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Fusion-evaporation reactions induced by beains of 25-65 MeU "C, "N, "8, and Be on an isotopically
enriched 'Ca target have been used to populate high-spin yrast levels in ""Fe, ""Cr, and ""Mn.
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. Comparision is made with a
large basis shell-model calculation.

NUCLEAH REACTIONS "Ca{"C,m, yp ZQ)""Fe, ""Cr, and ""Mn; "Ca
{ N, 0,2n) TMn; 48Ca{I Q pen)M, ssCr, and 48Ca{9~ 3n) 4Cr 8=25-65 Mey; mea-
sured 0 {E,E~) and coin; deduced levels; measured 0 {E»8); deduced J for high-
spin levels; measured RDM and Doppler shifts; deduced t„, ~ M(Mi)P, and

) M(E2)) . Enriched targets, Ge{Li) detectors.

I. INTRODUCTION

In this third of a series of reports of high-spin
yrast decay schemes in nuclei formed by heavy-ion
(HI)+ "Ca fusion-evaporation reactions, we report
on 5'58Fe, ~'55cr and ' "Mn. These nuclei were
formed by the reactions "Ca("C,3s)"Fe,
"Ca("C,4s)"Fe, "Ca("C, lr 2n)"Cr,
8Ca( C l$3s)84Cr 8Ca( C, P2n} 8Mn,

"Ca("C,P3n)' Mn 4 Ca("N e2n)"Mn
48Ca(llB p3n}85Cr 48Ca(IIB p4ll)84Cr
4'Ca('Be, 3n)84Cr.

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 (HDM). 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. Vfhereas I described nuclei formed
principally via "B+"Ca("'"Mn, "Cr, and "'"V),
and II was focused on the nuclei "'"Fe and "'~Co
as formed primarily via the "I+"ga and "O+"ga
reactions, ' the present paper deals with those
nuclei observed strongly in "C+~'Ca, with addi-
tional supporting data from other reactions as
indicated above. In I we described the systematic
dependence of "B+"Ca fusion-evaporation prod-
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FIG. l. Helative yield as a function of bombarding
energy for the production of various fina1 nuclei in the
bombardment of 4 Ca with '~C. The outgoing particles
in the exit channel of the fusion-evaporation reaction
are also identified.

ucts on bombarding energy. The yield curves for
"C+"Ca have the same general behavior, as is
expected since the compound nuclei for "Band
"C bombardment of "Ca (888Mn~ and,",Fe», re-
spectively) are both neutron-rich (T,= -', ) ills a vis
the valley of stability. Thus neutron evaporation
is favored over charged-particle emission. This
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is demonstrated in Fig. 1, which shows the 90-
yield curves for representative y rays from each
of the final nuclei studied with 4'Ca+ "C from 27.5-
to 65-MeV beam energy. %e see that at 40 MeV,
where the angular distribution, y-y coincidence,
and RDM measurements were performed, ""Fe
were formed quite strongly, while ""Crwere
formed with medium strength and "'"Mn were
formed with only weak-to-medium strength. ""Cr
were also formed with medium strength in "Ca
+ "Bat 40 MeV and Cr was formed quite strongly
in "Ca+'Be at 2V MeV.

In the next section we present the decay schemes
deduced from these data, and in the final section
we discuss our results in the light of shell-model

calculations performed in a large-basis config-
urational 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. 57Fe

"Fe was formed in the "Ca("C,4n)57Fe re-
action at beam energies between 27. 5 and 65 MeV.
The y-ray energies, angular distributions, and

Doppler-shift attenuation factors observed in this
reaction at E("C)=40 MeV are listed in Table L

TABLE I. p rays from ~ Fe observed in sCa(' C, 4n) Fe at E(' C) =40 MeV.

Present ~

{keV)
Previous

Angular distribution c

A2 A4

Iy (/o) {%)

121.97 (3)
136.48(p)
230.27 (14)
256.03(11)
339.60(p) '
352.21 (10)
366.65 (12)
379.06 {13)
558.99 (14)
640.20 (14)
650.49(15)
691.97 (15)
70s.s3(so) g

S13.73(15)
870.62(16) g

913.37 (16)
982.97 (32)
992.63 {16)

1061.60 (17)
1158.37{18)
1256.27 (19)
1282.85{27)
1297.78 (52)
1303.70 {31)
1348.86 (19}
144S.52 {20)
1661.54 {20)
1680.58{21)
2135.90 (29)

122.O63(3) '
13e.47e(3) '
230.25 {4)
255.9 (2)
339.60 (6)
352.32 (3) '
366.73 (4)

641
650.4 (3)
692.00 (3)
7O6.42(6) '

~ ~ ~

87o.es(s) '
913.1{2)
9S2.3 (4)
992.68 (8)

1061.3 (2)
1157.4 (2)
1256.0
1282.0
1295{2)

~ ~ ~

1348.8 (3)
1448.3 (3)

~ ~ 0

1680.9 (3)

2 422
229 242

26 443
5 651
5 720

10 606
10 968
13056
50 873

—31027 0

79 967
—200 909 &

163387
7 2S3

102 218
483 892
112682
178800

4
~ ~ ~

122 127
89 258

131710
250 057
—85537 g

~ ~ ~

—30 (1)
~ ~ ~

3(3)
—52 (15)
-39(10)

~ 1 ~

9(s)
-63 (5)
-44 (2)
-22 (9)

23 (2)
-80 (1)
-38(1)

~ ~

21(1)
21{1)
&Q

32 (5)
~ ~ ~

~ ~ ~

2s(2)
-31(3)

60 (20)
32(1)
so{1o)

0
36 (6)
1.2(3)

-32 (4)
—14 (2)

14(11)
7{1)

~ ~

-8(2)
-7(1)

-13(5)

-12(2)
0

-20 (10)
~ ~ ~

—23{12)

o.9s(2)
1.1(1}

P.72 (4)
& 0.15

&0.15

o.1s(s)
0.13(5)

&0

0.54{10)

1.1(2)
&0

0.20 {10)
&0.15
1.o(1}
0.23(3)
Q.9{1)

' Uncorrected for nuclear recoil. Numbers in parentheses are errors in the least signifi-
cant Qgure and a P indicates the energy is taken from the literature.

b From the 54Cr(~, ny)5~Fe reaction, Ref. 3, except vrhere indicated.
Results of fitting 3C+4 Ca angular distributions with the Legendre polynomial function

W(0) =I&tl +A 2P2(cos8) +A 4P4(cos8)] .
The DSAM attenuation factor deQned in Ref. 1.

~ From the most recent compilation, Ref. 4.
f Observed in y-p coincidences only.
g Includes contribution from an unresolved contaminant; observed clearly in y-y coinci-

dences only.
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FIG. 2. Level scheme for Fe deduced from present
studies of the Ca(~~C, 4m)~ Fe reaction. Excitation
energies and transition energies are in keg and branch-
ing ratios are in percent. Spin-parity assignments en-
closed in parentheses indicate probable but uncertain
conclusions, as discussed in the text.

The corresponding energy levels and y-ray decay
properties deduced for states in "Fe from these
data are given in Table II and the decay scheme
is shown in Fig. 2. The high-spin yrast cascade
in "Fe had previously been studied by Sawa'
utilizing in-beam y-ray spectroscopy from the
54Cr(n, ny)"Fe reaction. The y rays observed in

that reaction are also listed in Table I; the ener-
gies agree quite well with the somewhat more
precise values determined in the present work.
All levels in Fig. 2 below 4600 keV were also ob-
served by Sawa and except for the 814-keV tran-
sition (3269- 2456}, which was previously unas-
signed, the y-ray decay scheme deduced for these
levels by Sawa' is confirmed by the present re-
sults. The 6187- and 8323-keV levels were pre-
viously unobserved.

