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Co and Nl

E. K. Warburton, J. W. Olness, A. M. Nathan, ~ and A. R. Poletti&
Brookhaven National Laboratory, Upton, New York 11973
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Fusion-evaporation reactions induced by beams of 2S-SS MeV Be and ' 0 on an isotopically enriched
Ca target have been used to populate high-spin yrast levels in "Cr, "V, 'Co, and ~' 'Ni. Measurements

consisted of y-ray excitation functions, angular distributions, y-y coincidences, and recoil-distance and
Doppler shift lifetime measurements, from which were deduced the energy levels, y-ray branching ratios,
most probable spin-parity assignments, and level lifetimes.

NUCLEAR REACTIONS Ca( Be, xn, yP)53Cr and 5 V Ca( P xn) ~¹and
+Ca( 80, Bs,P)62Co. E= 25 55M-ev;measured o(E, E„) and coin; deduced levels;
measured o.(E„,&); deduced J' for,high-spin levels; measured RDM and DSA; de-

duced r~, ~M(Ml) P and [M(E2)( . Enriched targets, Ge(Li) detectors.

I. INTRODUCTION

In this fourth in a series of reports of high-spin
yrast decay schemes in nuclei formed by heavy-
ion (HI)+ sCa fusion-evaporation reactions, we
report on "Cr, "V, "Co, and " "Ni. These nuclei
were formed by the reactions "Ca('He, 4n)"Cr,

Ca( '0, 6n)"¹,Ca( '0, 4n)"Ni, and
"Ca("0,3n)"Ni.

In the first three reports in this series (here-
after referred to as I,' II,' and III') we reported
on results for nuclei in the range A. =54 to 60
formed via bombardment of "Ca by "B, 'C, "N,
and "0. This report is the last in the series and
completes an investigation of the yrast levels in
nuclei formed via the most intense exit channels

e bombardment of "Ca with 'Be, "B,"C
"N, and "0 projectiles at bombarding energies
(60 MeV. Results for "Li+ "Ca (and "Li+ "V)
have also been reported from this laboratory. '

The experimental investigations included y-ray
excitation functions and angular distributions, y
-y coincidence spectra, and lifetime measure-
ments via the Doppler-shift-attenuation method
(DSAM) and recoil-distance method (RDM). These
procedures, the data analysis methods, and cri-
teria for establishing decay schemes and spin-
parity assignments or preferences have been fully
described in I, to which the reader is referred for
a more complete discussion and presentation. In
I, II, and III we described the systematic depen-
dence of HI+ Ca fusion-evaporation products on
bombarding energy for projectiles of "B,"C,

"N, and "0. The yield curves for 'Be+ "Ca and
'0+ "Ca have the same general behavior as

these others, as is expected since the compound
nuclei for bombardment of "Ca via these pro-
jectiles all have nearly the same relative position
vis a vis the valley of stability. Thus, at 45-MeV
bombarding energy where most of the "0+"Ca
measurements were made, "Ni was the most in-
tense nucleus formed with "Fe, "Ni, "Ni, "Co,
and "Fe following in that order. Results for" "Fe have already been reported. ' The (Iuaiity
and quantity of the information obtained on these
nuclei varies approximately as the intensity of
formation. The formation of "Co with an inten-
sity comparable to that of "Fe was expected from
the local systematics. ' ' However, no y rays
were observed which could be identified with 'Co
which has only been studied via the "Ni(t, a) reac-
tion. ' For 'Be+ "Ca, "'"Ti, and "V were also
formed quite strongly at 27- and 35-MeV bom-
barding energy where the angular distributions
and y-y coincidences, respectively, were taken,
but in all three cases no information was obtained
which was not available from other sources. How-
ever, the study did provide new information on
"Cr and ' V.

In the next section we present the decay schemes
deduced from these data. In the final section we
discuss specific aspects of the results with re-
spect to the systematics revealed in the complete
series of studies. A composite listing of the y
rays observed in the reactions HI+ "Ca studied
to date, prepared in a form similar to that pre-
sented in Table II of I, is available upon request
to one of the authors (E. K. W.).
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TABLE I, & Decay of 3Cr from 8Ca(9Be, 4n) 3Cr.

0 ev) {kev)

b
y

(kev)
Branching ratio

(%)

Angular distribution ~I„A2 (%) &4 (%)
Mean life'

(ps)

1006.49 {10)
1289.e2(1o)

1536.72 (10)

2172.43 (15)
2233.26(16)
2705.92 {18)
2826.60 (19)

3084.25 (18)

3243.68(18)
3592.34(5O)
4349.69 (50)
469v.oe(3o)
5001.52 (60)

0
0

1006
0

1006
1290
1290
1537
2172
1537
2233
2172
2706
2172
2827
3592
3084

.3084

1006.49 (11).
1289.59{11)

283.14(11)
1536.73 (10)
530.18(11)
247.08 (11)
882.80 (11)
696.54(13)
533.49 (11)

1289.88 (Pf) "
593.33 (10)
911.81(11)
377.97 (2e)

1071.24(11)
765.73 (41)
757.35 (16)

1612.78 (12)
191V.23(53)

100
94(1)
6(1)
9(2)

65(2)
26(2)

100
100
100
~(7

«93
99.3(3)
o.v(3)

100
100
100
100
100

107299
290876

19187
8146

60632
23984

219859
53798
12892
&1500
19508

140057
996

21500
22575
13852
68908
18584

5(3)
34(3)

-2o(3)
31(6)

-18(2)
27(3)

-29(2)
vo(e)
is(4)

~ ~ ~

53(5)
29{3)
53 (10)

-47(3)
-51(3)
-35(6)

35(~)
4(3)

6(3)
8{4)
0

-6(6)
0
0

'0
1&{5)
»(4)

0
—3(3)

0
0
0 .

8(7)
-11(3)

0

&0.20
0.08 {2)

&0.20
&0.30
&0.40
&0.30
&0.20

O.55(3)
&0.30

0.92 (2)
&0.20

1.eo(15) '

33.3(1.1) ~

15,6(V) ~

o.53(9)
3.2(1,0) ~

o.1o(e)

&1.8
~ ~ .I

0.76{3)- - 0.25(6)
0.98 (3) &0.10
1.03(3) &0.10
O.7O(4) 0.32{8)
1.os(1o) &o.1o

'Deduced from the p-ray energies of column 3, including corrections for nuclear recoil. Throughout this table, the
figures in parentheses are the uncertainties in .he least significant figure. . Only leveIs formed directly in the present
studies are included.

