
cult. A survey of the publications on "Co produced
only two sets of data in which level positions are
given to better than 10 keV.""Those studies ter-
minated at about 3 MeV in excitation. Since un-
certainties given by other authors"'" were as
large as 30 keV, the level reported by one author
may fall well within the errors of several levels
reported by another investigator.

Table III presents our results. Sixty-eight lev-
els were identified up to 4 MeV and of these ap-
proximately 30 had not been reported before.
Doubt is cast on the existence of two previously
reported low-lying levels at 1.272 and 1.425 MeV
(see Sec. III D). The table also shows some pre-
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vious results and it can be seen that the present
results agree well with those of Coop and co-
workers, "mho used the same reaction at bom-
barding energies of 9.5 to 10.5 MeV. %'e find
seven more levels below 3 MeV, however. The
average difference in excitation energies for the
22 states seen in both experiments is 1.2 +0.5 keV
even though the uncertainties quoted on the earlier
work range from 4 to 10 keV compared to the pre-
sent 0.6 to 1.6 keV. The recent "Fe decay work
of Bron, Jongsma, and Verhul" is also in excellent
agreement with our results with an average differ-
ence in excitation energy for 22 levels of -0.34
a 0.30 keV.

Many states below 3 MeV have now been con-
firmed by this investigation and several new levels
have been observed. Levels at 2.7801 and 2.9529
MeV had not been seen in previous works. A state
that had been observed as a singlet at 2.568+0.025
MeV in the Hudson and Glover" (f,P) reaction and

at 2.563+ 0.010 MeV by Coop et aE."has been re-
solved into a doublet of 2.5586 MeV and 2.5716
MeV. There now exists some question as to which
member of the 2.568-MeV pair the tentative &'

spin assignment belongs.
Above 3 MeV approximately 27 new levels are

reported. Several levels, previously reported (at
3.220, 3.394, 3.450, and 3.713 MeV) and given
spin assignments by Hudson and Glover, "have
been resolved into doublets and triplets.

D. Comparisons of level structures

The odd A cobalt isotopes have been studied the-
oretically by several investigators. ' ' One of the
major successes of these calculations is the pre-
diction of two low-lying high-spin states, & and

z, for the odd A cobalt isotopes. These two states
have been experimentally established for both "Co
and "Co, buthave notbeen identified in "CO. The
calculations predict that in "Co these two states lie
between 1 and 1.6 MeV. Of the previously reported
levels in "Co, only a doublet at 1.272-1.287 MeV,
observed in the (f, a) work of Hudson and Glover, "
and the 1.425-MeV state reported in the P-decay
study of Gujrathi and Mukherjee, '-' have not been
given at least tentative spin assignments and
therefore would seem to be candidates for the &
and & states. It appears that the 1.425-MeV state
does not exist since it has been seen neither in the
recent P-decay study of Bron and co-workers"
nor in this investigation.

Furthermore, in the present work only a single
level at 1.2856 MeV has been observed. The doub-
let, which was weakly populated in the (t, n) study
of Hudson and Glover, "was not observed in the
earlier (f, a) work by Blair and Armstrong. "

However, these authors failed to identify other
weakly populated levels. A further (t, n) investi-
gation mould be useful in resolving the question of
the existence of this state. If this doublet does
exist, both members probably cannot be high-spin
states. This statement is based on the observation
that in our "Co and "Co studies using the (p, o)
reaction, the v9 and ~& states (group numbers 1
and 4 in Fig. 1 and 2 and 5 in Fig. 2) are among
the most strongly populated of the low-lying lev-
els. The fact that the 1.272-MeV member of the
Hudson and Glover" doublet was not populated in
our (p, n) work suggests that this can neither be
the & nor & state.

This would leave only the 1.2856-MeV state as a
possible candidate for one of the two missing high-
spin states. The resolution by this investigation of
the 1.650-MeV doublet into a triplet with energies
of 1.6193, 1.6460, and 1.6645 MeV, provides a
candidate for the other missing level. An absence
of P feeding to a level at 1.6645 MeV in the recent
work of Bron and co-workers" makes probable a
spin assignment of ~-', . Furthermore, the fact
that in our (p, n) work this level (group number 7
in Fig. 3) was one of the most strongly populated
low-lying levels is consistent with a high-spin as-
signment. Any levels found much higher in exci-
tation energy would be so far from the theoretical-
ly predicted states that they could not seriously be
considered as candidates for the missing -', and &
states. Thus it appears that the 1.2856- and
1.6645-MeV levels are the best candidates for
these low-lying high-spin states in "Co.

