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Fusion-evaporation reactions induced by beams of 25-55-MeV "N and ' 0 on an isotopically enriched
"Ca target have been used to populate high-spin yrast levels in ' Fe and ' Co. Measurements consisted of
y-ray excitation functions, angular distributions, y-y coincidences, and recoil-distance and Doppler-shift
lifetime measurements, from vrhich a&ere deduced the energy levels, y-ray branching ratios, most probable

spin-parity assignments, and level lifetimes. The results of p-y correlation measurements in the' Fe(f, py) Fe reaction are also reported.

NUCLEAR REACTIONS 4 Ca( N, xn, yP)~ ' Fe and +~Co and 4 Ca( O, xn, «)-
Fe. E=25-55 MeV; measured o.(E,E„) and coin; deduced levels; measured

o(E„,8); deduced J' for high-spin levels; measured RDM and DSA; deduced 7

)M(M1)[ and [M(E2)(~, s Fe(t, py) ~Fe; measured p-y(8); deduced 8'. Enriched
targets, Ge(Li) detectors.

I. INTRODUCTION

In this second of a series of reports of high-spin
yrast decay schemes in nuclei formed by HI+ "Ca
fusion-evaporation reactions, we report on "'"Fe
and "'"Co. These nuclei were formed by the re-
actions esCa(zsN, 3np) sFe, Ca('s0, 3na}"Fe
"Ca("N 2np) "Fe "Ca("0 2na} "Fe
48Ca(15N 4n) 59Co and 48Ca(15N 3n) 60Co

The experimental investigations included y-ray
excitation functions and angular distributions, y-y
coincidence spectra, and lifetime measurements
via the Doppler-shift-attenuation method (DSAM)
and recoil-distance method (RDM). These pro-
cedures, the data-analysis methods, and criteria
for establishing decay schemes and spin-parity
assignments or preferences have been fully de-
scribed in the first paper of this series (here-
after referred to as I), to which the reader is re-
ferred for a more complete discussion and pres-
entation. In I we described the systematic de-
pendence of "8+' Ca fusion-evaporation products
on bombarding energy. The yield curves for
"N+ "Ca and "0+"Ca have the same general
behavior, as is expected since the compound nu-
clei for "B, "N, "0bombardment of "Ca, (,",Mn„,
,s3Co„, ,"s¹„,respectively) all have the same
relative position vis a vis the valley of stability.
Thus 59'~Co were very strongly formed in
"N+"Ca at 40-MeV bombarding energy, while
59Fe was formed with medium strength and 60Fe

was weakly formed. Also "'"Fewere formed

with weak-to-medium strength in the "'0+«Ca
reaction at 50 Mev

In the next section we present the decay schemes
deduced from these data, and also report on re-
sults of P-y angular correlation studies in the
"Fe(f,py) "Fe reaction. In the final section we
discuss our results in the light of shell-model cal-
culations performed in a large-basis configura-
tional space. A composite listing of the y rays
observed in the reactions HI+ "Ca studied to date,
prepared in a form similar to that presented in
Table II of Ref. 1, is available upon request to one
of the authors (E.K.W. ).

II. DECAY SCHEMES

A. »Fe

"Fe was formed via "Ca("N, 3nP) "Fe and
"Ca("0,3nn) "Fe. The y rays associated with
the "Fe decay scheme were identified from the
relative intensities observed for their production
as a function of both energy and type of projectile.
The identification was subsequently confirmed by a
comparison between the low-lying level scheme
and that established in previous work. '

The level scheme deduced from the y-y coinci-
dence data and angular distribution measurements
is shown in Fig. 1. Only levels observed in the
present y-ray experiments are shown. The states
with E,& 1600 keV can all be identified with pre-
viously observed levels' and the 2312- and 3560-
keV levels may be the same as those observed at
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FIG. 1. Placement of ~ Fe y rays observed via Ca+
N and Ca+ 0 in a level scheme. Except for the 571-

keV level a11 observed 1evels are assumed to be
yrast levels. The spin-parity assignments are dis-
cussed in the text. Parentheses enclose assignments not
rigorously proved, while the square brackets indicate
only a working hypothesis or suggestion. The relative
side feeding (arbitrary units) of the levels is indicated on
the left. The level at 3560 keV is indicated as uncertain
(dashed lines) because the 1247-keV transition could as
well originate from a level at 4985.08(84) keV and feed
the 3738-keV level. In this case the 4985-keV level
would have J—(Q] and the side feeding of the 3738- and

2312-keV levels would be 5 and 106 units, respectively.

2321+ 10 and 3565+ 10 keV in the "Fe(d,P) "Fe
reaction. ' None of the y-ray decay modes shown
in Fig. 1 had been reported' prior to 1976. How-

ever, the decay of the 473- and 571-keV levels
was recently observed via "Mn(p) "Fe.' The y-ray
data are collected in Table I which also gives the
level energies, branching ratios, relative inten-
sities, and A, coefficients from the angular dis-
tribution measurements. Note that the y rays at
1391 and 1790 keV listed in Table I are probably
associated with "Fe but could not be placed in the
decay scheme with any certainty.

The mean-life limits listed for the 3560- (or
4985-) and 3738-keV levels are deduced from the
DSAM and follow from E(v} limits obtained for the
124V- and 1426-keV y rays (&0.5 and &0.6, re-
spectively). The mean lives of the 2312- and 151V-
keV levels were deduced from the HDM assuming
a negligible effect of feeding from higher-lying
levels. The ROM decay curves for these two
transitions are shown in Fig. 2. The lifetimes of
the levels below that at 1517 keV could not be de-
termined because of the strong feeding of these
levels through the long-lived 1517-keV level.

