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ln-beam gamma-ray spectroscopy of Se following the ~Ni(150, 2p), ~Ni('2C, 2n) anti
Cu("B,2n ) reactions
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The energy levels in Se produced in the Ni(' 0,2p), Ni(' C,2n) and 'Cu("B,2n) reactions were

studied. An energy level scheme was deduced from y-y coincidence measurements. Sp&n and parity,

assignments based on angular distribution and directional correlation of oriented nuclei measurements were

made for most of the levels. Lifetimes of many of the transitions in Se were deduced from their Doppler
broadened lineshapes via the Doppler shift attenuation method. Three "rotational-like" band structures to
high spin were observed and their properties investigated. A positive parity, M = 1, band to (9+) as well as

the positive parity, hJ = 2, yrast band to (14+) were observed. In addition a negative parity, EJ = 2, band

with rotational-like character was seen to (13 ).

NUCLEAR REACTIONS INi(ts0, 2p), E=45 MeV; s4¹(tC,2n), E=29 MeV;
ssCu( tB, 2n), E+29 MeV, t4Se levels deduced. y(8), y-3' (8), tres from DSAM.

Enriched targets.

I. INTRODUCTION

The ground states of the nuclei in the region
between the closed shells at 2 =N = 28 and H = 50
have generally been considered to have near spher-
ical ground states. 'The level structure has,
therefore, been most commonly interpreted in the
vibrational picture. However, recent studies of
"'"Se (Refs. 1-3) by ihe Vanderbilt OBNL group
indicate that the anomalous spacings of the low-
lying levels may be understood in terms of the
coexistence of the ground- state vibrational band
with a K = 0 rotational band which is assumed to be
built on the low-lying first excited 0' state. 'This

band is thought to be associated with a second
(deformed) minimum in the potential energy sur-
face.

%'hile the low-spin states in "Se have been the

subject of several investigations, ' ' information
on the high-spin states is needed to further test
our understanding of the nuclei in this mass re-
gion. 'The yrast band and M= 2 negative parity
band discussed in this paper have been reported
in a previous letter. ' In addition to reporting
further details of our investigation of "Se, we also
report here a &J = 1 positive parity band and a
band whose spins have not been determined as well
as many other levels seen for the first time in
beam. Simultaneously the properties of the yrast
cascade were studied to high spin by Halbert
et al. ' %e have observed 60 transitions and es-

tablished 39 excited energy levels from detailed
spectroscopy following' Ni("0, 2p), e4Ni("C, 2n),
and "Cu("B,2n) reactions. Spine and parities
are assigned to many of the levels on the basis
of angular distribution and directional correlation
of oriented nuclei (DCO) measurements. Lifetimes
for ten levels have been deduced from line-shape
analyses of transitions depopulating these levels.
Bandlike Z-ray cascades are pointed out and their

. properties discussed. Evidence for rotational
character in three of the bands is reported.

II. EXPERIMENTS
I

The coincidence data were taken in the sc¹("0,
2P) reaction studies. The "Kr+ 2n and "Br+pn
channels were also seen in this reaction. 'These
latter two residual nuclei P' decay with half-lives
short (-(45 min) compared to our run times and

therefore contribute to the y-ray intensities in
"Se. Unfortunately, the decay of the (4 ) isomer
in '~Br modified to an unknown degree the y-ray
anisotropies up through spins 4-6. Thus we in-
stead measured the angular distributions by using
the e4Ni("C, 2n) reaction. We attempted to resolve
some of the ambiguities in these data with a later
experiment in which the "Cu("B, 2n') reaction was
used but found little improvement except in isolat-
ed cases.

The heavy ions used in these experiments were
produced in the Oak Ridge National Laboratory
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Van de Graaff accelerator. . The beam energies
for the "O'"' "C'"', and "B"+'were 45, 39,
and 29 MeV, respectively. The "Ni, ' Ni, and
"Cu targets were enriched to 99.8, 98.0, and
99.7 percent, respectively. In the "Ni("0, 2P)
reaction, singles data were taken at 0', 35", 55,
and 90". Coincidence data were taken in the form
of selected preset gated spectra with 4096 channels
and in a 1024 by 1024 matrix. Singles data only
were taken for the "Ni("C, 2n) and "Cu("B,2n)
reactions. In these two reactions the data were
taken at 0", 55", and 90, . and the reaction was
monitored by a second detector at 270 for nor-
malization purposes. Figure 1 shows the 55'
singles data taken from the '«Ni("C, 2n) reaction.
In all three reactions, Ge(l I) detectors were used.
Energy and efficiency calibrations were done with
RaE sources.