Figure 4 displays the levels of """"Coobserved
in the present work. The levels of "Co up to 5
MeV are taken from previous work of this labora-
tory' using the same reaction. Shorter lines indi-
cate levels previously known. Dashed lines repre-
sent previously reported states not seen in this
work. The rapid increase in level density as the
neutron number increases from the closed shell at
"Co is striking. This is discussed below. Lines
connecting the first eight levels in "'""Coare
labeled with the J' of the levels. Our suggestion
that the state at 1.6645 MeV is the missing '-,'
state is incorporated in the drawing. The observed
set of J' values for the first eight states of
""'"Coas mell as the approximate excitation en-
ergies are correctly predicted by the unified vibra-
tional model. "' This model may not be applicable
to "Co. At present there is too little experimental
information on the J' values of "Co to attempt a
comparison with the other isotopes.

The first 2' and &' states are also labeled and
connected in Fig. 4. These are presumed to be
hole states. Hudson and Glover" note that the

(P, n) reaction tends to favor population of high
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TABLE III. Excitation energies of Co from the present work, tabulated summary, and some previous experiments.

Group
number

Present work
Number Excitation

of energy
runs (Me V)

Error
(keV)

Nuclear
data sheets Ni(p, a) Fe(P)

(Ref. 32) (Ref. 12) (Ref. 30)
(MeV+ keV) (MeV+ keV) (MeV+ keV)

"Co(t,P) "Ni(t, u)
(Ref. 31) (Ref. 31)

(MeV+ keV) (MeV+ keV)