The lifetimes for the levels shown in Fig. 2
are given in Table II. For levels below 800 keV,

the values are taken from the literature. ' %e
have also measured the meanlife of the 367-keV
level via the RDM on the 352-keV y ray and the
present result of 17+ 2 ps agrees quite well with

the previous value of 14~ 3 ps. The remaining
lifetimes are from the present DSAM and RDM
results. For the levels at 4432, 6187, and 8323
keV, the observation of a full or nearly full
Doppler shift [F(7)& 0.8, Table I) for the 1298-,
1662-, and 2136-keV y rays allows the upper limit
7&0.2 ps, and from the observation of
F(v)= 0.5+ 0.1 for the 1256-keV y ray we infer
v = 0.55+ 0.20 ps for the 4526-keV level. The rela-
tively long mean life, T=231+10ps, for the 3135-
keV level was obtained from the RDM measure-
ment on the 256-keV transition, and the upper
limit, v'& 5 ps, for the 3269-keV level follows
from the nonobservation of an unshifted component
for the 913-keV y ray at the closest RDM distance
(35 p, m). The lower limit r & 1.5 ps for this latter
level follows from F(r) & 0.2. The upper limits,
v & 0.2 ps, for the 2879- and 2356-keV levels fol-
low from the DSAM after correcting for the cas-
cade feeding from above. These latter two limits
improve on the limits determined by Sawa' of
&0.67 and &0.60 ps, respectively. Finally, the
lifetime of the 1198-keV level follows from the
RDM on the 1062-keV transition, taking due ac-
count of the slow cascade feeding through the
3135-keV level.

The J' assignments given in Table II for levels
below 800 keV and for the 1357-keV level are
mainly from (d, p} and Coulomb excitation studies~;
those for the remaining levels below 3300 keV
are from the (n, n) work of Sawa' and are con-
firmed by the present work. A convenient sum-
mary of these assignments may be found in the
most recent compilation. The J" assignments
suggested for the levels above 3300 keV are
entirely from the present work.

Although we agree with and confirm the J"
assignments made by Sawa (with one exception
noted below), we believe that several of' these
assignments adopted as definite' are based on

nonrigorous methads and are sufficiently uncer-
tain so that they should be placed in parentheses.
In particular the y-ray angular distributions were
analyzed by assuming a Gaussian distribution of
magnetic substate populations in the initial state,
thus allowing a definite relationship between the
A, and A, attenuation factors (o, and n4, respec-
tively). ~ However, this assumption is highly
model-dependent and is unsubstantiated by existing
dat@." From a practical point of view, the
absence of a relationship between n, and n4 makes
it nearly impossible on the basis of angular dis-
tributions alone to distinguish between a J+2- J
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quadrupole transition and a J-J transition with
dipole/quadrupole mixing ratio 5=-1.5. Thus for
example, in both the present data and that of Sawa,
the angular distributions of the 1062-, 1349-, and
1681-keV transitions are consistent with both
2+2- J and J-J. The y-ray linear polarization
data, of Sawa rule out J-J for the 1681-keV transi-
tion; for the other cases the polarization data do
not allow further restriction. However, J+2- J
is the most probable choice for all three transitions
based on the argument that yrast states are selec-
tively populated in these reactions. Since this
argument is inherently nonrigorous, we enclose the
indicated spin assignments for the 1198- and 2356-
keV levels (and all higher levels that decay to these
states) in parentheses. Negative parity for these
levels and also the 2879-keV level are taken as
definite, however, because of the nonzero A, co-
efficient for the y rays depopulating these levels
and the fact that the lifetimes are too fast' (see
Table II) to allow any appreciable M2 component.
We further note that the ',— assignment to the
1007-keV level is also taken as definite since the
positive A, and negative A4 coefficient for the
993-keV transition to the ',— level completely
rules out the possibility that the transition is,—-,'—or ',—-,'—while it is quite consistent with,'—-',—.

The one major uncertainty in the level scheme
in Fig. 2 is the J' assignment of the 2456-keV
level. We identify this state with the level ob-
served in high-resolution "Fe(d, p)"Fe work, ' at
2454 keV, which showed a strong /=4 stripping
pattern thus implying J' =' or,—".A sub-
sequent (d, p) vector-analyzing-power experiment
confirmed 3=4 but could not choose between J
=,'—and,—'.' The angular distribution of the 1449-
keV (2456- I007) transition, as observed both in
the present work and by Sawa, confirms the
J=,'—or,—' assignment but provides no further
restriction. However, the polarization experi-
ment of Sawa favors odd parity but is consistent
with all four possibilites (J' =', —', ') at the two
standard deviation limit. Since this latter study
was not entirely conclusive, we favor J' =(—,

' ') as
the most probable value. This choice is based on
the (d, p) work and the shell model —which predicts
that the lowest-lying /=4 transfer should be to a
neutron g, ~, -orbital coupled to the O' "Fe ground
state.

The J' assignments for higher-lying states
depend on the J" of the levels to which they decay.
Figure 2 shows a sequence of four cascadetransi-
tions which terminate at the 2456-keV level, and
the stretched quadrupole radiation pattern for
these y rays (see Table I) suggests Z=Z, +2,
Jo+4y Jo+6y a"d Jo+8 and n =go for the 3269-,
4526-, 6187-, and 8323-keV levels, respectively,

where J,'o is the spin-parity of the 2456-keV level.
We will have more to say about this bandlike
structure in the Discussion section (Sec. III).

Finally, we note that the 559-, 706-, and 1304-
keV transitions, listed in Table I and assigned to
' Fe from the y-y coincidence data, could not be
placed into the decay scheme with any confidence
and so are omitted from Fig. 2.

TABLE III. y rays from ~ Fe observed in 8Ca( C, 3n)-
Fe at E(' C) =40 MeV.

cI

(keV)

Angular distribution
A2 A4

I~ {%) {%)

264.35 (12)
289.48 {12)
454.73 (14)
459.18(14)
466.27 (14)
523.66 {15)
782.84 (16)
810.76 {15)
863.89(16}
925.71 (20)
939.11(30)
959.16{40)

1072.55 {17)
1162.64 (18}
1265.66 (18)
1285.39 (26)
1323.00 {19)
1363.43 (42)
1456.90 (20)
1520.45 (20)
1614.16(21)
1674.94 (40)
1746.44 (27)
1789.56 (22)
1804.88 {27)
1809.87 (22)
1897.7{10)
1906.0 {10)
2138.22 (40)
2340.7 (20)

16920
61600
42 100
18400
10 700
35 200

143 50p
491 900
18200
11700 d

58 200
27600
62 500

-158000
374 100
-10 700

43 100
-1130Q

46 700
173200

42 300
-33 500
-16000

24 800
4 800

132 900
-105000
-25000

8200
44 000

-40 (3)
30 (2)
27(2)

-39 (3)
-65(5)

10(2)
-28 (3)

19{2)
-22 (6)

33{12)
&Q

-22(5)
-33{4)

41(6)
21(3)

~ ~ ~

—48(5)
~ ~ ~

27 (4)
20{3)

—31{4)

~ ~ ~

18{5)
~ ~ ~

21(3)

20 (3)

&0

45 (14)

0
-8{3)

-12 (2)
9(3)

13(6)
0
5 {2)

—6 (2)
0
0

0
0

-13(5)
-8{4)

29 (10)

-10(5)
0 (2)

10 (4)

—4 (3)

-15(5)

&0.1
0.05 (2)

&0.2

&p.1

1.00 (5)
1.03 (3)

0.33 {6)

0.21 (6)

1.00 (4)

1.06(3)

Uncorrected for nuclear recoil. Numbers in paren-
theses are errors in the least significant figure.

Results of fitting ~ C+ Ca angular distributions with
the Legendre polynomial function 8'(0) =I&[1+A2P2(cos0)
+A 4P4(cos0) I.

The DSAM attenuation factor defined in Ref. 1.
Includes a small contribution from an impurity peak.
These y rays were not sufficiently resolved to allow a

determination of their individual angular distributions.
The results listed are for the sum of the two y rays.
The intensities are taken from the analysis of the y-y
coincidence data and the yield curve data taken at 90'.

B. Fe

The high-spin yrast cascade in "Fe was studied
through the 48Ca("C, Sn)BSFe reaction. A recent



1014 NATHAN, OLNESS, %ARBURTON, AND MCGROR Y

study of high spin states in ssFe below 6MeV has
also been carried out by J. Delaunay et al."using
y-ray techniques similar to ours but u'sing the
"Mn(a, py)MFe reaction. However, the discussion
below is based only on the present and previously
published work, although we note that our results
are generally consistent with the as yet unpublished
results of Ref. 10.