The spin-parity values assigned to the ground
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FIG. 2. ROM lifetime results for the Fe 795-keV
2312 1517 transition and 494-keV 1517 1023 transition.
The decay of the intensity of the stopped component Io
of the transition is plotted as a function of the target-
stopper distance D. To first order D =at where e is the
recoil ion velocity, and thus &0 decays as exp(-D/v 7)
where 7 is the mean life associated with the decay. The
least-squares fit given by the solid curves was (to first
order) to A exp(-D/~ &) +B. In the case of the 1517-keV
level, due account was taken of the feeding via the 2312-
keV level (see insert) by using the relative intensity data
of Table I.

state and 473-keV level are from previous studies. '
In the "Fe(d, p}"Fe and a7Fe(t, p}"Fe work of
McLean et al. ' the transitions to 1ow-lying levels
of "Fe were assigned I values in (d, P) and L val-
ues in (t, P} as follows: (E„I, L, J")= (0, 1, 2, —', ),
(473, 3, 2, aa ), (571, 1, 2, aa ), (1023,3, 4, ~a ), and
(1517,4, 5, Q, where J' follows from the iden-
tities J=I+-,', J= i.+-,', and v=(-)', v= ( )~".
'The present results are consistent with four of
these J' assignments, but not with J"=

& for the
571-keV level. The direct feeding (see Fig. 1)
is stronger than expected for a & level. Further,
the angular distribution of the 571- 0 transition
suggests J+1-J rather than J-J, while the 452-
keV 1023- 571 transition has an angular distribu-
tion which is typical of J+ 1 J and completely in-
consistent with J+2- J. Thus, we suggest a prob-
able & assignment for the 571-keV level. Note
that the /=1 spectroscopic factor for the 571-keV
level was found' to be quite small, (2J'+ 1)S= 0.017,
so that the angular distribution could very well
have been influenced by second-order processes.
Finally, the J' assignments to levels above 1600
keV follow from the direct feeding intensities and
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TABLE I. y decay of ssFe from 4sCa(~ 0, 3no. ) SFe and 4sCa( N, 3np)ssFe.

E I,

{keV)
E

(keV)

Branching
ratio

Iy
b

A2
{vo) a(E2/m1) ' {ps)

472.70 (10)

570.S4{13)
1023.12 (13)

1517.21 (18)
2312.21 (23)
3559.59 (60)
3737.70(64)

0
0

473
571

1023
1517
2312
2312

472.7O(1O)

570.84(13)
1023.09 (17)
550.42 (16)
452.31(11)
494.O9 {13)
79S.OO(1S)

1247,38 (55) ~

1425.47 {60)
1391.48(33)
179Q(2)

100

100
55 ~3
5+2

40+3
100
100
100
100

6 101

12 761
14 733

1 523
10 658
20 821
14 015

2 856
3 400
2 096

2s(s)

56(2)
9(6)

~ ~ ~

63{2)
29(3)
2s(3)

-20{1.7)"

+ Q.02(4)
+ 3.S(6)

0.15 &Q & 2.1

0.19&5 & —2.0
(o)'
(o)'

209 (36)
6.8(8)

&0.6
&0.4

From. the listed y-ray energies with corrections for nuclear recoil. The y-ray energies are averages from the two
reactions. The numbers in parentheses throughout the table are the uncertainties in the least significant figure.

From Ca+ 0 at E( 0) =45 MeV. Intensities in relative units. The g4 coefficients in the angular distributions
were not determined accurately enough to differentiate them from zero.

The E2/M1 mixing ratio calculated assuming an alignment parameter, n& ——0.72 +0.15. The sign convention is that
of Rose and Brink {Ref. 5).

4The two values with errors are from the RDM, the limits are from the DSAM.
Observed in the y-y coincidences only. The listed energy is deduced from the energy level separation.
Assumed to be zero. The A, 2 coefficients of the 494- and 795-keV transitions were then used to determine an average

alignment parameter n2.
I The 1247-keV y ray could arise from a 4985.08(84) 3737 transition instead of a 3560- 2312 transition; thus, the

3560-keV level is uncertain.
"From 4 Ca+ «5N.
~ Observed in the y-y coincidences only.

angular distribution measurements.
No evidence was seen in the present studies for

the p decay of "Mn to "Fe. "Mn has been ob-
served via "C+"Ca both in the present series of
measurements and also by Pardo et al.4 Its weaker
formation via "N +4'Ca and "0+"Ca is expected
since in both cases the exit channels are strongly
inhibited in this region of A and Z.

B 60Fe

The identification of "Fe y rays and the place-
ment of these y rays in a decay scheme mas con-
siderably aided by results from an earlier inves-
tigation of the 58Fe(f, py) "Fe reaction, which had

only been reported in abstract form. ' Nothing
further has been reported on the energy levels
of "Fe in the latest Nuclear Data Sheets compila-
tion for A. = 60.' A brief description of the experi-
mental method and resultant conclusions is there-
fore included at this point.

58Fe(& py)60Fe reaction

Proton-y ray coincidence spectra from the
"Fe(f,Py) "Fe reaction were measured using an
isotopically enriched (~82%) target of "Fe, which
was placed at the center of a 12-cm diam chamber

and bombarded by 3.0-MeV tritons from the BNL
3.5-MV accelerator. 'The target for these mea-
surements mas prepared by evaporation of a
400-pg/cm' layer of "Fe onto a 0.25-mm tung-
sten backing. A protective overlay of 400 pg/cm'
of Au was then evaporated to prevent deterioration
of the "Fe layer when exposed to air. Protons
emerging within the angular range 165' ~ 6~ «174
mere detected by a 1000-p.m annular surface-bar-
rier detector centered at 8~= 1&0 relative to the
incident beam direction. A 14-mg/cm' Al foil
shielded the detector from elastically scattered
tritons. Time-coincident y rays mere detected by
a Ge(Li) detector, which was positioned on a goni-
ometer so that it could be rotated about the target
center. A coincidence circuit mith a resolving
time of 20 ns mas used to gate the two analog-to-
digital converters of a TMC 16384-channel ana-
lyzer which recorded the P-y coincidence spectra.
For these measurements, V digital gates were
placed on regions of interest in the proton spec-
trum (displayed at 1024-channel dispersion), and
the coincident y spectra mere stored in associated
2048-channel segments of memory. Due to the
presence of light contaminants in the target, sepa-
rate measurements mere performed with carbon
and silicon targets in order to clearly establish
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FIG. 4. Angular correlation data for the 824 —0 transi-
tion in 6 Fe, resulting from population of the 824-keV
level via the ~8Fe(t, p)60Fe reaction. The solid curve
shows the fit to these data for a &=2 assignment for the
824-keV level, where the alignment is restricted (as
indicated in the text) to magnetic substates m= 0, +1.
~ = 1 or 3 are excluded by these data.