g.s.
1.0282

1.2061

g.s.
0.6

0 ' 8

7
A

2

3w

2

32'2

g.s. g.S. g.s.
1.025+ 1 1.029 + 4.0 1.027 42 + 0.11 1.026

1.204 + 1 1.206 + 4.0 1.205 06 + 0.09 1.213+ 15

g.s.
1.031+ 15

1.210+ 25

10

12

1.2856

1.3232

1.6193

1.6460

1.6645

1.8893

1.9533

2.0144

2.2319

2.3037

0.9

1.3

0.7

0.7

0.7

0.7

0.8

0.9

0.8

1.287 + 4.0 1.2857 + 0.3

1.324 + 2 1.325+ 4.0 1.325 36+ 0.07
1.425

2

($I, ~ 1.632+10

1.623+ 7.0 1.6189 + 0.2

1.645 88 + 0.13

3&

2

2' 2

1+
2

3- 5-
2 '2

1.674 + 15 1.655 + 7.0

1.893+ 15 1.887 + 7.0 1.8890 + 0.4

1.971+ 12 1.953 + 7.0 1.953 10+ 0.15

2.015+ 7.0 2.0115 + 0.2

2.248 + 17 2.230 + 7.0 2.2309 + 0.3

2.302+ 7.0 2.3029 + 0.2

1.286+ 15
1.272+ 25
1.287 + 25

1.338 + 25

1.620+ 15 1.635+ 25

1.660+ 15 1.682 + 25

1.903+ 25

1.971+ 25

2.239+ 20 2.258+ 25

2.313+20

13
14
15
16

17

18
19
20
21

22

2.3455
2.3738
2.4322
2.4839

2.5586

2.5716
2.6423
2.7067
2.7265

2.7565

0.8
1.1
0.9
1.0

0.8

0.9
0.8
1.1
1.0
1.6

3 5
2'2

3+
2

—' to &
2 2

5
2

2.575+ 20

2.720~ 30

2.343 + 7.0

2.433 + 7.0 2.4315+ 0.3
2.486 + 7.0 2.4844 + 0.4

2.563 + 10.0

2.639+ 10.0
2.705 + 10.0

2.751 + 10.0 2.7544 + 0.4

2.348 + 20
2.386+ 20
2.436+ 25

2.568+ 25
2.639+ 25

2.728+ 25

2.765+ 25

2.368+ 25

2.459+ 59

23
24

25
26
27

28
29
30
31
32

2 ~ 7801
2.8671

2.9222
2.9529
2.9799

2.9984
3.1024
3.1167
3.1263
3.1517

1.0
1.1
1.0
1.0
1.0
0.9
1.6
1.1
1.1
1.1

2

2'2

$W

2

2893 + 25 2.864+ 10.0 2.8643 + 0.2

2.920+ 10.0 2.9200 + 0.5

3.022 + 25 2.996+ 10.0 3.0003 + 0.5
3.103+ 10.0 3.1044 + 0.5

3.159+ 25

2.882& 25 2.895+ 25

2.975+ 25

3.017+ 25 3.028 + 25

3.151+25 3.163+25

33
34

36
37

38
39
40
41
42

3.1760
3.1903

3.2039

3.2398
3.3494

3.3570
3.3644
3.3843
3.3969
3.4097

0.9
1.2
1 ' 0

1.1
1.1
1.3
1.3
1.1
1.2
1.1

2' 2

3, ~
2 2

2% 2

2

3.215+ 25

3.395+ 30

3.1910 + 0.6

3.2045 + 0.3

3.2391 + 0.6

3.3649 + 0.7

3.220 + 25 3.208 + 25

3.394+ 25 3.396+ 25
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Number Excitation
Group of energy Error

number r uns (Me V) (ke V)

TABLE III. (Continued).

Nuclear
data sheets 4Ni(p, n) 6 Fe(P)
(Ref. 32) (Ref. 12) (Ref. 30)

(MeV+ keV) (MeV+ keV) {MeV+ keV)

Co(t, p) Ni(t, G.'}

(Ref. 31) (Ref. 31)
(MeV+ kev) (Mev+ keV)

43
44
45
46
47

48
49
50
51
52

53
54
55
56
57

58
59
60
61
62

63
64
65
66
67

68
69

3.4284
3.4451
3.4708
3.4848
3,4925

3.5136
3.5356
3.5647
3.5753

(3.5996

3.6094
3.6540
3.6915
3.7002
3.7278

3.7526
(3.7582
3.7753
3.8063
3.8146

3.8273
3.8711
3.8898
3.9056
3.9157

3.9244
3.9371

1.1
1.2

(~, -'
)

1.1
1.4

1.1
1,0
1.3
1.3 {~' —")

2 '2
1.4)

1 ~ 3
1.1
1.0
1.5
1.5
1.2

1.1
1.3
1.5

1,4
~+ &+
2 ' 2

1.3
1.2
1.2
1.3

(~, —,', )

3.470+ 30

3.573+ 30

3.766+ 35

3.854+ 35

3.975+ 35

3.450 ~ 25

3.515 + 25

3.578 + 25

3.713+ 25

3.746+ 25

3.870+ 25

3.965+ 25

3.467+ 25

3.585 + 25

3.664 + 25

3.782 + 30

3.869+ 30

3.970+ 30

Spin and parity assignments are taken from Refs. 12, 30, and 32.

spins, and that in earlier work the 2' and &' hole
states are among the most weakly populated levels
in the entire "Co and "Co spectra. This would be
consistent with a compound nucleus mechanism.
In most of our spectra we find the 2' states to be
strongly excited with (p, n), especially at forward
angles. Thus we conclude that they are excited by
a direct mechanism. The &' states are strongly
excited under some reaction conditions.

IV. LEVEL DENSITIES AND LEVEL SPACINGS

In order to obtain information relating to the
neutron shell closure at N= 28 and to determine
the number of levels missed due to the finite reso-
lution inherent in these measurements, level den-
sity and level spacing calculations were per-
formed. In addition to the data on "Co, "Co, and
"Co we have included previous results' from this
laboratory on "Co as well as recent results from
the "Co(d, p)60Co reaction, ' and also the results
of Schneider and Daehnick' on the "Ni(d, n)'8Co

and "Ni(d, n)"Co reactions.
The procedure for extracting level density pa-

rameters is described in detail by Tee and As-
pinall. " This method is summarized here.