The list of y-ray energies, intensities, angular
distributions, and Doppler-shift attenuation factors
for y rays from' Fe observed in the present work
at E("C)= 40 MeV is given in Table III. The cor-
responding energy levels, mean lives, and y-ray
decay properties deduced from these data for
states in "Fe are given in Table IV, and the decay
scheme, including feeding intensities, is shown
in Fig. 3. Only the five levels below 2700 keV
have been previously reported. " All information

on these five levels in Table IV is taken from the
1976 compilation. "

The J" assignments for the remaining levels rely
heavily on the angular distribution information
contained in Table III and the lifetime results,
which were obtained mainly from the DSAM but
also from RDM studies. The corresponding re-
duced transition rates are listed in Table |V. The
J' =(6') suggestion for the 3597-keV level fol-
lows from the J+2- J character of the angular
distribution of the 1520-keV transition to the 2077-
keV 4' level. However, as discussed above with
regard to "Fe, a J-J transition, although not
favored by the reaction mechanism, cannot be
rigorously ruled out, and we therefore enclose
the assignment in parentheses. We remark, how-
ever, that the nonappea, rance of a, 4' level at
3597 keV in light ion-induced reactions supports

TABLE IV. Energy levels, lifetimes, and y-ray branching ratios and transition strengths
for ~ Fe from the Ca(' C, sa}~BFe reaction.

8

{keV)

810.764 (15)
1 674.698 (15)

2 076.52 (4)
2 133.89 (4)

2 600.39 (4)

2 864.74 (13)
3 596.99 (20)
3 886.45 (22)

4 214.57 (21)

4 669.38 (22)

5 343.41 (28)

5 503.0 (14)
5 832.03 (28)
6 282.53(41)
7 242.69 (57)
7 729.76 (104)

10 QVQ. 5(22)

Ef E~
(keV) (keV)

0 811
0 1675

811 864
811 1266
811 1323

1674 459
811 1790

1674 926
2077 524
2134 466
2600 264
2077 1520
2077 1810
2600 1285
3597 289
2077 2138
2600 1614
2865 1805
3597 1073
3886 783
4215 455
3597 1746
3886 1457
3597 1906
4669 1163
5343 939
6283 959
5832 1898
773Q $341

Branching
ratio

(Vo)

100
44
56

100
73
27
30
18
39
13

100
100

65
5

30
16
84

2
25
56
17
26
74

100
100
100
100
100
100

4+
3+

{4)+

(5) c

(7) c

(8')

[8']
(9) c

(9)
(10)
(11)c

(13) '

0+
0+
2+
2+
2+
2+
2+
2+
4+
3+

(4) +

4+
4+

(4) +

(6')
4+

(4) +

(5)
{6 )
(6+)

(5)
+)

(6')
6+

{7)
(8')
{9)
(9)

{11)

Mean life
(ps)

11.7 {2.3}

4.5 (2.0)
&4

17(2)

&0.2
1.1(4)

&0.2
&0.2
&0.2
&Q.2

g(E2) b

(W.u.)

14.6 (2.9)

10400 (4600)
&1.8
0.12 (1)
0.05 (1)
8900(1050)

26 (9)
&409
&368
&12

~ From the present y-ray energies, after correcting for recoil. All information on levels
with E» &2700 keU is taken from the literature as summarized in Ref. 11.

b Deduced from the mean life and branching ratio information, assu~~~ the transitions
are entirely electric quadrupole.

c The parity of these levels is the same as that of the 4669-keV level, for which there is
weak evidence that &=+, as discussed in the text.
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2'

58
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FIG. 3. Level scheme for +Fe deduced from the present studies of the Ca('3C, 3n) Fe reaction. The notation is the
same as in Fig. 2. In addition feeding intensities for direct population of various levels at E( 3C}-40 Me'Ilt are indicated
on the far left. Square brackets designate J possibilities set forth as little more than a suggestion or working hypo-
thesis. The parities of the 4215- and 4669-keV levels, as well as those levels that cascade through them, are all the
same: weak evidence suggests 7t=+, as discussed in the text.

our contention that this is indeed a high-spin state.
Similar radiation patterns (A2&0, A4& 0) are ob-
served for the 3886-2077 and 3886- 3597 transi-
tions. Homever, while me believe the first of
these to be a stretched quadrupole transition, the
lifetime of the 3886-keV level deduced from the
RDM data is sufficient to assure that the second
of these is predominantly dipole, ' hence J-J.
These results thus yield an assignment of J
=(6+) for the 3886-keV level. For the 4669-keV
level, the characteristic J+1-J dipole patterns
for the 78$- and 1073-kev transitions to the two
(6') levels implies a Z=(7) assignment. The J+2-J nature of the 4669-4215 transition then yields
J = (5}for this latter state. Positive parity for
both these levels is suggested by the fact that a
low-energy quadrupole transition (4669- 4215)
mould not often compete favorably with F.1 transi-

tions (i.e. , 7 -6; and 7 -6;). Further support
comes from the small but nonzero A4 coefficients
for both the 4669- 3886 [J' = 6' ] and 4215- 2600
[J'+4'] transitions. However, this latter argu-
ment is weakened somewhat by possible systematic
uncertainties in the A, coefficients, while the
former argument is, of course, inherently weak
(although suggestive). Therefore, we do not make
definite parity assignments to these levels, al-
though it would seem that even parity is more
l&kely.

Most of the intense direct feeding into "Fe in
this reaction proceeds through the 10071- 7730
—5832-4669 [Z = (7)] cascade. These tra.nsitions
all display strong Doppler shifts a,nd exhibit
stretched quadrupole radiation patterns. Ac-
cordingly, we assign J'=(13'0), (ll'II), and (9"o)
to the upper three levels in this cascade, where
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m, is the parity of the 4669-keV level. Another
somewhat more weakly fed band consists of the
7243- 6283- 5343- 3886 [J' = (6')] cascade. The
angular distributj. on of the last transition implies
4 " = (8') for the 5343-keV level. Unfortunately
the 1746-keV y ray from the decay of this level
to the (6') state at 3597-keV was too weak to pro-
vide confirming evidence for this assignment. For
the upper two levels of this cascade, the lifetimes
and angular distributions for the 959- and 939-keV
y rays assure that these are mainly dipole transi-
tions, and we therefore assign 4= (9) and (10) to
the 6283- and 7243-keV levels, respectively.
Similarly the 2865- 2600 transition is dipole and
hence Z=(5) for the upper level. Finally, the
available information on the 5503-keV level is
rather scanty since the primary y decay via the
1906-keV transition to the 3597-keV(6') level
is unresolved from the more intense 1898-keV y
ray. The angular distribution of the unresolved
doublet is consistent with stretched quadrupole
and based on this we give a 4' = [8' j assignment.
The brackets, as discussed in I, reflect the
scanty evidence upon which the assignment is
based.

C. 54Cr

' Cr was studied in the present work mainly
with the ~'Ca(98e, 3nP Cr reaction at 27-MeV
beam energy. Some redundant and consistent
information was also obtained from the
"Ca("C,a3n) Cr and "Ca("B,P4n) Cr reactions,
and a concurrent study of the P-delayed y-x'ay
activity from 'Ca( Be, p2n)s V(p )5 Cr has al-
ready been reported x2 The & ray decay informa
tion is gathered in Table V, and the decay scheme
deduced from these data is shown in Fig. 4. Ad-

47
6720 (I 0')

23
5363

468I
l9

4042

79
3222

2039

I 458

682

820

(8')

(7)

(6+)

69
l824

Q ea5

l 398

JL

989

835

54
a~C"so

2'

0+

FIG. 4. Level scheme for +Cr deduced mainly from
present studies of the 4 Ca(SBe, 3g)+Cr reaction. Direct
feeding intensities for E( Be)=27 MeV are indicated on
the far left. The notation is the same as in Fig. 2.

ditional y rays fromm the decay of non-yrast levels
populated in "V(P ) C r (Ref. 12) are not shown
in Table V or Fig. 4.