0
60

Ee

FIG. 3. Level diagram for Fe, showing excitation
energies, y-ray branchings, and spin restrictions de-
duced from the present investigation of the Fe(t, Py) Fe
reaction at E& = 3.0 MeV. The y-ray branching ratios
are given in parentheses, and have an uncertainty of
+ 10 units.

proton groups belonging to the "Fe(t,P) "Fe re-
action. The level scheme for "Fe deduced from
these measurements is shown in Fig. 3.

Measurements were carried out for y-ray de-
tection angles of 8&=0', 45, and 90. The angular
correlation information is summarized in Table
D, which shows the results of an even-order Le-
gendre-polynomial fit to these data, of the form

W(8) =I„[1+2,P,(cos8)+A, P,(cos8)].

The experimental geometry used in these mea-
surements (i.e. , Litherland-Ferguson, method
II ) insures an alignment of the initial y-emitting
states, and standard techniques of analysis' for
aligned-correlations were applied to obtain the
spin assignments given in Fig. 3. These results
will be discussed below for each level in turn.

Because a relatively thick "Fe target was used
in these measurements, the effective resolution

for proton detection was inadequate to resolve
individual higher-lying states, and in fact the
digital gates were ususally set to span clusters of
states as indicated in Table II. However, the
placement of each gate restricted the range of
excitation energy sufficiently well so that the de-
cay scheme could be uniquely constructed from
the associated Ge(Li) spectra, which exhibited a
resolution of 3-4 keV.

824-ke V level. The detection of protons near
e~= 180 defines an alignment of the initial y-emit-
ting state, mith the magnetic quantum number
(m)—specifying the spin projection restri—cted
to m= 0 or + 1, where the axis of quantization is
the beam axis. ' A small population of higher sub-
states is allowed by the finite size of the proton
detector and was taken into account in fitting the
correlation patterns. For the 824-keV level, the
alignment results in a very strong correlation
pattern as shomn in Fig. 4. The spin of the "Fe
ground state is J&= 0, and therefore the ground-
state transition from the 824-keV level (of spin J)
is restricted to be a pure rnultipole of order L= J;
The solid curve in Fig. 4 shows an excellent fit
for 4= 2, while the corresponding fits for J= 1 and
3 eliminate these possibilities at the 99.~ con-
fidence level.

19T5- ued 2114-keV levels. Both levels decay
to the 824-keV level. Since the particle groups
mere unresolved by the proton detector, the cor-
relation pattern for the resultant 824- 0 transi-
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TABLE II. Results of P-y angular correlation measurements in the Fe(t,py) Fe reaction
at E& ——3.0 MeV. The initial states (F~) falling within specific gates set on the proton spectra
are indicated, while subsequent cascade transitions resulting from deexcitation of that state
are labeled by giving the energies of the initial and final states between which the transition
occurs.

Gate no.
g I

(keV)
g]~ gy
(kev)

Angular distribution
w, (%) w, (%)

824
1975
2114
2305

2756
& 3039

3072

3308

S24—0
1975 824
2114—824
2305 0
2305 824

824 0
2673 824
2756 824
3039 824
3072 —S24
30V2- 2114
2114 824
3308 824
3308 2673
2673 S24

439 +33
270 +10
73+21

342 g47
246 +33
441 +32

1709 +Sl
139+42
900 +66
537 +56
315+45
376 +48
317 +44
290 +35
446 +62

vi{4)
3(ii)

129(41)
62(6)
17(12)
6{7)

39(5)
6(29)

21(8)
36(iO)
vo{i2)
46(i2)
33(14)
28{12)
Vo(13)

-»1{5)
11(13)
58(34}

-158{10)
33(i4)

5(8)
3(6)

-8(34)
io(9)

—34(11)
-61(14)

4V(13)
—17(16)

20(i3)
3{iV)

The uncertainties in the quoted excitation energies increase approximately linearly, from
+1 keV for the 824-keV state to +3 keV for the 3308-keV state.

The statistical uncertainties in the least significant figure are given in parentheses.

tion involves feeding from both levels and hence
was not analyzed. The 19V5- 824 correlation is
isotropic within experimental uncertainty, which
would be expected for Z(19VS) = 0. These data can
also be fitted for spin possibilities 1 +J ~3 with
large quadrupole/dipole mixing in the 19V8- 824
transition. The 2114- 824 transition exhibits a
nonzero A4 coefficient, which is confirmed by the
pattern observed in the deexcitation of the 3072-
keV level (see Table II). This observation re
stricts the spin of the 2114-keV level to J& 2.
Analysis of the net data on the 2114- 824 transi-
tion, resulting both from direct population of the
2114-keV level and also via the 3072- 2114 cas-
cade transition, eliminates the possibilities J= 3
or 5. Thus one is left with the conclusion J= 2 or
4, as given in Fig. 3.

2305-ke V level. The results of a simultaneous
fit to the net correlation data on the 2305-keV
level is shown in Fig. 5. The lower figure shows
the "goodness-of-fit" parameter X' plotted as a
function of x, the (f.+ 1)/I multipole mixing in
the 2305- 824 transition. The 2305- 0 transition
is, of course, a pure multipole, with I.=J 0.
Satisfactory fits are obtained for J= 2 with mixing
ratios x= —(4.2',",) and x=+(0.2V',",', ). For com-
parison, the best fits for 8= 1 or 3 exceed the 0.1%
confidence limit for all values of x. The upper
curve of Fig. 5 shows the calculated fit to the ex-
perimental correlation data for parameters cor-

responding to the g minimum of the lower plot
(x= —4.8}.