The excitation energy corrected for pairing ef-
fects is;

U =E„+0.5e&,

where E„ is the measured excitation energy, & is
the number of unpaired particles, and & is the
pairing energy, taken to be n = 3.36(l —A/400)
where A is the mass number.

A plot of the number of levels, N(U) of excita-
tion energy less than U, versus U is shown in Fig.
5 with logarithmic scales used for both axes.
From about 4 to 6 MeV corrected excitation en-
ergy the graphs are seen to follow a nearly
straight line. This line is fitted by the empirical
formula

The parameters K and p were obtained by a least
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FIG. 4. Energy levels of odd A cobalt isotopes. The excitation energy is plotted horizontally and each array is la-
beled with the corresponding mass n~~her on the left. Shorter lines signify that the state was known previously.
Longer lines show states discovered in the present work. The increasing density as neutrons add to the closed shell
at Co is quite apparent. Suggested spin assignments and correspondence of the first seven excited states is taken
mainly from Ref. 18 but the at and p assignments in a Co are suggested in the present work.
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squares fit to the data. The level density p(U)
corresponding to a given excitation energy U

could be calculated from

p(U) =—=CPU'~ "
dU

The single particle level densities are then calcu-
lated by the method of Lang and LeCouteur'" ~
which is based on the Fermi gas model. This
method gives a level density for levels of all spins
and parities of

p(U) =(, ),~2 P(U),1

where the density of states P(U) is given by

exp[2U/t -s&sga exp(-a/t)+ 1]
12(st)~ 12(g/lg) ~)'s

and

FIG. 5. Level number plotted against corrected exci-
tation energy gogarithmic scales) for the cobalt isotopes.
The results for @Co and @Co are plotted on a shifted en-
ergy scale to separate them from the ad)acent isotopes.

I

U=(g/6)s2tm 4+ 4 1+—e~~' -t

where t is a nuclear temperature, g is the single
particle level density, & is the pairing energy
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TABLE IV. Level densities in the cobalt isotopes.

P(U) P(~)
Isotope (Me V ) (Me V )

g
(MeV ~)

g
(MeV ~)

"Co
"Co
~7Co

58Co

"Co
60Co

"Co

9.8
11.2
26.7
26.6
58.3
34.3
48.1

10.9+ 4.7
12.7+ 8.1
30.9 + 6.4
30.9+ 10.7
74.6+ 24.8
39.2 + 21.0
55.1 + 12.7

5.73
6.39
7.75
8.23
9.59
8.80
9.08

5.93+ 0.49
6.64 + 0.94
8.08 + 0.31
8.57 + 0.58

10.20 + 0.60
9.13+ 0.94
9.42+ 0.41

Level densities calculated from experimental data.
Level densities calculated after correction for

missed levels.

previously defined, and a = 0.4374. The quantity
c' is the moment of inertia for a spherical nucleus
and according to the model varies with t and thus
the excitation energy as

where c is the number of unpaired particles, m is
the magnetic quantum number such that

ypg2- 0 24A ~3

and c is the rigid body moment of inertia given by

c=0.146A i'g .
From the experimental values of p(U) a value of

g can be extracted using these relationships. The
p values and g values calculated from the experi-
mental data are given in the second and fourth
columns, respectively, of Table IV. Corrections
are discussed below. () /m

Ae ~dx Ae "dx

Additional information can be obtained con-
cerning the spacings of nuclear energy levels in
the cobalt isotopes by following the procedures de-
scribed in detail by Huizenga and Katsanos. " The
average level spacing s at a given excitation en-
ergy for any of the cobalt isotopes can be calcu-
lated from p(U). The observed level spacings s
are divided by the average level spacing and the
data are sorted in units of s/s of 0.25. In order to
reduce the effect of missed levels we have used
only data for which s «30 keV. The results for
the cobalt isotopes are shown in Fig. 6. The two
curves shown in the figure are a normalized ex-
ponential distribution, given by

N(s/s) =A exp(-s/s),

which is the expected distribution for levels oc-
curring in a completely random way, and a nor-
malized signer distribution