Only the three levels below 3300 keV have been
reported previously. '" The J'=2' and 4' assign-
ments to the first two of these levels are from
the literature. n The J' = (6'), (8'), and (10')
suggestions for the levels at 3222, 4681, and
6720 keV, respectively, follow from the 4' assign-
ment to the 1824-keV level and the J+2-J char-
acter of the angular distributions of the 1398-,
1458-, and 2039-keV transitions. The intense side
feeding into these levels supports these assign-

TABLE V. Decay scheme for high-spin states in t4Cr deduced from the 4tCa( Be, ss)t4Cr reaction at E ( Be) = 27 Mev.
The theoretical calculations for the 8 (E2)'s are described in the text.

E 8
i

(keV) (keV) {keV}

Angular distribution
A2 A4
{8 (%)

~b

(ps)
Exp.
Pf.u.)

B(E2)
Theor.
(W.u.)

834.86 (5)
1823.89{15)

3222.33{18)
4042.28 (26)
4680.57(23)
5362.70 (28)
6719.52 (79)

1824
3223
3223
4683
4683

834.80 {10)
989.0 7 {10)

1398.42 {10)
819.94 (19)

1458.22 {15)
682.13{16)

2038.91(75)

2757 29 {2)
188 0 d

1783 36 (2)
225 0'
474 29 {4)

-3{2) 0.29 {3)
0.90(5)
0.44 (4)
0.67 {5)
1.00 (5)

3787 27{2) -1(2) &0.05
3451 28 (2) -3{2) 0.06 {1)

12.0 (7)
12(2)
2.8 {8)
0.7(2)

&0.17
0.8{1)
0.35(8)

&0.15

2+ 0+
4+c 2+

(6 +) 4+

(7) {6')
(8') (6')
(9) (8')

(10+) (8+)

13.5 (8)
6g.) '

25{7)
18(5)

~ 1 ~

12(2)

)12

16.9
21.1

18.5

19.2

14.2

' From the present y-ray energies, corrected for nuclear recoil. All y-ray decay branches are 100%.
"Mean life deduced from the E(7) values in the previous column.

From the Nuclear Data Group {unpublished).
d Angular distribution is consistent with isotropy.
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FIG. 5. Level scheme for ~~Cr deduced from present
studies of the Ca('~B p3e)~5Cr and 4 Ca(' C, n2e) ~5Cr

reactions. The notation is the same as in Fig. 2.

ments. The observation of Doppler shifts for the
989-, 1398-, 1458-, 2039-keV y rays allows life-
time determinations via the DSAM and these are
included in Table V. Corrections were made for
cascade feeding through the yrast levels and for
slow feeding via 5 V(P }~Cr. Note that the mean-
life deduced for the 1824-keV level (r =2.8+ 0.8 ps}
is in disagreement with the tabulated value of
12 +2 ps." Regardless of this discrepancy, the
picture of the ~Cr yrast cascade that emerges
from the present studies is that of a relatively
enhanced [B(E2)=12-25 W.u. (Weisskopf units)]
b J = 2 ground-state band extending up to the J"
= (10') level at 8720 keV.

The levels at 4042 and 5363 keV were formed
relatively weakly and it mas not possible to obtain
unambiguous angular distributions for the 820-
and 682-keV y rays. However, the lifetimes
determined by analysis of the attenuated Doppler
shifts is sufficient to assure that these transi-
tions are predominantly dipole. ' The reaction
mechanism then favors assignments of J'= (7) and
(8}for these two levels.

D. 5~Cr

"Cr was formed in the "Ca("B,p8n)~Cr and
"Ca(' C, a2n)'~Cr reactions at 25- and 40-MeV

TABLE VI. & rays from Cr observed in
+Ca( B,pan}~SCr, BCapC, u2a)S~Cr, and +V(p )55Cr.
Uncertainties in the least signiGcant figure are enclosed
in parentheses.

E
(keV)

Angular distribution b

A~ A4r„($ (%) E(7.) C

224.08 (8)
242.08(11)
314.81(M)
324.0 (10)
334;06 (8)
363.05 (10)
365.10{12)
489.96(12)
51V.77 (10)
550.73(14)
565.9O (13)
607.12 (12)
696.92 g4)
794.25 (12)
871.25 (16)
880.65 (15)
921.06 (15)
951.61(15)
961.39 (20)

1125.03 (15)
1214.76 (12}
1316.60 (20)

12 353
1000

&3400 d

-1000
12 712

~ ~ ~

4 gg8
14 503
72 241
10 734
4 834

14840'
5000 d

27 725
10680
10431
48 010
15979

—17627 d

21 121
20 041
32 162

-38(3)

~ ~ ~

-26 (3)
~ ~ ~

-19(17)
-32(3)
-37(1)
-46 (4)

~ ~ ~

—18(5}
~ ~ ~

14 (2)
~ ~ ~

-34(15)
37(3)

-48 (20)
-43(7)

~ ~ ~

18(3)
33 (6)

7(4)

0
-1o(3)

0
0

&0.2
&0.2

0.15(5)

&0.2

&0.3
&0.5

&0.3

'Mean values from C+48Ca, '@+4 Ca, and ~sVQ )-
Cr.
b Results of fitting the 13C +48Ca angular distributions

with the Legendre polynomial function 8'(l}I) = r&/1
+A&P&(cos8) +A4P4(cosa)j. Cases with A4=0 show no
significant improvement in the Qt with the inclusion of a
P4 term.

The DSAM attenuation factor defined in Ref. 1.
d Includes contribution from an unresolved contaminant,

observed cleanly in y-y coincidences only.
e Taken from the ~~B+48Ca data due to a contaminant

y ray in the "Ca+4'Ca data.

bombarding energy, respectively. A concurrent
study of the P-delayed y-ray activity from
4'Ca( Be, pn)"V(p }"Crhas already been re-
ported. " The complete list of y rays from these
reactions, as deduced from the y-ray yield curves
and y-y coincidence data, is given in Table VI,
including y-ray energies and intensities, angular
distribution coefficients, and Doppler-shift-at-
tenuation factors F(7) Th. e level scheme deduced
from these data is shown in Fig. 5 and summarized
in Table VII. Only levels observed in the present
y-ray experiments are shown. All states with
E„&2100keV have been previously reported" with
the exception of the 1479-keV level. Decays from
all states with E,& 1500 keV were observed in
"V(P )"Cr as well as in the in-beam studies, and
the identification of levels with E, &2100 keV with
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TABLE VII. 5 Cr energy levels, lifetimes, and &-ray transitions deduced from Ca( B,p3n) Cr, Ca{ C, n2n) 5Cr,
and 55V(P ) 5Cr.

(keV)
Present Previous

Branching ratio
Eg E„ {%) Assignments of J

(keV) {keV) Previous Present' Previous Present'
Mean life

(ps)

242.08 {11) 241.86(4)

517.77 (10) 517.68 (5)

565.90(13) 565.90 (4)

880.73(10) 880.75(9)

1214.77 (10) 1213(10)

0 242

0 518

0 566

242 324

0 881

518 363

566 315

0 1215

518 69V

881 334

1479.17(22)

1215 224

518 S61

2086.74(22) 2078 (10) 1215 871

1479 607

2390.46 (22)

2755.50(28)

2880.V1(35)

3306.23 (31)

4005.75 (38)

1439 952

1439 1317

2390 365

2087 794

23SO 490

2756 551

2881 1125

1438.84(14) 1447 (20) ~ 518 921

100

100

14

87

100

93(7)

7(7)

ss(1)

7(1)

5(1)

65(6)

8{4)

2v (5)

81(3)

19(3)

100

42(5)

5s(5)

100

6v(5)

33(5)

65(3)

35(3)

100

100

3
2 2

5 7
2 'Y
3
2

5 7"
2 'Y

5 7"
Y 'Y

5- 9"d
2 Y

(3 9 )d
7+ 9+
Y '2

3 w

Y '2
5
Y

Y

5 w

Y

(-' )

(Y)'

)
2

3
Y
3
Y
3
2
1- 3
Y '2
3

5
2

3
Y
3
Y
5

2

5

2

5
2

(-)
5

(-,')
{7 )

2

(-')

(-, )

2

&v.5'

5+io f
«2

6.O~2.O'

3

0 5& ~&3 Of'n

Deduced from the &-ray energies of Table I, including corrections for nuclear recoil. The figures in parentheses
are the uncertainties in the 1east significant figure. Only presently observed levels are included,

"From results summarized in the most recent compilation, Ref. 14.
'Utilizes &-ray intensities from a11 three reactions.