Levels at E,&2600 keV. For most of these
cases, the ambiguities inherent in the analysis of
correlation patterns for transitions deexciting to
states of J& ~ 2 result in spin limits rather than
spin assignments for the initial states. Thus for
the 26V3-, 2756-, and 3039-keV states one ob-
tains the range of allowed J values indicated in
Fig. 3. For the 30V2-keV level, however, a simul-
taneous fit to the 3072- 824 and 30V2- 2114- 824
transitions results in the restriction to J= 2 or 4.
If J= 4, the 30V2- 824 transition is pure quadru-
pole while the 3072- 2114 transition must involve
a significant quadrupole admixture. For the J= 2
possibility, both transitions must involve large
quadrupole/dipole mixings. Although three cas-
cade transitions were identified for the 3308-keV
level, the relatively larger uncertainties in the
A, and A, coefficients results in a weak restriction
on the spin of this state. For levels of E, & 3600
keV, the quality of the angular-correlation data
did not even adlmit of significant restrictions on
the spins of the states.

48CN(islV Znp)6eFe nd ~eCa(i8 O,Znof) ~Fe

"Fe was formed by the "Ca("N, 2') "Fe and
4'Ca("0, 2sa) "Fe reactions. The 2114- 824- 0
cascade, known from the 58Fe(t, py) studies dis-
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FIG. 6. Level scheme deduced from Pe p rays ob-
served via the 48Ca+~SN and 4 Ca+'80 reactions. The
levels above 2.5-MeV excitation had not been previously
observed. The spin-parity assignments for the 824- and
2115-keV levels are from the (t, p) results and the fusion-
evaporation results as discussed in the text.

O. l-so» -60 -304
I I t I t t )

O» 3O» SO» SO»

cussed above, provided the basis for the identi-
fication of ~pe and the y rays from both reactions
as determined from the y-y coincidence data are
listed in Table III. Because of difficulties due to
unresolved contaminants from other nuclei, the
analysis of the y-ray singles data was unusually
difficult, and it was necessary to incorporate data
from both reactions in order to determine the
cascade ordering of the y-ray transitions. The
relative intensities of the y rays observed in the
two reactions were assumed to be proportional,

AacTAN x

FIG. 5. Results of angular correlation measurements
for the 6 Fe 2305-keV level, as observed via the

Fe(t, py}80Fe reaction. The upper plot shows the mea-
sured correlation data, while the lower plot illustrates
the results of fits to these data for assumed spins for
the 2305-keV level of 1~4—3. Only for J=2 is the fit
acceptable, for the allowed quadrupole/dipole mixings
indicated. The correlations calculated for these cases
are shown in the upper plot by the solid curves.

and the data of Table III were combined to give
the adopted energies, intensities, and angular
distributions listed in Table IV. The level scheme
deduced from these results is shown in Fig. 6.

Information relating to the lifetimes of the levels
is also collected in Table IV. The DSAM lifetime
for the 5003-keV level, and two other lifetime
limits, result from the I"(v ) attenuation factors
obtained in "Ca+ "N (Table III). RDM results for
the 1291- and 824-keV transitions are shown in
Fig. 7. In both HDM decay curves, a long-lived
component v = 70~ 30 ps was present. It is as-
sumed that this lifetime is associated with the
3516-keV level; however, it is also possible that
it is due to one or more of the levels feeding the
3516-keV level. The mean lives found for the 824-
and 2115-keV levels correspond to E2 strengths
of 13.0+ 2.0 and 13.3 a 3.0 W.u. (Weisskopf units),
respectively. " Since the corresponding M2
strengths would be larger by a factor of 50, M2
is excluded" and so, in agreement with the (f, P)
data (Fig. 3), we have 8'= 2' for the 824-keV
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TABLE GI. y-ray transitions observed in Ca+ N and Ca+ 0 and assigned to 6 Fe.

g
(keV)

"Ca+ "N
A2

Intens ity ~ (%) Contaminant I' {7.) "
g

(keV)

4&Ca+ i80

A
Intens ity (k) Contaminant F (7 )

338.61(i2)
438.24(3O)
824.00
843.32 (17)

1048.57 {12)
1291.00
1401.56 (19)

2 028
-3 000
21 600
&4 937

2 243
&20 618

7 270

~ ~ ~

13(1S}
18(2)
2s(s)

~ ~ ~

Na
60Co

Al

"Co

~ ~ ~

0.300.5)
&0.10
&0.25

338.61{12}
438.28(i3)
823.63(15)
842.17{16)

1048.00
12eo.88{is)
1402.00

2 324
4 473

21 600
&6243
&8600
19 628
&8 500

~ ~ ~

s(8)
14(2)
i7(12)

18(2)

+Ni

~ ~ ~

Ni

&0.5
&O.S

Arbitrary units. The intensities for the two different target-projectile combinations are normalized so that the inten-
sities of the 824-kev y ray are equal,

The y-ray angular distribution is given by W(e) =I„[1+A&P2(cosg)+A4P4{cos8}j. The A4 coefficients were not deter-
mined with sufficient accuracy to distinguish them from zero.

y rays assigned to the listed nuclei were unresolved from the60Fe y rays. For the 438- and 824-keV y rays from
N+4 Ca it was possible to estimate the relative intensities of the unresolved doublets; for the other cases only upper

limits on the ~ Fe intensities can be given. U denotes a y ray of unknown origin.
The DSAM attenuation factor defined in the text.
Nominal energy.

level and 8'=(2, 4)' for the 2115-keV level. For
the latter we choose J"=4' as highly likely be-
cause it is the state with the largest direct feed-
ing. The angular distributions (Table IV} and di-
rect feeding intensities also lead to the spin sug-
gestions given in Fig. 6 for the 3516- and 3954-
keg levels.