Not corrected for nuclear recoil.
'Results of fitting the 9Be + Ca angular distributions at E(BBe)= 27 MeV with the Legendre polynomial W(0) =

I~[1+ A2P2(cose)+ A4P4{cos0)]. An entry of 0 for A4 means the fit was to I„[l+A2P2(cos)]. The &-ray intensity Iy has
been corrected for the variation in the detector efficiency.

The DSAM attenuation coefficient defined i.n Ref. l.'I evel mean life deduced from E{7)as discussed in Ref. 1.
f From Ref. e.
'Reference 6 (Radford and Poletti).
"Not observed. The nominal energy is calculated from the energy level separation.

II. DECAY SCHEMES

A. 53Cr

"Cr, formed via the "Ca('Be, 4n) Cr reaction,
and "Cr were the most intensely produced nuclei
in Be+ "Ca at 20-45 MeV. The results obtained
for "Cr have already beeri reported. ' The y rays
listed in Table I were identified with "Cr and
sorted into the decay scheme of Fig. 1 using the
y-y-coincidence data in conjuction with the rela-
tive intensity, angular distribution, and DSAM
lifetime information, i.e. , F(~) values, listed in
Table I. The 90' spectrum from the Be+ 'Ca
angular distribution measurements is shown in
Fig. 2. Recoil distance method (RDM) lifetime
measurements were not made for 'Be+ 'Ca.

The levels shown in Fig. 1 and listed in Table
I were all observed previously via the
"V('Li, nn)"Ci reaction' except for the 4350- and
5002-keV levels which have not been previously
reported. The 1613- and 1917-keV deexcitation
y rays from these levels (see Fig. l) are clear}y
evident in the data of Fig. 2. The present results

are in good agreement with the previous 'V+'Li
results except for the interpretattIon- of the
1613-keV 4697- 3084 transition as discussed be-
low

Only the "Cr levels observed in 'Ca+ 'Be are
showni. n Fig. 1and Table I. Of these, the first
four' excited states have weO-established spin-
parities and y-ray branching ratios and, although
the mean-life information for these levels is
sparge and/or contradictory, ' we have nothing
worthwhile to add. (A recent study' has, however,
put three of the four lifetimes on a firmer footing. )
The DSAM lifetime of 0.53+ 0.09 ps obtained in
the present study for the 2233-, keV level iy in
good agreement with the previous value' of
0.4",",, ps. Except for' the 3084-keV 16vel, ' there
was no previous. lifetime information for any of
the levels of Table I above 2500-keV excitation. '

The 2706- and 3244-keV levels observed by
Poletti et al. , but bsted as questionable in the
latest compilation, ' are definitely corroborated by the
present studies and the studies of Radford and Poletti.
The nonobservation of the 2706-keV level in pre-
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FIG. 1. Level scheme for 53Cr deduced from present
11Studies of the 48Ca( Be, 4s)55Cr reaction. The only energy
levels shown are those derived from the y-ray

transit.

-
ionss observed in Sate+ Ca and indicated in the figure.
Excitation and transition energies are in keV and branch-
ing ratios are in percent. The spin-parity assignments
in square brackets are from the present work and are
speculative, the remainder are from the compGation of
Ref. 6; The observed level side feeding in SBe+ 4 Ca at
Z /Be) = 27 Mev is shown at the left.

vious "Ti(I2,n)"Cr studies' is probably due to the
masking of its 533-kev decay y ray by the much
more intense 530-keV y ray deexciting the 1537-
keV level. The lifetime observed for the 3244-
keV level is too short for anything but decay via dipole
radiation. Hencethe spinof this level is restricted
to ~2- ~2; both the angular distribution and the reac-
tion mechani. sm, which preferentially populate
yrast levels, ' ' favor J=—", . Similarly, the
4350-keV level appears to decay by a fapt 4+1
J dipol~ transition to the J=, 3592-keV level.

Hence we have a definite restriction X=~2-~ and
a probable J=~2 assignment for the 4350-keV
level. Likewise, the 5002 .3084 transition is fast
enough to be almost certaiiQy dipole, hence J
=~-~ and most probably . However, the angular
distribution is not consistent with a J+1 J dipole
transition and would appear to be mixed E2/Ml if
J—M

For the 1613-keV 4697 3084 transition, the
"t a+'Be results give a firm preference for a
quadrupole J+.2 J transition, which we assume.
However, we note the previous 'V+'Li results

@re in disagreement with this assignment. Like-
wise, the present DSAM results are in disagree-
ment with the previous "V+'Li study which gave
E(7) &0.10, hence 7& 0.8 ps. There is no doubt
of the present result of F(7) = 0."(0+0.04 since the
result —originally obtained in the angular distri-
bution studies —was confirmed by the y-y-coin-
cidence data. We note that the 1613-keV y ray
was relatively considerably weaker in the

V( Li, 01n) Cr reaction.

The nucleus ' V was formed, albeit weakly, in
the Ca('Be, 2np)' V reaction. The more promi-
nent y rays from 'V are identified in Fig. 2, and
the results are summarized in Fig. 3 and Table
II. "V is quite difficult to reach and the only
information on its level scheme reported in the
compilations' is a very recent Cr(t, 'He)'4V
study. '

.The level scheme obtained in this study
is also shown in Fig. 3, although no information
on spins or parities was reported.

The decay scheme shown on the right in Fig. 3
was deduced as the most probable one from thy
y-y-coincidence data, taken at E(9Be)= 35 MeV,
and the angular distribution data summarized in
Table II. After comparison with the (t, He) re-
sults, the bottom level in this scheme. was identi-
fied with the "V ground state rather than the
level at illa 8 keV for four reasons: (l) No y
ray of energy 111+8 keV was observed in the
present work and only one half-life component
has been observed" in "V(p )"Cr. (2) From its
intensity the 245-keV y ray can.be placed at the
bottom of the decay scheme, and no level of 111
+ 245 = 356 keV was observed in the (t, 'He) study.
(3) A level of 238+ 8 keV observed in (t, .He) can
be identified with a 245-keV level deduced from
the present results. (4) As previously discussed, '
there is good balance in intensity between the
245-keV y ray and the V(p )"Cr transitions ob-
served simultaneously.