III. ANALYSIS AND RESULTS

The results of the y-y coincidence measurements
are summarized in Table I. Many weaker lines
which are present in the gates are omitted, and
the results of summing gates to improve statistics
are also not presented in the table. A hyphen

separating two energies indicate that the y-ray
lines were too close to resolve. Figure 2 shows
a sample of the y-y coincidence data, . The spectra
have been background subtracted. The decay
scheme of '4Se extracted from these data is shown '

in Fig. 3. The. levels are organized to point out
the band structure, and the wider arrows indicate
stronger transition intensities. The intensities,
given in parentheses, are from the '«Ni("C, 2n)
reaction to eliminate P sidefeeding and therefore
do not correspond to the intensities in the y-y
coincidence data. The transitions labeled in Fig. 3
with intensities "&0.1"have significant intensities
in the 'ONi+ "O reaction from the decay of ' Br.
These transitions also have been seen in previous
studies of the low" and high' spin isomers of es-
tablished decays of 'Br.

Angular distribution coefficients were extracted
for the stronger lines (which are not complicated
by the presence of other nearby lines) by solving
the function W(e) = a,[l+Q, a+p', (e) + Q«u«A«P«(e )],
simultaneously for the three angles, where W(e)
is the y-ray intensity, Q„'s are the solid angle
corrections, a, 's are the alignment parameters
as defined in Ref. 11 and 4„'s are angular distri-
bution coefficients. The initial spins correspond-
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TABLE I. Coincidence relations for the p-ray transitions in Se.

Gate Lines found in the coincidence spectra

219.4
325.8
493.0

673.3

679.0
728.4

734.6
744.8
777.6
815.6
839.0
863.4
868.2

878.7
887.2

924.5

967.0
984.7-

1022.6
1044.7
1057.9
1080.4
1088.8
1151.0
1186.7
1200.3
1249.5
1292.3-
1298 ~ 9
1366.6
1455.2
1468.3
1,473.3
1679.3
1714.9
1837.1
1842.9
1890.2
2283.4
2310.8
2333.0
2387.9

986.5

1294.4

521.0
551.1
615.2
634.3-634.8

495?, 634.3-634.8, 651?, 984.7-986.5, 1460.3
634.3-634.8, 673.3, 728.4, 734.6
325.8, 634.3—634.8, 673.3, 782.4, 887.2, 984.7-986.5,
1080.4, 1269.1,1714.9
634.3-634.9, 728.4, 777.6
634.3-634.8, 673.3, 728.4, 868.2, 887.2
634.3-634.8, 679.0, 777.6, 863.4, 924.5, 1269.1, 1366.6
219.4, 325.8, 493.0, 551.1, 615.2, 634.3-634.8, 673.3, 728.4,
744.8, 777.6, 815.6, 839.0, 868.2, 878.7, 887.2, 967.0,
984.7—986.5, 1022.6, 1044.7, 1057.9, 1080.4, 1151.0, 1186.7,
1200.3, 1249.5, 1294.4, 1332?,1366.6, 1455.2, 1460.3, 1468.3,
1473.3, 1649.2, 1679.3, 1714.9, 1842.9, 1890,2, 1928.8,
2283.4, 2310.8, 2333.0, 2387.9
219.4, 493.0, 611.4, 634.3-634.8, 728.4, 734.6, 868.2,
887.2, 1080.4, 1088.8, 1269.1, 1460.3, 1714.9
615.2, 634.3—634.8, 728.4, 1249;5
493.0, 551.1, 634.3-634.8, 673.3, 734.6, 744.8, 815.6, 868.2,
887.2, 924?, 967.0, 984.7-986.5, 1057.9, 1151.0, 1200.3,
1298.9, 1455.2, 1468.3, 1479.4, 1714.9, 1837.1, 1890.2, 2310.8
634.3-634.8, 673.4, 728.2, 839.0, 887.2, 1269.1, 1473.3
634.3-634.8, 673.4, 728.4, 734.6, 878.7
521.0, 615.2, 634.3-634.8, 728.4, 863.4, 1249.5, 1269.1
551.1, 634.3-634.8, 728.4, 868.2, 1151.0, 1468.3
634.3—634.8, 673.4, 734.6, 878.7, 887.2, 1269.1, 2333.0, 2387.9
611.4, 634.3-634.8, 728.4, 924.5, 1249.5, 1298.9
611.4, 634.3-634.8, 673.4, 728.4, 887.2, 967.0, 1057.9, 1151.0,
1186.7, 1200.3, 1249.5, 1294.4
634.3-634.8, 728.2, 744.8, 839.4, 1269.1, 1473.3
493.0, 634.3-634.8, 673.4, 728.4, 734.6, 829.0, 868.2, 1080.4,
1088.8, 1269.1, 1714.9
615.2, 634.3-634.8, 728.4, 734.6, 777.6, 863.4, 1186.7,