C. "Co

The nucleus "Cowas formed via 4'Ca("N, 4n) "Co.
The results are presented in 'Table V and Fig. 8.
The P decay of '9Fe to 'eco was observed to popu-
late several low-spin levels in addition to those
shown in Fig. 8. However, this P decay is well
known' so that only the yrast levels formed via
("N, 4s} are shown. The levels at 1191 and 1460
ke7 have previously' been given the spin-parity
assignments shown in Fig. 8. No previous infor-
mation exists concerning the y-decay or spin-

parity assignments of the remaining levels. The

spin-parity assignments shown in Fig. 8 follow

from the arguments outlined in I based on y-ray
relative intensities, angular distributions, and

mean lives.
A previous study of "Co via the "Ni(p, o, ) "Co

reaction by Mateja et al."has been carried out
with exceptionally good energy resolution
(~ - 1-3 keV) so that a correlation between the
levels observed in (p, a} and ("N, 4n} can be made
with very high accuracy. In the (P, o, ) work 107
levels were reported below 4.8-MeV excitation
energy and, as indicated in Table V, 9 (or pos-
sibly 10}of these can be identified with levels we
deduce to lie in this energy region. Correspond-
ingly, the "Co levels of Fig. 8 and 'Table 7 not
reported by Mateja et al. are all assigned J ~,
in our work, which presumably explains why they
are not populated in the (P, a) reaction.

TABLE IV. y decay of energy levels of Fe from Ca( N, 2np) Fe and Ca( 0, 2ne) Fe.

823.64(1S)
2114.52(23)
3516.10(30)
3954.38 (33)
42e2.ee(3s)
4359.»(S8)
soo2.96(3s)

0 ev)

0
824

2115
3516
3954
3516
3954

g b

(kev)

823.63(1S)
1290.88 {18)
1401,56 (19)
438.28(13)
338.61(12)
843.OO(SO)

1O48.57 (12)

Intensity
c

21 600
19268
7 270
4400
2 176

&5 000
2 243

Ap
(k)

14(2)
18(2)
2s(s)

S(8)

~ ~

i3(iS)

(ps)

11.6+2.2
1.2 ~0.3'

70 +30
&0.6
&0.6

~ ~ 0

0.5

Corrected for nuclear recoil. From the y-ray energies of column 3.
Uncorrected for nuclear recoil. From Table III.

'From Table III.
~From the DSAM (see Table III) unless otherwise noted.
OFrom the RDM.
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FIG. 7. HDM lifetime results for the 6 Fe 1291-keV
2115-824 and 824-keV 824 0 transitions. The decay
of the intensity of the stopped component Io of the transi-
tion is plotted as a function of the target-stopper dis-
tance D. To first order D=&t where e is the recoil ion
velocity, and thus 10 decays as exp(-D/v 7) where 7 is
the mean life associated with the decay. The least-
squares fit given by the solid curves was (to first order)
A [fi exp( —D/e 7'g) + (1-g» )exp{-D/v 7i ) 1 +B where & = 2

(upper curve) or 3 {lower curve). In these cases fi
expresses the relative feeding fraction for cascade feed-
ing via observed slow transitions, as opposed to feeding
via transitions of negligible lifetime. The values ob-
tained from these fits for the fi agreed with the relative
y-ray intensities of Table IV.
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FIG. 8. Level scheme for 59co deduced from observa-
tion of p rays from the 4 Ca('5N, 4&)~OCo reaction. The
notation is similar to that of Figs. 1 and 6. Only the
yrast (or near-yrast) levels observed in the present
studies are shown. Data on the p-ray transitions are
given in Table V.

'The process of deducing a decay scheme for "Co
from the y-y coincidence data was hampered by
the large number of energy degeneracies. The
pairs 691 keV("Co}-693 keV("Co) and
333 keV("Co)-334 keV("Co) were particularly
troublesome since these y rays are important to
both decay schemes. The separation between "Co
and ~CO was aided by a survey run for "N+ "Ca
at E("N)= 46 MeV which produced "Co strongly
from "Ca("N, 3s) "Co but only negligible "Co from
4'Ca("N, 3s) "Co. Also troublesome were the
992-994- and 1095-1096-keV doublets in "Co which
were untangled using the y-y coincidence data and
the difference in Doppler shifts of the y rays to
deduce y-ray energies and relative intensities.

The decay scheme of Fig. 8 has one outstanding
discrepancy which remains to be explained.
Namely, the feeding into the 3843-keV level is
considerably greater than the intensity depopu-
lating it. (Thus, the negative direct feeding in-
dicated for this level in Fig. 8.} We assume that
one or more transitions depopulating this level

have been overlooked. For instance, a ground-
state transition would be detected with decreased
efficiency (by virtue of its high energy). A study
via "¹(p,ay) "Co would be very helpful here.

The ROM data for "N+ "Ca eras inferior to
that for "0+"Ca in that the distance of closest
approach was -30 p.m as compared to -10 p, m.
Thus, the RDM measurements for "N+ "Ca were
insensitive to mean lives v & 6 ps, as opposed to
the lower limit 7 & 2 ps for "0+"Ca. Further-
more, the DSAM results indicate that the majority
(and perhaps all) of the observed transitions are
quite fast (r &1 ps). Thus no RDM lifetimes were
obtained. DSAM lifetimes and limits are listed
in Table V.