From the stripping patterns observed in Cr(d, p) and 5 Cr(t, p) as compiled in Ref. 14, except where indicated.
Underlined values indicate assignments preferred by the J dependence of (d, p) cross sections or the shell model.

'Utilizes the 5V(p)55Cr results of Ref. 12 as well as the previous restrictions (column 7).
f From the present RDM data.
~The listed uncertainty of + 20 keV is our estimate.
"From the present DSAM data.

previously observed levels (column 2 of Table VII)
was discussed. " The levels with E, &2100 keV
are assumed to be previously unobserved. The
y-ray decay modes obtained from the three re-
actions (column 6 of Table VII) are seen to be in
fair agreement with previous results. "

The mean life information is summarized in

Table VII. The lifetime obtained for the 3306-keV
level was deduced from the F(r) measurement on

the 551-keV y ray (see Table VI). No other y rays
showed a, measurable Doppler shift. The mean

lives of the 1215- and 1439-keV levels are from
the RDM measurements on the 1215- and 921-keV
y rays, respectively. In obtaining these lifetimes
it was assumed that the feeding from higher-
lying states had negligible effect (Fig. 5); how-

ever, the uncertainties incorporate the possible
influence of this feeding. For the 518-keV level,
cascade feeding was also neglected and in this
case the possible influence of this feeding is strong
enough so that the resulting mean life is only an

upper limit. For the 4006-keV level, the absence
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of a Doppler shift results in a lower limit for the
mean life while the nonobservation of an unshifted
peak in the RDM measurements results in an up-
per limit. Because of the relatively low cross
section for the fopmation of 'SCr in both 8+ Ca
and "C+"Ca it was not possible to obtain any
other lifetimes.

The J' assignments of '; for the ground state
and 566-keV level and the —,', '; possibilities for
the 242-keV level are from previous studies. "
Likewise, the levels at 518, 881, and 1215 keV
were all observed to have an )= 1 stripping pat-
tern in ' Cr(d, p)"Cr so that J'=p or ~—

Since A, &0 for the 518-0 and 881-0 transitions,
J+2-J is rigorously ruled out and therefore
J"=,'— for the 518- and 881-keV levels. In addi-
tion, the lifetime limit for the 518-keV level cor-
responds to an F2 strength of &230%.u. (Ref. 5)
and since this is unreasonably large' we have a
further argument that the 518- 0 transition is
predominantly dipole. For the 1215-keV level,
the intense direct feeding suggests an yrast level
and therefore J' = (';); this is supported by the
angular distribution of the 1215-0 transition
which is consistent with J+2-J.

We identify the 1439-keV level with the level at
1447 keV assigned an L, =4 double-stripping pat-
tern in 'sCr(f, p)"Cr. The intensities and angular
distributions of the y rays feeding and deexciting

this level lead us to choose J' =,'— from the pos-
sibilities-, ' --", allowed by the L =4(t, P) pattern.
J" ~ ~2 is also ruled against by the "V p-decay
results. " The level @t 2087 keV can probably be
identified with the level assigned I =4 (and there-
fore 4' =~-'or s-') in the "Cr(d, P)s'Cr reaction.
The shell model favors,'-' since this is expected
from coupling a g, &, neutron to the "Cr ground
state. If we accept this assignment, then the
14I9-keV level has J = —,

' since the 2087 (—,'')
-14'I9-518 (-, ) cascade proceeds via y rays
that are at least partially dipole (A, &0). The
odd-parity suggestion for the 1479-keV level is
the most likely explanation for the log ft of 6.16
observed for the decay of "V to this level. "

For levels with E„&2100keV, the J' assign-
ments follow from tQe direct feeding intensities,
the consistency of the 1317-, 794-, and 1125-keV
angular distributions with those expected for
J+2- J transitions, and the fact that the 952-,
365-, and 490-, and 551-keV transitions are at
least partially dipole (A, & 0).

E. 57Mn

"Mn was formed, albeit weakly, in both the
"Ca("C,3np)"Mn and "Ca("N, 3nn)"Mn reac-
tions. The "Mn y-y coincidence scheme was

TABLE VIII. Decay scheme for high-spin states in tMn deduced from the Ca(' C, sap) tMn reaction at E( tC) =40 Mev.

E 8

(keV) (keV)
Ey

{keV)

Angular
distribution b

A, 2

Iy (Q

Branching ratio
Present Previous '

E(T) d (ps)

83.26 (20)
1075.21 (31)

1227.56 (26)

2 758.48 (40)
3287.33 (45)
4710.4 (1.0)

7
?

0
0

83
83

1075
1228
2758
3287

«1228
~3287
—3287

83.10 (1Q)
1075.20 ~

991.95 '
1144.29 (17)
152.35(16) &

1530.92 (30)
52S.S5 (20)

1423.00 (90)"
390.26 (10)
671.9{2.0)
785.8 (2.0) '

-40 000

~, ~ ~

35 338
3 036

18620
7 888

-3 000
3 808

21(5)

-39(8)

100

~ ~ ~

92 (1)
8 (1)

100
100
100

100
6

&0.30

&0.2
0.45(5)

&0.7

&Q.5

&2.0
0.7+0.2

&0.4

' From the y-ray energies of column 3 including the nuclear recoil correction. The numbers in parentheses through-
out the table are the uncertainties in the least significant figure.

The y-ray angular distribution is given by 8'(8) =I&h+A2P2{cose) +A4 I'4(cose)t. The A. 4 coefficients were not de-
termined with sufficient accuracy to distinguish them from zero.

c &eference 1
The DSAM attenuation factor defined in Ref. 1.' Lifetimes derived from the E(7) values. .

f Not observed. The energies are calculated from the level separations.
& The assignment of this y ray is uncertain. The energy given for the 1075-keV level is based on the energy of the

1228 —1075 transition and is thus also uncertain.
From 4sCa('IN, 2a o) trMn.

' Observed in coincidence only.
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47IO

3287

2?58

l 4 23

T

529

l53l

[ 17/2 ]

[ 15/2 ]

[13/2 ]

formation of the 1075-keV level. The indirect
evidence is the appearance in the y-ray singles
spectra of a 152-keV y ray which could be the ex-
pected -6%, 1228 - 1075 branch. Unfortunately,
this y ray was electronically suppressed in the
y-y coincidence data and so its assignment is
unce rtain.

The angular distribution results together with
the usual argument favoring formation of yrast
levels suggests J+2- J for the 1228- 83 transi-
tion in agreement with the previosuly conjectured
spin-parity assignments. J+ 1-J is also sug-
gested for the 529-keV 3287- 2758 transition while
the DSAM result for the latter constrains this
transition to be predominantly dipole.

[228
l075

8 92
isa J

l l 44

(ll/2 )

I9/2 )

83
992 l0 75

{7/2 )

identified as such by the excitation functions and
relative yields for the different projectiles from
A = 9 to 18 and by the intensity balance with the
P decay" to "Fe. The data obtained are of
relatively inferior quality both because of the law

yield (see, e.g. , Fig. 1) and because in all but the
excitation function spectra, the 83-keV decay of
the first-excited state of "Mn was below the
electronic cutoff. Nevertheless, the data are
presented here because they substa, ntiate the only
previous study"'" of y-ray transitions in "Mn
and because they should be useful in planning more
informative studies.

The yrast levels and y-decay information are
presented in Table VIII and the decay scheme
deduced from these data is shown in Fig. 6. The
spin-parity assignments of Fig. 6 and the branching
ratios of Fig. 6 and Table VIII for E,&1500 keV
are from the ' Cr(a, Py)57Mn results of Mateja
et al.~ Our results are fully consistent with these.
However, because of relatively very intense "Fe
and "Co 993-keV transitions, the 1075- 83 transi-
tion could not be observed. Since the 1075- 0
transition was reported to be only a 6% branch it
was not expected to be intense enough to be obser-
ved. Thus, we have no direct evidence for the

25 32

FIG. 6. Level scheme for 5~Nn deduced from studies
of the Ca( 3C, 3') ~Nn and Cq( N, 3go.) TNn reactions,
incorporating also the results from previous studies on
the three lowest-lying levels. The notation is the same
as in Fig. 2.