Although it is clear from y-y-coiricidence data
that the y rays of 245, 970, 615, and 469 keV form
a cascade chain, the order of thy latter three is
uncertain. Thus, as shown in Fig, 3 and Table
II, the 245- and 2298-keV levels of "V are the only
two which we consider as definite and the high-
spin "V level scheme we present here is only the
most probable. Because of the presence of the
crossover transitions 1585 =615+970 and 1084
= 615+469, the 615-keV transition is definitely
placed between the 469- and 970-keV transitions.
The relative intensities observed in the singles
measurements then suggest the order given in
Fig. 3, although the results are somewhg less
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Fj:G. 2. Segment of a 4096-chanriel Ge(I i) spectrum measured at 8~ =90 in the SBe+ 48Ca angular distribution measure-
ments. These data w'ere recorded for E(98e)=27 MeV at a dispersion of 0.774 keV/channel. The Cr and ~4V lines are
labeled by the nucleus and the transition energy (given in keV). The assignments of these lines to specific transitions
in Cr and V are given in the text and subsequent figures. The stronger lines from Sc, & Ti, and Cr are also
labeled; the 8 Ta lines result from Coulomb excitation of the tantalum backing.

than conclusive. It is thus quite possible that the
469- and 970-keV transitions should be inter-
changed, although this implies a rather unusual
set of side feedings for the higher-lying levels.
Supporting evidence for the scheme il1ustrated
was also obtained from the y-y-coincidence data.
In particular, the relative intensities of the vari-
ous y rays observed in coincidence with the 245

0 transition are in quite reasonable agreement
with the level ordering given in Fig. 3, whereas
for the alternative case marked disagreements
(factors 2-4) were noted.

Regardless of the ordering of the four cascade
y rays of 245, 970, 615, and 469 keV, all have

angular distributions consistent with J+ 1~J dipole
transitions and so the yrast scheme is most prob-
ably J, J+1,J+2, J+3, and J+4. A model-de-
pendent argument that the '~V ground state has
J"=3' has previously been given, based on sheQ-
model calculations and ' V(p)' Cr results. The
predicted "V yrast scheme shown in Fig. 3 wiQ
be discussed in Sec. IH.

C. 2Co

Results for "Co obtained in the "Ca("0,3np)"Co
reaction are collected in Fig. 4 and Table III.
Also shown in Fig. 4 is the level scheme deduced



18 YRAST DECAY SCHEMES FROM. . . IV. 1641

0 2390(I5)
2477(IO)—

2309(IO)

2 I30

(J+4)
8

2298

I980
I920—I852(IO)--—--

l662(15)
l533(I5)

l083 469
(J+ 3) I 829

l 584 6I5

7

6

I200(IO)

960 l5 930(l5)—
840(l 5)

694(IO) 739(0

442(lo)
532(10)

238(8) 29 1(IO)

I I I(8)
0

Cr(t~He) +V

LJ+2) )( qI 12I

g7
(J+I) && ii 245~

T
245

J J 0~
Ca( Be,p2n) V Th.

0 +

5+

4+
I

3+
2+

54
23 3I

FIG. 3. Level scheme for 54V d'educed from present
studies of the Ca(SBe, 2nP) 5 V reaction (middle) and
previous studies of the Cr(t, He) 5 V reaction (left).
Excitation and transition energies are in keV and for the
(t, He) results the uncertainty is given in parentheses.
Dashed levels indicate most probable assignments (see
text). The relative side-feeding intensity in 9Be+ Ca
is indicated on the right of the p-decay scheme. In the
present work the spins of the higher-lying levels are
obtained relative to that of the ground state. From
model-dependent arguments (see Ref. 9) the most likely
value for this spin is J=3. The theoretical yrast spec-
trum on the far right is a shell-model prediction dis-
cussed in Sec. III.

from the 'Ni(t, He)"Co reaction. " From these
(f, He) results, "Ni(d, a) 'Co angular distribu-
tions, "and studies" of Co(p )"¹it is concluded
that the "Co ground state has J'= 1' or 2' and P
decays with a 1.5-min half-life, while one member
of a possible doublet at 22+ 5 keV excitation. has
J'=4' or 5' and P decays with a 13.9-min half-
life." We would expect the high-spin isomer at
22+ 5 keV to be fed strongly in "O+ Ca and, as
can be seen in Fig. 4, there is a good match in
excitation energies of our scheme to the (f, He)
scheme if we assume the bottom level in our
scheme is in fact at 22 keV. Moreover, in this
adopted match of the two schemes all the suspect-
ed" high-spin (J&5) levels from the (t, 'He) re-
sults are involved.

The (f, 'He) angular distribution results are
stated ' to favor J'=5 for one member of the
22-keV doublet, while the (d, n) results are
stated" to favor J'= 5' for the 613-keV level. In
this case we postulate that the value of J which
appears in Fig. 4 is J=5: the high-spin level
scheme therefore has spins, in order of increasing
excitation, of 5-5-6-7-8. We note that the mean
lives obtained (Table III) for the upper two transi-
tions are too fast to be anything but dipole, "and
although the angular distributions permit both
J—1 J and J+1 J for the 767-, 327- and .

1194-keV transitions, the side-feeding intensities
favor the latter. Note that the J= 7 assignment
suggested for the 1546-keV level is not in agree-
ment with the (f, 'He) results for a reported
1542-keV level (which we believe is the same
state), for which the conclusion was J'= (5', 5').

TABLE II. The most-probable p-decay scheme of 54V from +Ca( Be, p2n)~4V

0 ev)
Ey

(keV)
E b

(keV)
Angular distribution' Branching ratio

Ag (%) (%) (ps)

244.65(11) 0
1214.58 (3.9) 245
1829.23 (36) 1215

245
2298.00 (26) 1829

1215

244.65(11)
969.92(15)
614.89(60)

1584.46 (40)
469.11(20)

1083.04(3O)

17432
6729
3200
3500
4548
3257

-18(11)
-45(4)
-29(12)

e ~ ~

-36(4)
+81(20)

100
100
48(15)
52(15)
58 (10)
42(10)

&0.5
&0.3
&0.4

&0.5 &0.5

Deduced from the p-ray energies of column 3, including corrections for nuclear recoil.
Throughout this table, the figures in parentheses are the uncertainties in the least significant
figure. Only levels formed directly in the present studies are included.