60co

"Co was observed via "Ca("N, 3n) "Co. The
decay scheme deduced from the data summarized
in Table VE, is shown in Fig. 9. All known' levels
with E,& 600 keV are shown, and their spin-parity
assignments, save that for the 436-keV level, are
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TABLE V. y decay of 59Co froxn 4 Ca( ~N, 4n) SCo.

g b
Y

{kev)
Branching

ratio ~ {ps)
g]{P,n)

{kev)

1190.63{2S)
i45e.64(26)

215S.58(33)
2183.22 (32)
3081.46 (57)
3224.Oi(3O)

ss25.v2{se)
S842.VV(32)

40S6.54(41)
4176.SO{38)

4412.70{38)

4715.05{48)
4798.78 (50)
4eoe. o5(5o)
5256.30{88)
5368.o5(4e)
6362.ie(5V)
6878.84 (78)
v45v. s(»)

0
0

llel
1460
llel
1191
1460
2183
2154
1191
1460
3326
1460
2154
2183
3081
3843
2154
3224
4177
4413
4087
3326
4799
4715
5368
4799
6362

1190.62 (P)
1459.62 (26)
260.01(11)
693.94(20) ~

992.88 (12)
1890.80(50)
1764.22 (23)
1040.84 (18)
11V2.13(20)
2651.60{50)
2383.30(28)
760.81(13)

27 16.37{50)
2023.22 (P)
1993.60 (23)
1095~ 57 (18)
333.89(30) ~

2259.28 (25)
1188.69{P)
235.V2(ii)
302.35(30)
v12.2s(so)

1583.31(31)
457.50(73)
653.OO(1O)

994.13(30)
2oSo.o2(6o)
io95.os(eo)

100
95 +1
5+1

100
100
100
45 +3
55+3

100
53 +5
47 +6

100
6+2
4+2

35+5
12 +3
43+10
22 +4
10+3
68+5

loo
100
100
100
100
100
100
100

68 800
129 136

7 22S
85 000
19 696
6719
4 598
5 536

33 241
4 063
1 836
5 686
1 836
1 270

11449
4 096

14 000
9 988
4 500

30 170
(3V OV2)

4468
10 089
2493

37 072
35 000
10 024

5 000

-25 (67)
2S(1)
41(3)

~ ~ ~

15(2)
43 (16)

6(8)
3(6)

&0

41{17)
5e(8)

~ ~ ~

s4(s)
-30(10)

&0

-33(2)
~ ~ ~

so(i)
&0

33{8)
4e(6)
21(ss)
28(1)

~ ~ ~

SO(1O)

o.sv(2)
o.iv{2)

o.4v(4)
&0.30

O.V9(5)
&0.20

&0.5
&0.20

&0.20

33{10)
i.oo(io)
O.ei(5)

~ ~ ~

0.92 (5)
&0.80
&0.90
&0.90

&0.6
&1,0

0.16(so)

&0.6

i.i(4)
&0.20
0.11(5)

0.10(5)
&0.20
&0.15
&0.15

»ei.4(9)
1459.3 (9)

2153.6(10)
2183.5 (10)
3082.3(12)
3222.6 (11)

3842.8(15)

(4088.0(2.7))
4177.9(28)

4V15.O(i5)

Corrected for nuclear recoil. Uncertainties in the least significant figure are in parentheses.
An entry of P for the uncertainty indicates that the energy was not measured and the quoted E„ is determined by the

level separations.
The numbers in parentheses are from the literature (Ref. 2).
The relative y-ray intensity. Values in parentheses are estimated.
The y-ray angular distribution is given by S'(8) =I„[1+A2P2(cos8)+A4P4(cos8)]. The A4 coefficients were not deter-

mined with sufficient accuracy to distinguish them from zero.
The DSAM attenuation factor defined in the text.

~The mean life of the level {E~)extracted from E(7).
"From Ref. 11.

From Ref. 2.
~ Unresolved in singles spectra from y rays assigned to 6 Co. The data were obtained from the coincidence data and

by using the 48Ca( N, sn) Co reaction since Co is formed very weakly via 4N+4 Ca.

from previous' work. For this level we choose
5' from the 3', 4', 5' alternatives, because as dis-
cussed below, we assign J= 6 to the 1216-keV
level and observe dipole character for the 780-keV
1216-486 transition. The spin-parity of the 786-
keV level is also known from previous' work. The
y-ray branching ratios for the levels of Fig. 9
with E,& 800 keV are either from previous work
or consistent with it (see Table Vl). The present
observations are consistent with all previous spin-
parity assignments for E,& 800 keV.

As shown in Fig. 9, the levels observed with
E„&1 MeV all have J ~J„.Thus it is not sur-
prising that the bulk of the "Ca("N, Ss) ~Co cross

section is into excited states with E„1MeV. None
of the y decays of these levels have been observed
previously. Because the 1216-keV level has one
of the largest relative direct feeding cross sec-
tions, it is assumed to be an yrast level, i.e. ,
J~ 6. The mean life then is fast enough" to in-
sure that the 1216 -436 transition is at least par-
tially dipole, and so the 1216-keV level has J= 6
since the 436-keV state has' J"= 3', 4', 5'. Then,
J'= 5' can be chosen for the 436-keV level. In the
"Co(d, P) "Co angular distribution measurements
of Enge, Jarrell, and Angelman" a doublet was
observed with the more intense member at 1207a 6
keV assigned a probable k= 1+3 transfer. This
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TABLE VI. y decay of ~ Co from 4 Ca(' N, 3n)~ Co.

g R

{kev)
gy

{keV)
g 1

(keV)

Branching
ratio

58.603 (7)
2VV. O2(11)
288.43 (11)
435.62 (16)

506.15{24)
542.56 (17)

785.67 {50)

1216.00(20)

1379.60(20)
1799.90(22)

2132.44 {24)

2823.46{47)
3646.ve(»)
369O.VS(66)
384i.4o{vo)
42vv. i6(6v)

4827.69{78)
516o.e5(68)
5575.83(84)
6417.1(11)
8122.6 (20)

0
0

59
0

277
59
59

288
0

288
0

436
436

0
1216
1380
1216
1800
2132
2823
2823
2823
3647
3841
4277
4277
4828
5161
5576

58.6o(p)"
2vv. o2(»)
229.83(11)
435.62 {P)
158.6O(11)
44V.55(24)
483.96(P)
254.13{13)
vs5. 6v(J )
497.14(52)

1216.14{20}
vve. ei(i6)
e43.ev(i2)