TABLE IX. Sumxnary of y-y coincidence data for 5 Mn.
The intensities of coincident y-ray pairs are indicated as
being relatively strong (S), average (M), or weak (W).
Parentheses enclose cases where the observation is so
weak as to be uncertain.

E& (keV) 144 280 376 579 581 680 1154 Sum

144
280
376
580
680

1154

~ . - w w (w)
s s

~ ~ 0 $
(w) s s

W M W
S S W

(w)
M W

M M S
M M

W " (W)

(W) ~ ~ ~

s
s
M

M

The doublet of 579-581 keV was unresolved in the
2048-channel displayed spectra but not in the 8192-chan-
nel gating spectra.

F. Mn

"Mn was formed in the 'Ca( 'C, 2np)"Mn re-
action. The peak yield wa, s observed at a bom-
barding energy of 36 MeV which is consistent
with evaporation of three nucleons (see Fig. 1).
The y-y coincidence matrix for the y rays as-
signed to ' Mn is given in Table IX. The assign
ment of the y rays of Table IX to "Mn is based
primarily on the ~C+ "Ca excitation function,
supported by the nonobservation of any of these
seven transitions in the Be, ' 8, "N, and "0
bombardment of "Ca, compared to weak forma-
tion of the 376-keV y ray in "N+ 'Ca. In addi-
tion, there is an excellent match in intensity be-
tween the proposed "Mn y-ray cascade and the
MMn(P )'SFe intensity. The latter was deduced
from the "C+ 'Ca in-beam data using the pre-
viously deduced decay scheme for this P decay. "'"

The onlypreviousspectroscopic information on
"Mn was provided by the '~Fe(t, He)"Mn study
of Flynn, Sunier, and Ajzenberg-Selove, '9 who
reported the decay scheme shown on the left of
Fig. 7.



YRAST DECAY SCHEMES FROM HEA V Y-ION. . .III. . . 1021

3727

579

& J+5 3 I 48

680

4 J+5 2468

581

I776+ 20
I872+ 20 g J+4 I 887

I 595+20
15I5 ~ 20 I456+2G-

I332~20—
I 250 + I5

I I 54

I036+ I5

8I3+ f5

665 + I5

454+ 8

294+ IO

I 74 + l2

—30+ IQ

744+ 8

77+8

280
(J+I )

77

58Fe (t, 3He)

58Mn
25 33

" Qa(' C, 2 np)

Usually, the y-ray decay schemes established
via fusion-evaporation in-beam y-y coincidence
and angular distribution studies end at the ground
state. However, this need not be the case when
there are one or more low-lying levels whose

y decay may be of too low energy for routine de-
tection. The level scheme proposed by Flynn
et al. ' for ' Mn is one such case. Thus, although

FIG. 7. Level schemes for +Mn deduced from present
studies of the Ca( C, 2'}+Mn reaction (right) and
previous studies of the @Fe(t,3He)+Mn reaction cleft).
The best overlap of the present results with the (t, 3He)

work is obtained if the lowest-lying level in the ob-
served y-ray cascade is matched with the 77-keV level,
but this assignment is not certain. In addition, the
dashed lines for the upper three levels indicate an un-
certainty in the ordering.

we can definitely establish the bottom of our decay
scheme as &0+656" &0+ 376"'E„where E, is
the excitation energy (in keV) of a low-lying level
of ~Mn, we cannot, from our data alone, say
whether E, is 0, 30+10, or 77 keV. However, the
best overlap of the scheme on the left of Fig. 7
with our y-ray data is obtained if we assume that
Ep 77 keV. Our proposed decay scheme, based
on this assumption, is drawn on the right in Fig.
7 and is listed in Table X.

Although there was no doubt that the seven listed
transitions are in coincidence, it was not possible
to place a3.1 seven of them unambiguously in a
decay scheme: The decay scheme of Pig. 7 and
Table X is only one possible choice. The ordering
of the 376- and 280-keV y rays ap the two lowest-
lying transitions is considered definite. Note that
each of these two y rays is in coincidence with all
of the remaining six (see Table X). The place-
meht of the 1154-keV y ray third in the cascade is
almost as certain. This placement follows from
the observed Doppler shifts as well as from the
intensities. However, the ordering of the 581-,
680-, and 579-keV y rays is quite uncertain so
that the excitati. on energies of the last three levels
of Table X and Fig. 7 are also uncertain.

The lifetime limits determined for the 376-,
280-, and 1154-keV transitions via the RDM (see
Table X) establish the lower two as predominantly
dipole, since they are too fast to be E2 transi-
tions. Likewise, the lifetime limits for the 581-
and 680-keV transitions establish them as pre-
dominantly dipole and that for the 1154-keV
transition restricts it to be dipole or F2. The
spin restrictions shown in Fig. 7 follow from
these limits together with the fact that the angular
distributions of the 376- and 280-keV transitions
are characteristic of predominantly dipole J+ 1-J transitions and the reaction mechanism favors
J+1 over J—1.

For the five higher-lying transitions, the angu-
lar distributions and intensities were determined
only poorly, if at all„mainly due to the relative
weakness for formation of "Mn in C+"Ca. In
the singles spectra, the Doppler-shifted 581-keV
y ray was unresolved from the 579-keV y ray and
from a contaminant 579-keV peak whose yield
peaked at &65 MeV. Likewise the Doppler-
broadened 680-keV y ray was unresolved from a 680-
keV contaminant with a yield still rising at 65
MeV. Finally the 1153-keV peak was incompletely
resolved from the much more intense and Doppler-
broadened 1158-keV transitions of "Fe.

In the ~Fe(f, ~He)'sMn studies of Flynn et al. ~'

the most energetic 'He group was relatively weak
and broader than expected for a single level.
Thus, it is possible (but unlikely) that this group'
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TABLE X. proposed placement of y rays observed in the Ca(' C, 2') Mn reaction at
E('3C) =40 MeU.

ct

(keU)
Ey

(keU) (keU)

Angular
distribution

A2
(%) E(T)C

Td

453.45 (l0)
733.28 (16)

1886.83 {25)
246S.26 (32)
314S.29 (39)
3727.30 (50)

77
453
733

1887
2468
3148

376.45 (l0)
279.83 (12)

1155.54 $0)
5S1.43 (20)
6S0.03 (23)
579.01{30)
144.13{15)

28 650
20 145
15000
10 000

5 000
-5 000
-6 000

-69{2)
-39{2)

&0.30
&0.50
&0.50
&0.50
& 0.70

&0.50

&50
&50

&0.6, &50
&0.6
&0.4

&0.6

' The level energies are calcujated assuming the observed y-ray cascade (column 3) ends
at a 77.00-keU level (see text) from the p-ray energies of column 3 including the nuclear re-
coil correction. The order of the last three listed y rays (and thus the existence of the 2468-
and 3148-keU levels) is uncertain (see text). The numbers in parentheses throughout the table
are the uncertainties in the least significant figure.

The y-ray angular distribution is given by 8'(0) =I&h+A2P2(cos8) +A4P4(cose)3. The A4
coefficients were not determined with sufficient accuracy to distinguish them from zero.' The DSAM attenuation factor defined in Hqf. 1.

Limit on the mean life of the level g';) extracted from the RDM for the first two listed
levels and from E{T) fop the remainder {see text).

is not due to "Mn so that the level identified as
E, =77 keV is actually the ground state. Flynn
et al. speculated that this group, because of its
breadth, was due to a doublet; hence the specu-
lated, but uncertain l,evel at 30y10 keV. If this
latter level does not exist, then the excitation
energies of "Mn (Fig. 7) should all be lowered by
15.00 keV. In our measurements a 77 +8 keV
transition with an intensity &, that of the 376-keV
y ray was not present. However, because of the
very intense x rays from the Ta backing of the
'Ca target, a ~Mn peak in the energy region

55-68 keV would not have been observed. In any
case, the match in intensities between the 378-
keV y transition and the 66-sec P feeding of ~pe
assures us that the P-emitting J"= (2)' level of
"Mn (Ref. 17) is the bottom level in the yrast de-
cay of "Mn. An experiment designed to search
for a low-energy transition (50' E„s '10 keV) in
cascade with the y rays of Table IX would appear
to be most appropriate.

x«
I 2+

IO+

8+ 5-

IO+

g+
(e)-b'] (,+)

- '2 s.
(7 ) - 7+

(6 ) + 6~+

where n=28-Z and m=N -28. A modified sur-
face 5 interaction was chosen to calculate the
n-P matrix elements. Except for "Fe, only level
positi, ons were calculated and not transition rates
or static moments. References to previous shell-
model calculations are given in I.