N(s/s) =A'(ws/2s}exp(-vs'/4s'),

which is the expected distribution of spacings be-
tween adjacent levels of the same spin and parity.
Except for the first bin, the experimental spacing
distribution is in good agreement with the exponen-
tial spacing distribution and in poor agreement
with a%igner distribution. This is consistent with
the predictions for levels of mixed spin and parity
and in agreement with the results of Huizenga and
Katsanos. "

The probability of missing a level because it is
a member of an unresolved doublet may now be
calculated as

60

50

40

20

IO

0 I.O 2.0
S
S

5.0 4.0

FIG. 6. Experimental spacing distribution for all lev-
els in the cobalt isotopes for which s —30 keV. The two
curves are for an exponential distribution and a Wigner
distribution.

where x = s js, 5 is the minimum observable spac-
ing, and A and b are determined from the exponen-
tial &it to the level spacing data in Fig. 6. Resolu-
tions (5) of 3.5, 7.0, and 7.5 keV were used for the
(d, p), (d, o), and (p, n) reactions, respectively.
Note in Fig. 6 the first bin falls well below the line
of the exponential ~ The number of levels missing
in this bin is consistent with the calculated number
of missed levels. This emphasizes the point that
one cannot hope to find all the levels of a nucleus
using only one reaction.

The number of missed levels estimated from
this calculation was added to the number of ob-
served levels. The corrected p values and g val-
ues are given in columns 3 and 5, respectively, of
Table IV. The rather large uncertainty in p arises
from the approximately 20% uncertainty assumed
in the pairing energy. It was found that even with
the resolution of 3.5 keV used for the (d, p) reac-
tion, as many as six levels may have been missed
between 2 and 3 MeV (42 observed) because of un-
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FIG. 7. Single particle level density at 5 MeV cor-
rected excitation energy plotted against neutron num-
ber for the cobalt isotopes. The crosses show the val-
ues calculated from the observed numbers of levels.
The circles show the values corrected for unresolved
levels. The uncertainties shown by the error bars are
dominated by the uncertainty in the pairing energy cor-
rection.

resolved multiplets in "Co. This has only a small
effect on the present results, but at higher excita-
tion energies where level densities are greater or
in experiments with lower resolution it will seri-
ously effect calculated level densities.

The single particle level densities (g) are plotted
as a function of neutron number in Fig. 7. The
densities without correction for missed levels are
plotted with crosses, whereas the corrected val-
ues are plotted with circles. The relative insen-
sitivity of the single particle level density on the
number of missed levels is apparent. The uncer-
tainty in the pairing correction accounts for the
error bars shown on the corrected points. Qther

uncertainties in the measurement and calculation
are negligible compared to these.

Figure 7 shows the marked decrease in level
density as the lf, ~, subshell closure at N= 28 ("Co)
is approached. This effect is similar to that ob-
served by Tee and Aspinall for the nickel isotopes,
but is more pronounced in our case since we have
gone all the way to the shell closure at N = 28
whereas the nickel results stopped at N = 30. Fur-
ther, our single particle level densities g may be
compared with those compiled by Macgregor and
Brown for a variety of nuclei and displayed in Fig.
12 of their paper on Cr isotopes. " Qur results
lie very close to a smooth curve drawn through
the points from the other measurements for neu-
tron numbers from 28 to 34. Thus single particle
level densities obtained from different reactions
agree rather well, and show the shell closure ef-
fect at N = 28.

V. SUMMARY

Approximately 125 new levels have been identi-
fied for the three cobalt nuclei: "Co, "Co, and
"Co. Level schemes up to 4 MeV in the case of
"Co and 5 MeV in the case of "Co and ' Co were
determined. Furthermore, from a study of reac-
tion systematics, levels at 1.2856 and 1.6645 MeV
have been suggested as the most likely candidates
for the missing low-lying high-spin states in "Co.
An exponential distribution for the energy level
spacings was determined from the data. This dis-
tribution is consistent with the prediction for lev-
els of mixed spin and parity. The closure of the
neutron subshell at N= 28 can be observed from
the plot of the single particle level densities as a
function of neutron number.
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