"Not corrected for nuclear recoil.
'Results of fitting the SBe+4 Ca angular distributions at E(SBe)=27 MeV with the Legendre

polynomial S'(8) =I„I1+A2P2(cos8)+A4P4(cose)]. The A4 coefficients were not determined with
significant accuracy to distinguish them from zero.

The DSAM attenuation coefficient defined in Ref. 1.' Level mean life deduced from P(v) as discussed in Ref. 1.



1642 %ARBURTON, OL NESS, NATHAN, AND POLKTTI 18

2 I 65(20) 2) 35(IS)~

1980(20)
I 873(l S)" 767

2506/

I69S(IO)

I 542( 8) (5+,6+) (J+ 2)
I 470(8) (I .2+.3+)

327
1218(5) ' (5',6') J+ I

I I 70(l 0)
9I2(5)

3
1546/

4
1219/

606 I l94

70I (5) (2+)
6IO ( 5 ) (5+,6+) J

504(s) 530 (8) (I+)
615/ 2

23O(S) (3'4') (3+)
588

22(S) 4', 5'I+2+

Ni (t,~He) Co

22
+ Ca(' 0,3np) Co

62
27 35

FIG. 4. Level scheme for 6~Co deduced from present
studies of the 4 Ca( 0, 3np) Co reaction (right) and
previous studies of the 8 Ni(t, 3He) Co reaction (left).
Excitation and transition energies are in keV and for
the (t, 3He) results the uncertainty is given in paren-
theses. Those levels which are suspected doublets are
indicated by an asterisk. On the left, the spin-parities
for the 0- and 22-keV levels are from P-decay results
(see Ref. 10), and the remaining (uncertain) assignments
are from the (t, 3He) study of Ref. 11. The relative
side-feeding intensity in 0+ Ca is indicated on the
far right. The best overlap of the present results with
the (t, 3He) work is obtained if the lowest-lying level
in the observed p-ray cascade is matched with the
22-keV level. In the present work the spins of the
higher-lying-levels are obtained relative to that of
the 22-keV level. From a comparison of the present
and previous results the most probable value for J,
the spin of the 22-keV level, is 5.

D Ni

High-spin states of "Ni have been studied ex-
tensively in recent investigations of the
"Fe(o., ny) "Ni and Cr("B,2npy)"Ni reactions.
Our results add very little which is new but are
given here briefly because they illustrate once
again the high selectivity of the HI fusion-evapo-
ration reaction for high-spin states. The results
are collected in Table IV which lists the states
which were populated directly in the present
studies. As can be seen from the previous spin-
parity assignments (column 2 of Table IV), the
observed levels have spins increasing with ex-

citation energy and are, according to the conclu-
sions of %adsworth et al. ,

"the yrast levels of
"Ni. Our results are in all respects consistent
with the much more detailed data of Wadsworth
et a/. , who observed 18 levels below an excitation
energy of 2150 keV in "Ni as opposed to the 4
included in Table IV. (However, some very weak
transitions from non-yrast levels observed in the
present study are not included in Table IV.) The
only new information of interest is the mean-life
limit, v &1.5 ps, for the 4810-4020 transition.
This is fast enough to ensure a predominantly
dipole transition and so supports the conjectured
J=~ assignment for the 4818-keV level.

E, 62

"Ni was formed strongly in the 'Ca("0, 4n) '¹i
reaction at 40-55-MeV bombarding energy. The
data on y-ray energies, angular distributions, and
Doppler-shift-attenuation factors for transitions
associated with "Ni are given in Table V. The
resulting decay scheme deduced from these data
is shown in Fig. 5, and a summary of level prop-
erties for states observed in the present work,
including excitation energies, J"values, y-ray
branching ratios, lifetimes, mixing ratios, and
reduced transition strengths, is presented in
Table VI.

The four levels below 4-MeV excitation energy
can all be associated with previously reported
levels. ""The J'= 2' and 4' assignments to the
1173- and 2336-keV levels are from Coulomb ex-
citation and "Ni(t,P)"Ni studies, respectively, '
while the assignments for the 3176- and 3277-keV
levels are based on the ' Ni(p, t)"Ni reaction
alone. " These previous assignments are consis-
tent with and supported by the present angular
distribution measurements on the decay y rays.

The 4018-keV level is probably identical to a
level reported at 4011+ 5 keV, which was weakly
populated in the 'Ni(p, t)"Ni and 'Ni(d, p)"Ni
reactions, ""The l.evel was tentatively assigned
l = (3) in unpublished "Ni(d, p) "Ni results, "and
hence J'"= (l -5'). However, the usual argu-
ments' ' concerning the reaction mechanism, life-
times, and angular distributions strongly suggest
a 6' assignment for the 4018-keV level. For ex-
ample, the angular distribution of the 4018-2336
transition is in agreement with that expected for
6J=2; if J=6, the 4018-keV level lifetime de-
mands E2 for this transition and hence J'= 6'.
Finally, the intense feeding of this level strongly
suggests it is an yrast level, i.e., J~ 5. In view
of the tentative nature of the (d,p) work, we adopt
(6") as the Z' of this level.

The level at 4160 keV may correspond to one
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TABLE III. p decay pf 8 Cp from @Ca(i80, snP)8 Cp.

(kev)
g

(keV)

b

(keV)
~pQar distribution Branching ratio

A, (%) (%) (ps)

22.o(s.o) '
609.71(14)

1216.30(15)

1S4S.22(19)
2309.72(90)

0
22~

610

1216
1543

~ ~ ~

587.71(14)
606.44 (15)

1194.45 (18)
s2e.e2(12)
766.50 (90)

4625
2782
8279
6887
4000

-es(v)
-91(40)
-s4(e)
-se(4)

~ ~ ~

100
2s(4)
75(4)

100
100

O.21(2)
&0.60

i.e(4)
&0.40

Deduced from the p-ray energies of column 3, including corrections for nuclear recoil. Throughout this table, the
figures in parentheses are the uncertainties in the least significant figure. Only levels formed directly in the present
studies are included.