1799.73{22}
584.43 (10)
420.86(19)
916.44 (14)
332.54(P) i

6ei.o2(4o) '
S23.33{2O)
s6v. 32(4v)

1017.94(p)
630.37(10)
435.76 (20)
550.53 (40}
883.79{ii)
V4S.i4(32)

1256.16(80)
2546.8{1.5)

100
100
100
{1V)
{83)
100
(22)
(78)
{46)
(54)
74+5
26+5

100
93+2
6+2
1+1

18+5
82 +5

100
100
100
100
89+3
11+3

100
100
100
100
100

~ ~ ~

12 549
3 051

(2 710)
13 233

1 693
(ios)
384

{1210)
1421

26 883
9 609
9 442

70 845
4 316

557
16 820

(v5 vis)
84 000
62 078
11614
12 000
34 485
(4 36V)
10 604
23 059

6 875
13286

2 000

~ ~ ~

iv(i)
ie(s)
~ ~ ~

14(4)
6O(3S)

&Q

~ ~ ~

-21{9)
32(1)
3(5)

-8(39)
44{6)
19(4)"
4(2)

2O(2)
-3i(e)

~ ~ ~

-17(2)
~ ~ ~

-69{7)
i3(2)
io(5)
10(5)

~ ~ ~

&0.10
~ ~ ~

0.47 (10)
&0.10
o.3v(s)
o.io(4)

o.48(s)

&0.56
o.se(5)

&0.80
1.00 (20)
0.83 (6}

~ ~ ~

&0.85
&0.85
&0.90
o.ev(5)
1.00 {20)

&4.5

Q 4t0gs
0.2

1.0 +0.4
2 5t2o 0

-0.8

&Q.v

&0.6
&0.5
&0.4
&0.5
0.20 +0.8

&0.4
&0.4
&0.2
&0.2
&0.5

Corrected for nuclear recoil. Uncertainties in the least significant figure are in parentheses.
An entry of P for the uncertainty indicates that the energy was not measured and the quoted gr is determined by the

level separations.
The numbers in parentheses are from the literature {Ref. 7).

~The relative y-ray intensity. Values in parentheses are estimated.
The y-ray angular distribution is given by W(9) =Irf 1+3,2 P2(cose)+A4P4{cos9)). The A4 coefficients were not deter-

mined with sufficient accuracy to distinguish them from zero.
~ The DSAM attenuation factor defined in the text.
~The mean life of the level (E~) extracted from E(7).
"From Ref. 7.
'Unresolved in singles spectra from y rays assigned to ~SCo. The data were obtained from the coincidence data and

by using the SCa( N, 3n)59Co reaction since 6 Co is formed very weakly via N+4 Ca.

level vrould then have J' = 2'-O'. It appears likely
that the level presently observed at 1216 keV is
the other member of this doublet.

The spin-parity assignments for the levels with
E,& 1300 keV follower from the arguments outlined
in I based on the relative direct feeding, angular
distributions, and mean bves. Levels have been
observed"'" in the "Co(d, p) "Co and "¹(d,a) "Co
reactions at 1376, 1V99, 2131 keV (a 6 keV) and
1380, 2131 keV (+ 10 keV), respectively. The
1376-keV (d, P) level was assigned f=(1+3), i.e. ,8"= (2'-5') and the 1380-keV (d, a) level was as-
signed L,=3, i.e. , J'=2, 3, or 4 . It is not

clear whether the presently observed Z= (6) 1380-
keV level corresponds to either of these states.
It seems probable, however, that there is at least
a doublet near 1380 keV. The 1799-keV level seen
in "Co(d, P) "Co is a doublet, the more intense
partner of vrhich is assigned 3=3, i.e., J"=0'-7'.
This is consistent with our 8= (6) assignment to
the 1800-keV level, and ere tentatively assume that
these ("N, 3n) and (d, P) observations pertain to
the same level. Both the (d, P) and (d, a) angular
distribution results for the 2131-keV level are un-
certain. The (d, P) results are more reliable be-
cause of the more distinctive angular distributions
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FIG. S. Level scheme for Co deduced from observa-
tion of p rays in the 4 Ca( N, 3+} Co reaction. The nota-
tion is similar to that of Figs. 1, 6, and 8. Data on the
p-ray transitions are given in Table VI.

observed for this reaction, and the corresponding
f=(4) assignment would allow Z"=0 -8 . We
tentatively choose odd parity for the 2122-keV
level on the basis of this measurement. Finally,
we note that previous work has not disclosed any
levels which can be set forth as candidates for
association with the levels we observe for E„&2500
keV (see Fig. 9).

As was the case for "Co, most of the y transi-
tions depopulating ~Co levels with E„&1 MeV ex-
hibited Doppler shifts. No transitions were ob-
served in the "N+ "Ca REM measurements which
had mean lives long enough (7 &5 ps) to be mea-
sured, so that the mean lives listed in Table VI
were all deduced from the DSAM.
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III. DISCUSSION

The shell-model calculations described in I in-
cluded results for "'~Fe and "'~Co. In these
calculations, carried out with the Oak Ridge-
Rochester shell-model computer program, '4 the
configurational space considered was

[»((lf,g, ) "Sv(2P, )„1f,g„2P,g,)"], (2)

where n= 28-Z and m=N-28. The results of this
shell-model calculation are compared with the
available experimental data on yrast states in
59,60Fe and s9,60Co in Fig 10 Except for a few

FIG. 10. Comparison of experimental observations and
theoretical predictions for yrast states (or near-yrast
states) for the nuclei studied in the present investigation.
Correspondences are indicated by dashed lines. The
theoretical spectra were calculated with the ORNL-
Rochester shell-model computer code, and assumes a
closed 48Ca core (&=28, &=20}. The experimental
spectra are based on the data presented and reviewed in
this survey.
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low-lying levels, only the predicted yrast levels
are shown. A similar comparison was made in I
for A = 52-56 nuclei, which disclosed an excellent
one-to-one correlation between observed and pre-
dicted yrast levels. Inspection of Fig. 10 indicates
that this is not the case for A=59, 60. Not only
do some of the yrast states in "Fe and ~Co ap-
pear to have the wrong parity to belong to the con-
figurational space of (2), but the observed levels
appear to have values of Jgreater than can be
generated from (2). Thus there is evidence in
A = 59, 60 for configurations which could be gen-
erated by promoting one or more nucleons out of
the 1f,&, shell into the (2P,~„ lf,&„2P,~,) shell, and
neutrons from the (2p, ~„ lf,g„2p,~,) shell into the

g, ~, shell. We now consider some specific points
of interest for the four nuclei in turn.