, 1249.5, 1294.4, 1298.9
634.3-634.8, 728.4, 868.2, 1057.9, 1186.7
219.4, 493.0, 634.3-634.8, 673.4, 728.4, 887.2
634.3-634.8
634.3-634.8
634.3-634.8, 728.4, 868.2, 967.0, 1186.7
493.0, 634.3-634.8, 673.4, 1269.1
493.0, 634.3-634.8, 673.4, 728.4, 887.2
634.3-634.8, 728.4, 815.6, 868.2
634.3, 728.4, 868.2, 976.0, 1057.9, 1249.5?, 1292.3
634.3-634.8, 728.4
634.3-634.8, 679.0, 777.6, 863.4, 1366.0
634.3—634.8, 728.4, 868.2, 1269.1
634.3-634.8, 728,4, 863.4
615.2, 634.3-634;8, 1249.5
634.3-634.8, 728.4
551.1, 634.3-634.8, 728.4, 815.6
634.3-634.8
634.3-634.8
493.0, 634.3-634.8, 673.3, 728.4, 887.2
634.3-634.8, 728.4, 984.7-986.5
634.3-634.8
634.3-634.8, 728.4
634.3-634.8
634.3-634.8, 728.4
734.3-634.8, 829.0, 1473.3
634.3-634.8, 728.4, 839.0
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ing to the best fits of the angular distribution data
are given in Table II. Spin assignments were made
by fitting the A,'""s to calculated coefficients for
different n„'s and 5's where I) =& Il'+ l

I I&/&I lf'
I I&

in the phase notation of Biedenharn and Rose, "
where L is the lowest possible multipolarity. Such
calculations depend on the known final spins.

'Table II shows that even when the A.,'s and A4's
are known quite accurately it is often not possible
to assign unique initial spins. Additional informa-
tion may be obtained from the y-y coincidence
data by measuring the ratio of the y-y(e) correla-
tion in the 0"-90"and 90 -0" geometries, i.e.,

W(0', 90')
W(90", 0') '

1250. 673.4 keV 7 ~5 GATE

)000-

g 750-

O
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FIG. 2. y-y coincidence spectra of transitions in
~48e with a resolving time of =- 30 nsec.

Such a DCO (directional correlation of oriented
nuclei) ratio is sensitive in general to both the
spin sequence and the 5-mixing parameter. " 'Table
II also gives the DCO ratio and 5-mixing para-
meter for spin sequences corresponding to the
possible initial spins given in Table II. By corn-
paring the calculated and experimental ratios,
one can, in some cases, resolve the ambiguities
in the spin assignments made from the angular
distribution measurements.