"Not corrected for nuclear recoil.
c Hesults pf fitting the i80+ 48Ca angular distributions with the Legendre polynomial 8'(0}=I~[1+A2P2(cose)+A4P4(cps~)).

The A4 coefficients were not determined with significant accuracy to distinguish them from zero.
The DSAM attenuation coefficient defined in-Ref. 1.' Level mean life deduced from I' {v) as discussed in Ref. 1.' From Ref. 1O.

g Assumed value.

TABLE IV. p decay pf eiNi from +Ca( 0, sn) Ni.

R

(keV)
J'll b

(keV)
g C

(keV)

Branchirg ratio
Angular distribution (%)

I A2 (%) Previous Present
~ (ps)

Previousb Present

e7.4is(io) e

1015.20 (15)

2121.76 (23)

2129.2s(23)

3426.88 (37)

s435.81(so)

4019.84(34)

48i9.24(6O)

5

2

7
2

9+
2

ii
2

15+
2

1015 1114.08 (18)

1807
1987
2129
2122

1618 9(5),h

1438.41(15)
1297.5(5}"'"
1314.04 (20)

3436
3426
4020

s84.os(is)
s92.96(i4)
V99.4(S) b

67 947.86 (16)
0 1015.11{17)

iois iioe.ss(is)

15709
11OOO'
13475

6133

6955

5194

2082
3922

-3000

42(s)
21(3)

-21(3)

4v(e)

1(10)

29(13)
-es{v)

~ ~ ~

vso. )
2s(i)

100

100

2i(2)
ee(s)
10(1)

100

28(s)
72(s)

100

100

~59

100

100

~ ~ ~

100

s4(s)
66(s)

100

9(2)

&0.5

&3.0

&1.0

1.4(s)

&2.0

6.4(8) f

&2.O'

&1.5 i

~Deduced from the p-ray energies of column 4, including corrections for nuclear recoil. Throughput this table, the
figures in parentheses are the uncertainties in the least significant figure, Only levels formed directly in the present
studies are included. Weakly formed levels with excitation energies between 900 and 2100 keV have been omitted.

b Reference 14.
'Not corrected for nuclear recoil.
Results of fitting the i 0+48Ca angular distribution with the Legendre polynomial 8'(0) = I„[1+A2P2(cos8)+A4P4(cos8)].

The A4 coefficients were not determined with significant accuracy to distinguish them from zero.
'Reference 15.

From a RDM result (see Ref. 1).
~Unresolved from a contaminant y ray.
"Observed in coincidence only.
'Based on the DSAM result, F'(7)&0.3 (see Ref. 1).
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member of a possible doublet observed at 4154' 6
keV in the ' Ni(P, t) "Ni reaction and assigned
L = (4), hence J'= (4")." However, the angular
distributions of the y-ray decays to the 4; and

4," levels (1825- and 884-keV transitions, respec-
tively) rule against a 4-J transition and instead
favor 6J=+1. The reaction mechanism, of course,
favors J + 1-J and therefore we conclude J"
= (5)", where the parity v, cannot be determined
from the present data.

The remaining levels in Table VI have not been
previously reported. It was not possible to deter-
mine the parity of these levels although it was
sometimes possible to determine the parity rela-
tive to 7t, (parity of the 4160-keV level). The J
= (7"') assignment to the 4648-keV level follows
from the 6J= 1 and 6J= 2 angular distribution
patterns for the decay to the (6') and (5"') levels,
respecti. vely, as well as the transition strength to
the (5"o) level, which rules out M2 radiation. "
Similarly we assign J'=(9 o) to the 5751-keV level

TABLE V. p rays from 6 Ni observed in, Ca( 0, 4n)
Ni at 50 MeV.

- I8
7559

l2
6647

IQ

5806
34

Q 5751

l9
4862

9l
II 4646 /

3I 76 /

2336

20 4 I60

40iS /

69 31

I 808 9 I 2

IOO

I I 02

884 I 825

„ IOO
100

34
M

T
488 630

22 J, 78

53 47
%F

896

l 998

(9)

IOO „
I I57

(9)

( 5-7)

702

1.00

(7)
(5)

I682

IOO

Ig0 (7 —9)

R
y

. (keV)

Angular distribution
I Ag (%) A4 (%)

F(7.)

2I04

2003

I I63

487.59 (13)
630.00 (14)
702.02 (14)
883.54(16)
895.75(16)
912.33(16)

1102.41(17)
1157.24 (22)
1163.30 (18)
1172.72 (18)
1402.05 (21)
153O.43(21)
1682.34(21)
1808.43 (22)
1824.66 (22)
1997.94 (24)
2003.25 (25)
2103.78 (25)
2490.92 (34)
2571.3o(30)

46187
89000
19031
17005
9614
5622

43726
9962

211570
258374

5661
6932

108938
12257
59544
8491

10270
19489
4207
3477

19(2)
-33(2)

-33(2)

28(7)
3o(5)

16(2)
19(2)

21(2)
1o(3)

-3o(2)

10(5)
17 (4)

-13(2)
0

0

-9(3)
-9(2)

-8(2)
0
0

o.53(1o)

&0.8

O.22(15)
0.25(8)

I'7

I I 7 3 IOO

I I 73

0
62 Ni28 34

0

FIG. 5. Level scheme for ~~Ni deduced from present
studies of the Ca( 0, 4n) Ni reaction. Excitation
energies and transition energies are in keV and branch-
ing ratios age in percent. Relative side-feeding in-
tensities are indicated on the left. Spin-par'ity assign-
ments enclosed in parentheses indicate probable but
uncertain conclusions, as discussed in the text.

Uncorrected for nuclear recoil. Throughout this ta-
ble, numbers in parentheses are errors in the least sig-
nificant figure.

Results of fitting 0+ 4 Ca angular distributions with
the Legendre polynomial function lV(6) =I~[1+A~Pz (cos0)
+ A4P4 (cos8)]. An entry of 0 for A4 means the fit was to

I&[1+A&P& (cos&)].
'The DSAM attenuation factor defined in Ref. 1.