A. '~Pe

The comparison shown includes all six of the
lowest-lying levels in order to illustrate that a
J'= —,

' assignment to the 571-keV level is in agree-
ment with predictions, whereas the assignment

previously suggested is not. A candidate
for the yrast J"=~2 level was not observed, sug-
gesting that the lowest-lying —,

' level probably
appears above the ~2' level. However, this sug-
gestion involves a minor discrepancy since the
yrast & level is in fact predicted to be at consid-
erably lower excitation. In contrast, the nonap-
pearance of yrast~2 and~2 levels is satisfactorily
explained by the observation that the ~2' level lies
at lower excitations than either of these states.

The 494-keV 151V- 1023 transition is identified
as an El a, '-~2 decay with a strength of (2.5+ O. V)
x10 ' W.u. The large retardation is not surpris-
ing for a deexcitation predominantly of the type

(3)

since an E1 transition is in this case clearly j
forbidden. Conversely, the (~2') -N' E2 transition
between the 2312- and 151V-keV levels has a com-
paratively large quadrupole strength of 2%a 3 W. u.
This would be in accord with expectations for a
transition between two states generated by the
weak coupling of a g, ~2 neutron to the 0,'and 2,+

levels of "Fe. In "Fe the 2', level lies at 811 keV
and the strength of the E2 811-0 decay is 14.6
a 2.9 W.u. ' The greater strength of the corre-
sponding "Fe transition would then suggest that
the g,&, neutron polarizes the "Fe core to a con-
siderable extent. In this picture of "Fe, the next
yrast level mould lie at -35VV keV, as based on the
4'-2' separation in "Fe of 1265 keV. Further study

of the "Fe even-parity yrast levels would thus
appear to be of some interest.

B 60'~

As is evident from Fig. 10, the theoretical pre-
dictions for the Oy 2y 4y states are in excellent
accord with the experimental findings derived from
the (f,p) and heavy-ion studies A reasonable cor
respondence is also evident for the higher-spin
states observed in the heavy-ion studies, although
again one would like to obtain confirming evidence
on those states suggested as 5' and 6+, as mell as
on the highest-lying states for which no definitive
information is presently available. As noted pre-
viously, the 1291-keV 4'-2' and 824-keV 2'-0'
E2 transitions are enhanced, with measured
strengths of 13.3+ 3.0 and 13.0+ 2.0 %. u. , respec-
tively.

Also included in Fig. 10 are the 0, and 2; states
observed in the (f, p) reaction, for which the theo-
retical predictions of (2} give very good agree-
ment. The 3; state was not observed in either of
the two heavy-ion reactions, and in view of its
placement above the 4' yrast state, this is not sur-
prising. On the other hand, the (t, p) reaction is
expected to populate predominantly natural-parity
states, even at 3.5-MeV bombarding energy, and
thus it is quite likely that the cross section for for-
mation of the 3; state is too small to permit its
observation in the "Fe(t,p)~Fe reaction.

The information derived thus far on the level struc-
ture of this T,= 4 even-even nucleus is sufficiently in-
teresting to warrant further study. A recent investi-
gation by Davids and colleagues of the (f,P) reaction
at higher triton bombarding energies can be expected
to disclose more detailed information on higher- ex-
cited states of spin up to 4 or 5. Subsequent in-
vestigation of the y decay of these states via the
"Fe(t,Py}~Fe reaction would also be worthwhile.
Information on higher-lying yrast states, together
with substantiating data on those displayed in Fig.
10, mould best be obtained via heavy-ion reactions.
The "Ca("0,2na)~Fe and "Ca("N,P2n)~Fe reac-
tions were selected for the present study, with
the "0 and "N bombarding energies adjusted to
correspond to the peak in the three-nucleon eva-
pora ion cross section in order to obtain a maxi-
mum probability for formation of ~Fe. Even un-
der these circumstances, the cross section is rel-
atively small because the evaporation process
from the highly neutron-rich compound nucleus
("Ni or "Co) strongly favors sequential emission
of neutrons, as opposed to either alphas or pro-
tons; i.e. , the deexcitation process follows the
most direct route back to the valley of stability.
Unfortunately, the conclusion therefore is that the
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two reactions utilized are indeed the most favor-
able for study of ~Fe. The only obvious improve-
ments therefore would be (1}to use a slightly high-
er bombarding energy to promote more favorable
population of higher-lying states, (2} to increase
the experimental running time to improve the
counting statistics, or (3) to observe y rays in
coincidence with protons or 0. particles in order
to enhance the channel leading to ~Fe.

C. ~~Co

The cor respondence between the probable experi-
mental yrast spectrum and the predictions shown
in Fig. 10 is satisfactory up to J= —", , although we
cannot say the experimental levels do in fact have
odd parity. The configurational space of (2}does
not produce states with J& —", . Thus, the J= —",

and —", states of Figs. 8 and 10 are presumably

from particle-hole excitations of (2). Whether
they have even or odd parity is then of some in-
terest.

Here the nonappearance of a candidate for the
J'= 7' yrast state is a minor discrepancy. Qdd-
parity states from g, &, excitations out of the con-
figurational space of (2) appear to begin at about
2-MeV excitation, obscuring any correlation be-
tween experiment and the predictions of (2) for
J ~ 7. Again as in "Co, the observed yrast spec-
trum extends to higher spine (J&10) than allowed
in the configurational space considered.
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