III. DISCUSSION

As part of our broad survey of high-spin states
in fp-shell nuclei, we have performed shell-model
calculations using the Oak Ridge-Rochester shell-
mpdel code. A clpsed ~ Ca cpre was assumed,
and active protons were confined to the 1f,«shell
and active neutrons to the 1f,&„2p,&„and 2p»,
shells; i.e. , we assumed the configurational space

E xp.
54
24 50

2'

o+ O+

Exp.
58F~
26 32

o+

Th.

FIG. 8. Comparison of experimental observations and
theoretical predictions for the yrast states of 54Cr and

Fe.- 'The calculations utilize the OBNL-Hochester
shell-model code and assume a closed Ca core. The
experimental data are from the present work.
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II 9—
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( I 7+)

(l7) (I3+)-'
-(I 5)

)

(9') (I~)-

(7)
19 0 5:---—
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5
ZSM"32

7
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l7 2J
(&I5)

«5)
(13+)

( I3-) I3

(9)( I I )

l7
l5
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(9)
7 7 9-

(9)
(7)

7
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3
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26 3I

3 5I

Th.
3

Exp. "c
24 3I

Th.

FIG. 9. Comparison of experimental observations and
theoretical predictions for the yrast and near-yrast
states of ~Fe, ~Mn, and ~Cr. Also shown are the ex-
perimental positive-parity levels which lie outside the
configuration space of the calculation.

A. 54Cr

As discussed in Sec. IIC, the even-4 yrast
levels in "Cr consist of a M = 2 sequence extend-
ing from the 0' ground state to the 10' level at
6720 keV. The level spacings are well reproduced
by the shell-model calculations (Fig. 8) and are
suggestive of a rotational behavior. Both the

Comparisons between the theoretical and experi-
mental spectra (except for "Mn, which was not
calculated} are shown in Figs. 8 and 9. With a few
exceptions, only the yrast levels are shown. For
the even-A nuclei (Fig. 8), there is generally a
good one-to-one correspondence between the cal-
culated and experimental levels. The agreement
is particularly good for states of even 4, while
for odd J the theoreticalpredictions appear tobe sys-
tematically too high. Note also that the J= (12) state
in "Fe lies outsidethe configurational space of (1).
We will further discuss the spectra and transition
ratesin "Cr and "Febelow. For the odd-A nuclei
(Fig. 8), the situation is somewhat more complicated.
Although "Mn seems to be we11 accounted for by the
calcu1ation, the ordering of the yrast levels is not cor-
rectly predicted in "Cr and "Fe. Further, the
appearance of positive-parity levels in these latter
two nuclei signals the excitation of ore or more
nucleons out of the configuration specified by (1}
and into the lg, ~, orbital. We will examine this
point in greater detail below as we now discuss
specific points of interest for the various nuclei.

experimental and theoretical E2 enhancements,
which are compared in the last two columns of
Table V, lend additional support to this picture.
The present calculations are in basic agreement
with the earlier but less extensive work of Horie
and Ogawa. "' It has been noted by Bhatt, Par-
ikh, and Mcorory" and more recently by Ogawa"
that because of the quadrupole-quadrupole (Q ~ Q)
dominance of the residual n-p interaction, the
yrast and near-yrast states of "Cr are composed
of quite simple shell-model configurations. That
is, when one computes the m-p matrix elements
in a weak coupling basis ["Cr(v') 8"Ni(v')] and
then diagonalizes the energy matrix, one finds
that a considerable truncation of the configuration
space is possible since only neutron and proton
configurations with large diagonal and off-diagonal
matrix elements of the quadrupole operator need
be included. For example, only the lowest 0', 2',
and 4' two-neutron states of Ni are important in
the "Cr calculation. In recent calculations of the
yrast states in "Cr using such a truncated
space, ~"'4 it has been shown that the resulting
spectrum agrees quite well with both the more
exact calculation and the present experimental
data.

As an example of the importance of n-p correla-
tions in determining the spectrum of "Cr, con-
sider the 1owest 2' states. In the absence of n-P
correlations, the weak coupling states are approxi-
mate eigenstates and one would therefore expect
two nearly degenerate 2' states at =1400 keV,
both of which have about equal E2 strengths to the
ground state. The Q„Q~ force nearly completely
mixes these states, pushing them apart and giving
most of the ground-state E2 strength to the lower
one. In this way one sees that it is the n-p cor-
relations that give rise to the collective rotational-
like behavior. This concept is not new, "of
course, nor is its application to "Cr unique. Sim-
ilar behavior has already been noted in "Fe (Refs.
24 and 28) and should equally well apply to "Fe
and ~Fe.

B 58Fe

The 4Z= 2 yrast band in "Fe displays a level
spacing (at least through the 8' level) very simi-
lar to that in "Cr. However, the interesting fea-
ture here is the appearance of closely spaced doub-
lets for both the 6' and 8' levels. This seems to
be well accounted for by the calculation (Fig. 8),
and it is useful to examine more closely the nature
of these doublets. In 'Table XI we list the calcula-
ted quadrupole moments of the yrast states and
the E(E2)'s connecting these states. Lt is apparent
from both the predicted sign change of the quadru-
pole moment of the 8' state and the greatly dimin-
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TABLE XI. Calculated quadrupole moments and
B(E2)'s for yrast levels in SSFe. Effective charges of
e& =2.0 and e, =1.0 are assumed.

B+2J' i)
Pi(.u.)

(82 )

2I36
(&6)

(25/2+)

2+
4+
6+
8+

10+
12+

0+
2+
4+

+

8+
10+

-27
-25
-24
+47
+29
+15

16.9
17.5
19.6
0.7
0.9
1.8

I 672
{I9+3)

+

4+

I 662
(&23)

(2I /2 )

(I 7/2+)

ished B(E2;8;—6;) that a change in nuclear shape
occurs between the 6' and 8' levels. Experiment-
ally, the primary evidence for such a shape trans-
ition is the preference for the 8; state to decay to
the second 6' state rather than the first (see Table
IV) and the fact that B(E2;6;-4;)/B(E2;6;-4;)
& 0.06. All this is quite suggestive of a band-
crossing phenomenon, whereby the yrast states
are the states in the prolate-deformed (Q & 0)
ground-state band through the 6' level but the 8
member of this band lies above the yrast 8' level,
which is oblate-deformed (Q & 0). One obvious
discrepancy with experiment, however, is in the
sign" of Q,;; in view of i:ts importance in under-
standing the spectrum of "Fe, we suggest a re-
measurement of this quantity.

It is interesting that the calculations predict a
similar prolate-to-oblate transition in both "Fe
and ~Fe. This phenomenon has already been ob-
served to occur between the 4; and 6; levels in
"Fe (Ref. 26} as predicted, but there is as yet
insufficient data' to confirm the effect in ~Fe.
Finally, we note that the coexistence in this mass
region of both prolate and oblate states at rela-
tively low excitation has been predicted by Har-
tree-Fock calculations of Parikh. "

C. SYFe and ~5Cr

The outstanding feature of these spectra is the
appearance of a low-lying M= 2 positive-parity
band built upon a J"=&' level. Although observed
in both the present "Cr data and the previously
reported "Fe spectrum, ' this band is especially
apparent in "Fe, where it extends up to a suggest-
ed ~ level and where the band members are con-
nected by enhanced E2 transitions. This is demon-
strated in Fig. 10, which also shows the remark-
able similarity of the level spacings and B(E2}'s
to those of the ground-state band in "Fe. All this
suggests the coupling of a 1g,&, neutron to a "Fe
core, and it is the nature of this coupling that we
will now examine.