A 10% contribution from a contaminant y ray in Ni
has been subtracted, as discussed in the text.

based on the 6J= 2 pattern and the transition
strength for the decay to the (7 0) level. The J"
= (11 0) and (9"0) assignments to the 7559- and
6647-keV levels follow from the b,J= 2 nature of
the 7559- 5751 and 7559- 6647 transitions, re-
specti. vely, and as before the lifetimes rule out
M2 transitions so that m = z,. Unfortunately, the
angular distributions of the y rays depopulating
the 6647-ke7 level were not sufficiently definitive '
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TABLE VI. Energy levels, lifetimes, and y-ray branching ratios and transition strengths for Ni deduced from the
4 Ca(~80, 4n) 6 ¹istudies.

R

0 eV). (keV)
g

(keV)
Branching ratio

(%)

Mixing ratio x" Mean life
(x 100) (ps)

S(82) '
(W.u.)

1173.00 (7)

2336.22(19) 1173 1163

100

100

0+
2.O9(3) ' 11.S(2)
1.6(5) ' 15$

1 5+1.P 17(8)

3176.42 (22) 1173 2003 100

3277

4648.38(36) 4018

4160

4862.43 (47) 4160

884

630

488

702

5750.80 (40) 4648 1102

5805.63{42) 4648

6646.61(50) 5751

1157

896

4648 1998

V559.26(46) 5V51 18OS

6647 912

3277.09(22) 1173 2104

4o1s.38(33) 233e 1es2

4160.41(45) 2336 1825

100

1OO

78(4)

22(1)

ee(v)

34(3)

100

100

100

53(5)

47(4)

e9(e)

31(3)

(6')

(5')'

(7 ')

(5, e, v ')

(9")

(7, 8, 9 )

(9')

(6')

(5 ')

(
tf
p)

(7 ')

(7 P)

(9 P)

5
p)

(9 ')

( 1fp)

-0.16(6)-3.1(4)
-O.'24(6)
-2.4(4)

E

-0.19(4)-2.3(5)

&2

734(34)

12.1(2)

, o.s(3)

1.2(6)

4.5{2.o)
&0.03
&0.95
&0.61

o.o2e(1)
O.63(3)

o.9(1)

2e.5(4)

42(16)

&13

1.6(s)

22(11)

~Corrected for nuclear recoil. The first four levels are weighted means of energies from the present and previous
studies (Refs. 10,16), while the remaining are from the present work only.

The E2/Ml mixing ratio x was determined from the p-ray angular distributions, using the 1173- and 1163-keV tr an-
sitions to fix the A; attenuation factor, &2, at 0.28.

The reduced E2 strength determined from the mean life, branching ratio, and multipole mixing ratio. In cases
where no mixing ratio is given, pure E2 radiation is assumed.

From Coulomb excitation studies summarized in Ref. 10.
'Reference 18.
The parity op of the 4160-keV level and all higher levels are not determined, but for some higher levels the parity is

determined relative to xp.

to provide confirming information. Finally, a
combination of lifetime information and the usual
yrast arguments were used to limit the spins of
the 4862- and 5806-keV levels to (5-7) and (7-9),
respectively.

The mean life of the 1173-keV 2' level has been
determined from Coulomb excitation studies, "
and we provide no new information. Other life-
times in Table VI come mainly from the RDM
experiment although some limited DSAM informa-
tion was availabl'e. The decays of levels fed by
the J'= (7) 4648-keV state are dominated by the
rather slow (734 ps) mean life of that level. How-
ever, in several cases there was sufficient direct
feeding to extract a lifetime. For the 4018-keV
(6') level, the observation of a Doppler-shifted
component at the smallest distance (10 pm) allows
an upper limit of 1.3 ps (see Fig. 6), whereas

the DSAM data from the y-y experiment allows
the lower limit of 0.5 ps. These limits are com-
bined to give v=0.9+ 0.4 ps. Similarly, the RDM
and DSAM combined to give results of 0.8+ 0.3
and 1.2+0.6 ps for the mean lifes of the 5781- and
7559-keV levels, respectively. For the 4160-
and 2336-keV levels, there wa.s an additional
12.1+ 0.2-ps component from the decay of the
4862-keV level (see Fig. 6), and after correcting
for this feeding, we find v. &',2 ps and ~&3 ps, re-
spectively. This res~it for the 2336-keV level
is in agreement with a recent DSAM measure-
ment" of 1.5", ,' ps. Similarly, the ROM mea-
surement on the 1157-keV y ray allows the limit
7. &2 ps. for the 5806-keV level. Finally, we note
that it was possible to separate out a short-lived
(v & 1 ps) 630-keV transition due to "Ni from the
longer-lived (r = 734 ps) 630-keV transition of
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I.O

0.5

i

R

I.O

0.5-

I

50

40I 8

2336—

(6J
T

l682

I I 63.
p+

I

62 N.

I 00
I

l50

"Ni using the RDM data at the closest distance,
where the Doppler'-'shifted component is due en-
tirely to "Ni (see Tables V and VII).

F. ~SNi

' Ni was formed by the "Ca("0,3n)"Ni reac-
tion. Since the low-lying level scheme is well
known" it was relatively easy to fit the observed
y-y-coinciderice data into a level scheme. The
y-decay results are collected in Table VII and
the decay scheme is shown in Fig. 7. The first
two excited states of Fig. 7 were observed pre-
viously" and given the spin-parity assignments

0 (p, m)

FIG. 6. RDM lifetime results for the 62Ni 1163-keV
2336 1173 transition and 1682-keV 4018 2336 trans-
ition. A is the fraction of the total p-ray intensity con-
tained in the unshifted component and is plotted as a
function of plunger distance D= vt, where v is the recoil
ion velocity. Thus R should decay as e "', where
v is the mean life associated. with the decay. For the
1682-keV transition, the observed decay follows that
of a long-lived (v&-—734 ps) feeding level (see Table
VI and the dashed curve indicates the extrapolation of