Table III summarizes the arguments used to
assign spins and parities in "Se. The column
headed "y (e), y-y (e)" gives the initial spins
which are in agreement with the angular distri-

(13 ) 6685 4

1193.4
. (6.5)

( 14 ) 6735.3

1292.3
(3.2)

4496.0
4441. 1

2387.9
(&0.1)

2333.0
(&0.1}

3111,8
I 30?8.1

797.3
(0.5)

4+ 1 r 1r

1044.1
1838.9(2+)

(0 1 j 984.7
j

(0.1}

1460.3
(0.3'}

(01)
854 0

219,4 $
(0.3)

I
1714.9
( 1.5)

1842.9
(&0.1)

-4+ lr
2+

1679.3
(0.1 )

4

5 ~
734,6
(7.6)

I

744, 8
(3.1 )

1473.3
(2.2)

(11 ) 5492.0
II

1088.8
(7.6)

(12+) 5443.0

II 52O6.2

(ooe.o
(2.5)

1186.7
(12.6)

(9+)
4403.29

I
ee?.2
(9.2)

4449.9

924.5
(4.7)

4256.3
419e.2

816.7
(&6.7)

i (7+) )(
3382.5 II

551.1 863.4
(3 2) (6+ )

2831.6
1151.0 5& (2.2 i
(2.8) I II

1298.9 777.6
(1.6) (5.3)

4+

I
'

I 3+1468.3
615.2 ' ) 52'1.0 839.9
(2.6) I to 5) (8.4)

I ~r a
634.3
(8.0)

1057.9
(26.4)

3841.8
I

3254 (1.4)
3516.0 3525.4

T' ll
--l '""ll

3198.4

493.0
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2986.8
I
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1890.7
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FIG. 3. Levels in Se populated via the 60+@Ni reactions including in beam and radioactivity levels are shown.
The intensities are from the ~tC+84Ni reaction and therefore reflect only the in beam, ~4Ni( 2C, 2n)~4Se, population of
the levels.
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TABLE II. Angular distribution and DCO measurements in 74Se.

19

+ level A2 A4

J Allowed
fina) initial (gates)

Assumed
spin

sequence ~exp

1363.2 728.4 0.30(2) -0.04(2)

2108.0 839.0 0.31(3) -0.06(3)

2231.4 868.2 0.31(2) -0.09(2)

2349.6 1714.9 -0.30(4) 0.02(4)

2662.0 777.6 0.25(6) -0.04(6)

2842.7 493.0 0.32(2} -0.09(2)

3198.4 967.0 0.43(5) -0.08(5)

3516.0 673.3 0.34(2) -0.07(2)

4256.3 1057.9 0.41(4) -0.08(4)

4403.2 887.1 0.39(6) -0.14(6)

3

5443.0 1186.9 0.29(8) -0.11(8) 10

5492.0 1088.8 0.34(14) -0.21(4)

1884.3 615.2 0.39(10) -0.03(10) 2+
4
2
3

2

6
1
3
3
5
3
5
6
8
5
7
8

10
7
9
8

10
12

9
11

-0.20(5)
0.02(5)
1.3(3)
0.0
0.8(1)
0.0
0.6(1)
0.0
0.78(7)
0.0
0.5(1)
0.0
0.7(1)
0.0
0.0
0.73
0.0
0.8(3)
0.0

862.2+ 728.4

493.6

967.0+868.2
+728.4
673.4+ 493.0

634.8
0.0

-0.1(1} 1269.1
0.3(1)
0.0
2.2(2) 1269.1
0.0

728.9

2 2 0
4 2 0
2~2 0
3 2 0
4 2 0
2 2 0
4 2 0
4 4 2

6 4 2

6 6 4 2
8 6 4 2

5 5 3
7~5 ~3

8 8 6 4 2
10~8 ~6 ~4 ~2

7~7~5~3
9 7~5 3

1.05(7) 0.51(2)
1.00

1.10(15) 1.2(2)
1.2(3)
1.00

1.08(10) 0.52(2)
1 ~ 00

1.03(6) 0.83(3)
1.00

0.91(8) 0,84(2)
1.00

1.00(11) 0.84(3)
1.00

0.93(7) 0.86(2}
1.00

0.91(13) 0.91(7)
1.00

TABI E III. Spin/parity assignments in 74Se. References to previous assignments are given
in brackets. The previous assignments of the high spin state 10+-18+ in Ref. 9 are based on
systematics since their data have the same ambiguity as our data in not excluding a lower spin
for 6 0.6. We have been more cautious and kept the parentheses at I~ 12+. Parentheses on
a decay mode assignment means it is based on the absence of certain transitions which is a
weaker argument.