A simple weak-coupling scheme would account

I 258
(25+ 6)

2 +

I 256
(54+I 2)

(I5/2+)

847
( I5+ I )

J

56Fe26 36

2456

8I 4
( I I -36)

I (9/2+)

57 Fe26 SI

FIG. 10. Gomparison of the level spacings and B(E2)'s
(given in parentheses) between the ground-state band of
+Fe and the b,J= 2 positive-parity band in ~~Fe built upon
the J~

&
level at 2456 keV. The data for +Fe are

from Qef. 26.

for the observed level spacing and enhanced
B(E2)'s but offers no explanation for the missing
levels in each multiplet (e.g. , those with J"=&,
~', etc.). An alternative explanation, as original-
ly proposed by Stephens et el.~ to explain a simi-
lar phenomenon in the odd-A La isotopes, is the
coupling of a single neutron in a unique parity,
high-j orbital (the ]g,&, orbital) to a moderately
deformed prolate core ("Fe). Under these condi-
tions, it is straightforward to show that the Cori-
olis force tends to mix the Nilsson projections in
such a way as to align the angular momentum of
the odd neutron in the direction of the rotation of
the core, thus decoupling the two motions. Con-
sequently a so-called rotation-aligned or decoupled
band is formed with J=J „+&and with the level
spacing of the rotating core." The "stretched-
minus-one" levels (J=J „+& —l) are pushed
above the corresponding stretched states by the
diagonal Coriolis matrix elements and are there-
fore suppressed from the present data by the re-
action mechanism. Finally the B(E2)'s of the re-
sulting nucleus are quite simply related to those
of the core." Thus although the experimental
B(E2)'s are not precise enough to allow a detailed
comparison, this rotation-aligned coupling scheme
seems to quite nicely account for the "Fe data.
%e note that had the "Fe core been oblate, then
this model would predict a strongly coupled K'"
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= &' band with the normal level sequyncing.
It has been pointed out"'" that the occurrence

of such decoupled bands is not limited to axial
rotors and indeed is a much mox e widespread
phenomenon. All one need assume is a@ ~ Q inter-
action between the odd nucleon aalu the core.
Then, dependimg only on the sign of the product of
quadrupole moments, one can generate either a
decoupled band or a strongly coupled band nearly
independently of the details of the particular nu-
cleus. Thus, decoupled bands have been observed
in a wide range of nuclei from deformed rotors~
to anharmonic vibrators. "

D. Summary

It is rather pleasing that sevexal interesting
features of fp-shell nuclei, as exemplified by
those nuclei studied here, can be described in
terms of a few simple and very basic ideas.
First, the n-p correlations determine to a large
extent the collective behavior of the even-even
nuclei in this region, and lead to a quite simple
prescription for the truncation of the con5guration

space, at least for the yrast and near-yrast le-
vels. Further, the 'Wackbending" phenomena ob-
served in the even-A iron isotopes has as a nat-
ural explanation the crossing of oblate and prolate
bands. And finally, we see evidence in some of
the odd-A nuclei for the existence of decoupled
bands built upon the unique parity g», orbital. It
will be interesting to see if these effects persist
as more spectroscopic information becomes avail-
able for other nuclei in this mais region.

We acknowledge several useful discussions with
Professor I. Talmi and Dr. F. Iachello. %'e would
also like to thank Dr. J. Delaunay for communica-
ting results on "Fe prior to publication.

Note added in proof. The results of Ref. 10 have
now been published: 8. Cavallaro, J. Delaunay,
R. Ballini, T. Nomura, N. Bendjaballah, and

C. Tosello). Nucl. Phys. A293, 125 {197'l). Our
results appear to be in general agreement with
theirs, although discrepancies are evident in some
of the lifetimes reported from the two sets of ex-
periments.

/Research supported by the Departxnent of Enexgy under
Contract No. EY-76-C-02-0016.

*Present address: Physics Department, Univex sity of
Illinois, Urbana, Illinois 61801.

JResearch sponsored by the U. S. Energy Res@arch and
Development Administration under contract with Union
Carbide Corporation.

'A. M. Nathan, J.W. Olness, E.K. %'arbuton, and J.B.
McGrory, Phys. Bev. C 16, 192 (1977).

~E. K. %arburton, J.W. Olness, A. M. Nat&~&. J. J.
Kol.ata, and J. B.McQrory, Phys. Bev. C lg, 1027
(1977).

3'Z. p. Sawa, Phys. Scr. 6, 11 (1972).
B.L. Auble, Nucl. Data Sheets 20-, 327 (1977).

5G. A. P. Engelbertink, L. p. Ekstrom, D. E. C. Scher-
penzeel, and H. H. Eggenhuisen, Nucl. Instrum. Meth-
ods 143, 161 {1977}.

SE. K. W'arburton, J.J. Kolata, J. W, Olness, A. B.
Poletti, and Ph. Qorodetzky, At. Data Nucl. Data
Tables 14, 147 {1974).

~p. M. Endt and C. Van der Leun, At. Data Nucl. Data
Tables. 13, 1 (1974).

H. M. Sen Gupta, A. B. Majumder, and E. K. J,in,
Nucl. Phys. A160, 529 (1977).

~J. A. Thomson, Nucl. Phys. A227, 485 (1974}.
~ J. Del, aunay (private communication).
'~D. C. Kocher and B. L. Auble, Nucl. Data Sheets 19,

445 (1976).
'2A. M. Nathan, D. E. Alburger, J. %. Olness, and E. K.

%'arburton, Phys. Rev. C 16, 1566 (1977).
3Nuc3, ear Data Group, Nucl. Data Sheets (to be pub-
lished).

40. C. Kocher, Nucl. Data Sheets 18, 463 (1977).
~~A. E. Macgregor and Q. Brown, Nucl. Phys. A198,

237 f972).

+D. ]g. Bosalky, D. J. Baugh, J. Nurzynski, and B.A.
Bobson, Nucl. Phys. A142, 469 (1970); B. Bock, H. H.
Duhm, S. Martin, B. Budel, and R. Stock, Ibad. 72,
273 (1965).

~~K. G. Tirsell, I.G. Multhauf, and S. Baman, Phys.
Bev. C 10, 785 (1974).

SJ. F. Mateja, Q. F. Neal, J. D. Goss, P. R. Ghagnon,
and C. P. Browne, Phys. Bev. C 13, 118 (1976).
E. B. lynn, J. %. Sunier, and F. Azjenberg-Selove,
Phys. Bev. C 15, 879 (1977); and private communica-
tiog, from F. Ajzenberg-Selove.

~0J. B. French, E. C. Halbert, J. 8. Mcorory, and

S. S. M. Wong, in A.dvances ie Nucleer Physics,
edited by M. Baranger and E. Vogt (Plenum, New

York, 1969), Vol. 3.
H. Horie and K. Ogawa, Nucl. Phys. A216, 407 (1973).

2H. Horie and K. Ogawa, prog. Theor. phys. 46, 439
(1971).

3K. H. Bhatt, J. K. Parikh, and J. B.McGrory, Nucl.
Phys. A224, 301 (1974).

~4K. Qgawa, Phys. Bev. C 15, 2209 (1977).
2 B. K. Sheline, Bev. Mod. Phys. 32, 1 (1960).
2~N. Bendjsbballah, J. Delaunay, A. Jaffrin, T. Nomura,

and K. Ogawa, Nucl. Phys. A284, 513 (1977); D. G.
Sarantites, J. Urbon, and L. L.putledge, Jr. , Phys.
Rev. C 14, 1412 (1976).

2~C. %. Towsley, Ph. D. thesis, Rochester Univ. , 1974
(unpublished).
J. K. Parikh, Phys. Bev. C 10, 2568 (1974).
F. S. Stephens, R. M. Diamond, J. B. Leigh, T. Kam-
muri, and K. Nakai, phys. Bev. Lett. 29, 438 (1972).
F. S. Stephens, Bev. Mod. Phys. 47, 43 (1975).
|I.Talmi (private communication); F. Iachello (private
communication).

+Q. Alaga and V. Paar, Phys. Lett. 61@, 129 (1976).