- that decay to zero flight time. The nonunity intercept
implies an additional short-lived component and allows
the limit v& 1.3 ps. The solid curve is that expected
for ~ =0.8 ps. For the 1163-keV transition, the 734-ps
component has already been subtracted. The remainder
follows the decay of a 12.1-ps feeding level (see Table
VI), which is extrapolated to zero flight time by the
dashed line. The nonunity intercept again indicated an
additional short-lived component and allows the limit
~&3 ps. The solid curve is that expected for ~=1.5 ps.

shown. Our results support the most-probable
assignment + to the 1292-keV level since the
1292-87 transition ha, s a characteristic J+2-J
angular distribution and the very long lifetime fa-
vors M2 radiation (0.23 W.u. ) over E2 radiation
(4.4 x10 ' W.u. ). The most-probable spin-parity
of ~2' or ~2' for the 2184-keV level foQows from
the strong feeding of this level and the 2184-1292
angular distr'ibution results, which together sug-
gest the transition is either E2/Ml-mixed J + 1
J or a pure E2 7+2 J transition: the mean 1ife

of 5.2 ps rules out a significant M2 contribution
since it would correspond to 1.1x10'%.u. The
spin-parity of —',"conjectured for the 2814-keV
level is based solely on the angular distribution
of the 2814-1292 transition. Unfortunately, the
631-keV 2814 2184 transition was obscured by
the much more intense "Ni 630-keV transition so
that its angular distribution could not be obtained.
However, in the RDM measurement a fraction of
the 630-keV y-ray intensity —ascribable to the
"Ni 2814 2184 transition —was observed to have
a much shorter lifetime (7&1 ps) than the main
"Ni component. The RDM and DSAM limits for
the 2814-keV level (Table VII) result in a life-
time of 0.7~ 0.3 ps consistent with decay modes
of M1 and E2 to the 2814 2184 and 2814 1292
transitions, respectively. The latter transition
is too fast to be M2; hence the postulated ~2' as-
signment to the 2814-keV level.

HI. DISCUSSION

A. ~SCr

previous "Cr results from the
"V('Li, en)"Cr reaction were compared in detail
to predictions of Boric and Ogawa" for the con-
figurational space

[(w1f7/2) 8 (v2p3)„1f,g„2p,~,) ], (1)

with m=4, m=1. The predicted yrast —", , ~, and
states were not identified in the previous work.

Vfith our more accurate angular distribution data,
likely candidates for these yrast states have been
located at 3244, 5002, and 4697 keV. Likewise
candidates for the second ~2 and ~2 levels are
those at 2706 and 4350 keV in Fig. 1. It was postu-
lated by Gullholmer and Sawa" that the levels
at 1537, 2233, 2827, and 3592 keV arise from par-
ticle-hole excitation of the ground-state configura-
tion. The 4350-keV level further extends this se-
quence. Theoretical predictions for these states
have not been made as yet.

5.4y
Shell-model predictions. for the yrast spectrum

of "V are shoran in Fig. 3. These predictions
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TABLE VII. p decay of ~ Ni from 48Ca(~ 0, 3n) 6 Ni.

(keV) (keV)

b
y

(keV)
Angular distribution ~

X, {%)

7-d

(ps)

87.m{11)'
1291.79(21),
2183.50(26.)
2814.43(29)

0
87

1292.
2184
1292

S7.13{11)'
1204.66 (18)
891.70 (16)
630.93 (26)

1sz2.63(20)

55872
26076

-10000
15872

19(1)
3o(2)

0 ~ ~

13(4)

-11{6)
0

~ ~ ~

-15(1O)

2.38(6) x 10
4.8(3) x 103

5.2(8)
0.7 + 0.3g

~Deduced frcnn the p-ray energies of column 3; including corrections for nuclear recoil. Throughout this table, the
figures in parentheses are the uncertainties in the least significant figure. Only levels formed directly in the present
studies are included.

"Not corrected for nuclear recoil:.
'Results of fitting the t80+ 48Ca angular distributions with the Legendre po1ynomial W(e) = I„[1+4&P2(cos())+ +P4(cos&)).

Level mean life from the RDM (see Ref. 1) unless otherwise noted.
'From Ref. 19.

Observed in coincidence and the RDM only. The energy is derived from the level separation.
From a RDM'liiriit of v & 1 ps for the 631-keV transition and a DSAM limit of v & 0.4 ps for the 1523-keV transition.

are due to McGrory (see, e.g. , I and II) and utilize
the configurational space of E(I. (1) with m=n = 3.
The monotoni;c sequence J:, J+1,. . . of our "most
probable" level scheme is correctly predicted
if we associate the J"=3' level with the ground
state. However, the tendency, seen in I and II for
the McGrory pr'edictions to be too high in excita-
tion energy is here reversed. Ne note that if the
positions of the 469- and 970-keV transitions we& e
interchanged (with a:concomitant change in the
placement of the 1083- and 1584-keV transitions)
the agreement with the predictions would be bet-
ter. Although the resulting level scheme would
not be grossly incompatible with our measure-
ments, it is considered less likely for the experi-
mental rea.sons discussed in Sec. II B.

C. Co

As noted in Sec. II C, if the association of levels
between the. two schemes of Fig. 4 is correct, .

then the only spin-parity assignments for the first
three levels seen i.n ' 9+"Ca which are compat-
ible with the (f, 'He) results are 5', 5', and 6',
given in order of increasing excitation.

As far as we know there are no published shell-
model predictions for "Co to.which we can com-
pare the results of Fig. 4; however, the low-lying
yrast spectrum should bear a close resemblance
to that of "Co, for which a rather isolated but
closely grouped quartet of J =5', 2', 3', 4'is seen
experimentally and predicted theoretically. ' As-
'suming such a quartet in "Co, leads to predictions
of 2' and 5' for the ground state and 22-keV iso-
meric level, i espectively. These assignments are

I

in agreement with those previously conjectured"
on the basis of the (f, 'He) and "Co(P)"Ni results.

D. 62Ni

The I/f, /, proton shell is closed at Z=28 and so,
to lowest order, the Ni isotopes with A. ~57 have
the ground-state configuration

(2)(v2P3/2& 1f5/2~ 2P]/2)

where-m=A —56. Koops and Glaudemans" have
recently published comprehensive shell-model
predictions for this configurational space. They
utilized a modified surface 5 interaction (MSDI)
and also a set of one- and two-body matrix ele-
ments (ASDI) obtained from a least-s(Iuares ad-
justment of the MSDI matrix elements to experi-
'mental binding and excitation energies. In Fig.
8 we compare our energy level scheme for "Ni
to the ASDI results of Koops and Glaudemans.
These shell-model predictions appear to account
for the yrast and near-yrast levels below 5-MeV
excitation. However, this conclusion could vrell
be erroneous. Thi maximum spin obtainable
from the configurational space of (2) with m=6
is 7' and there is only one such 7' state. thus,
we would contend that the observed levels above
5-MeV excitation arise from excited configurations
such as generated by g,&,-neutron excitation out of
the fp shell or promotion of protons out of the

f», shell. And, it may be that some of the yrast
levels below 5-MeV excitation also arise from
such excited configurations. This result for 'Ni
is similar to results obtained' for "'"Co where
the yrast spectra also extended to higher spins
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FIG. 8. Comparison of experimental observations and
theoretical predictions for yrast states (or near yrast
states) for Ni. The theoretical spectrum is the ASDI
results of Koops and Glaudemans (Ref. 22).

FIG. 7. Level scheme for Ni deduced from present
studies of the Ca( 0, 3n) 3Ni reaction. Excitation
and transition energies are in keV. Relative side-feeding
intensities are indicated on the left. Spin-parity assign-
ments enclosed in parentheses are uncertain, those in
square brackets are speculative. The assignments for
the first three levels are from the compilation (Ref. 19),
the upper two are from the present results.

than allowed by the ground-state configuration.
Clearly, more definite spin-parity assignments for
"Ni (in particular the parity, m„of the 4160-keV
level) are needed to help determine the configura-
tions of the Ni yxast states.

E 61, 6swi

%adsworth et al."compared their results for
the odd-parity levels of ' Ni to the predictions of
Koops and Glaudemans" and found good agree-
ment. We have nothing new. to add to this com-
parison. For "Ni, the —,

' ground state and —',

87-keV first-excited state are the only levels
with definite odd parity which were observed to
be populated in "0+"Ca. The next level is, with
high probability» signaling a g,&, excitation out
of the fp shell. Such a situation in which the yrast
states of odd nuclei are generated by the coupling
of a g,/, orbital to states of the A-1 core has be-
come a familiar feature of the present series of
studies of A = 55-63 nuclei. In addition to '"Ni,
as reported herein, such states were observed'
in "Fe and also' in "Cr and 'Fe. The most
thoroughly investigated of these was "Fewhere the
existence of a LJ =2 band based on the ~2 state at
2456 keV was observed up to a probable ~2' level
at 8323 keV. Even parity states interpreted as
g,&, orbitals coupled to the lowest 0' and 2' states
of Zn and Zn have also been observed in 'Zn
and "Zn, respectively. "

The available information on yrast and near-
yrast states involving g,/, excitations in A, = 54-67
nuclei is summarized in Fig. 9. As discussed
in III, the appearance of the b.J = 2 bands (a2', ~',
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8» 2+ (13+)2S81
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-O.21(8)

0 I 0+ (9)+2087
1&4Cr

f
1&&Cr

I

(17+) 481S
25O6 4+

15+ 4019

133& 2+ 13+ 3435

I I+ 3298
13.

+0.03 (5)

0 0+ 9+ 2121

eoNi
I I

'iNi
I

(
)(25+ 8324
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(21+)6188

2085 4+ (17+)4526

847- 2 (13+)3270
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-024(» (9') 24560 . 0+
lee Fe I I Fe I

[13+]2814

1173., 2+

(11,13+)2184
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+0.05 (12)

0 I 0+ (9)+ 1292
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T
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0 ) O+ 9+ 1517

/58Fe ) /5eFe f
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?
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FIG. 9. Comparison of the level spacings between the
J~$ even-parity states of 55Cr, e Fe, @Pe, (¹i Zn
and VZn with the 4J=2 ground-state sequence of the
corresponding A-1 nuclei. For the odd-A nuclei 2J is
shown and only the lowest 2' state is included. For the
2' 0' transition in the even-A nuclei, the B(82) in
Weisskopf units and the 2' quadrupole moment, Q(2'),
in e are indicated by the upper and lower numbers, re-
spectively. For Q(2') the uncertainty in the last figure
is given in parentheses. The sources for the B(E2) and
Q(2') values are given in Bef. 24. . The spin-parity and
excitation energy information given for:the odd-A:
nuclei. is from the following sources: 5Cr, YFe {Ref.3);
OFe (Ref. 2); 6 Ni (Ref. 14 and present results); 6 Ni

(present results and Ref. 15); and ~67Zn (Ref. 23).

—", ', . .. ) seen in "Fe and suggested in "Cr and
"Fe is characteristic of a decoupled band for
which the simplest explanation (among others')
is a dominant Q Q interaction between the odd nu-
cleon and the core. Then if the sign of the product
of the quadrupole moments is negative, a decoupled
band results with the J„„+~'sequence following
closely the'energy spacing of the J„„sequence and
the J„„++'=1 levels all. lying above the J„„
+ae' levels. On the other hand, if Q Q is positive
a strongly coupled 6J= 1 band, , ', , ', , ', ... , re-
sults and, e.g, the, '-~2' spacing is no longer
necessarily expected to be close to the 2'-0'
spacing of the core. Since the quadrupole moment
of the g,&, neutron is negative, we expect 4J= 1,2

se(luences for A-I cores with Q(2') &0, &0. In
Fig. 9 we include the best information available
on the B(E2) and Q(2+) values for the even-A
cores." The available experimental information
appears to be in accord with the simple (i) (i) pre-
diction. That is, if Q(2 ) is positive (or close to
zero) the data are consistent with the supposition
that the ~2' level drops below the ~2' level and the
~e' below the ~e'; while for odd q(2') the J,.„
+, ' level would-appear to be below the J„„+,'
—1 level for J„„=2',4', .. . , since that situation
offers the simplest explanation for the nonappear-
ance of the latter. It must be emphasized that
considerably more experimental information
[such as on the Q(2') values of "'eeZn and spin-.
pa~ity assignments for the yrast levels of "Ni,
for instance] is needed before this simple pre-
diction can be adequately tested.
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