+level

v(e)
DCO

Decay
mode

Expected from Previous Adopted
systematics assignments J

634.8
854.2

1269.1

1363.2
1657.5
1838.9

1884.3

634.8
219.4
634.3

1269.1
728.4 4

1022.6
1204.1
984.7

5521.0
615.2 2, 3, 4+

1, 2
(4
2 —4

(4
1, 2+

2+, 3, 4+

2+

0+, 2+

0, 2, 4

2' [4l
0' f4, 6]
2'[43

2'[4l

(3, 4) [4]
3'[13j

2+
0+
2+

(2+ )

1249.5
2108.1 744.8

839.0
1473.3

2, 3, 4+ (3', 4') [4] 0
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TABLE III. (Continued) .

E ]eve]

Decay Expected from Previous Adopted
mode systematics assignments J"

2231.4
2314.1

2349.6

2563.4

2662.0

2818.4
2831.6
2842.7

2918.3

2986.8
3078.1
3111.8

3198.4
3250.8
3253.4
3382.5

3516.0
3525.4
3674.0
3841.8
4198.0
4256.3
4403.2
4441.1
4449.9
4496.0
5443.0
5492.0
6685.4
6735.3

868.2
1044.7
1460.3
1679.3

986.5
1080.4
1714.9
679.0

1200.3
1294.4
1928.8
777.6

1298.9
1455.2
1468 ~ 3
493.0
611.4
734.6

1479.3
1649.2
2283.4

878.7
1714.9
797.3

1842.9
967.0

1366.6
1890.7
551.1

1151.0
673 ~ 3
863.4

2310.8
325.8
815.6

1057.9
887.2

2333.0
924.5

2387.9
1186.7
1088.8
1193.4
1292.3

6

1, 3

3, 5

8, 10
7, 9

8, 10, 12
9, ll

2+ 3 4+

2, 3, 4+

2+ 3 4+

(6')

2 , 3, 4+

(7')

(13)

10+
9

12'
ll
13

6'[4)

2'[4)

(3-) [7)

5' [l3]

8'[9)

10' [9]

(4, 3-) [4]

(4 , 3)[4]
12' [9]

14' [9]

(2')

7
(7+)

(12')
11

(13 )
{14')

-0,08(8)

(0)
0

bution and DCO measurements. The "decay mode"
column gives those spins which are possible with
the assumption that the y rays observed correspond
to 47& 2. Most spin assignments are unique on
the basis of these two columns. Parity assignment
are made assuming that multipoles no higher than
E2 will be present in the coincidence data and that
no large M2 strengths will be present. For the
high-spin states of the prominent cascades, argu-

ments are based on the systematics of the cas-
cades and similar cascades in other nuclei. In
the case of the levels at 1884.3 and 2349.6 keV,
we draw from previous works as referenced in the
"previous assignments" columns. All the levels
and transition energies are given in the table for
convenience, although little is known about the
spins in many eases.

Ten of the y rays which we have placed in '~Se
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t/l

O
CD

)0

102

101

967.0 keV 8 ~6

i0.5ps

0.8ps

exhibit sufficient Doppler shifting in the forward
angles to allow lifetimes to be extracted via the
DSAM method. The Doppler shifts have been
identified by examining the angular dependence
of the line shapes in the singles data; however,
the fits must be done in the coincidence data to
isolate and properly compensate for side feeding.
(Any lifetimes associated with any side feeders
were not considered in Ref. 9.) Figure 4 shows
an example of a computer fit and illustrates the
sensitivity of the line shape to the lifetime of the
depopulated level. Table IV summarizes our re-
sult for the lifetimes of the levels in "Se and com-
pares them to other measurements.

)0
0

1.0 ps
i I

5 10 t5 20 25 30 35 40 45
CHANNEL

FIG. 4. Fits to the Doppler broaden lineshape of the
967.0 keV transtion in ~4Se. .The lineshape was taken
from the coincidence spectra to eliminate side feeding
and possible contaminants.

IV. DISCUSSION

In the decay scheme (Fig. 3), three well-defined
bands are seen to high energy with definite or
tentative spins and parities and with no crossing
transitions between the higher spin members (note
the tentative assignments are strongly favored by
the data). A fourth band is also seen emerging
at the 2831.6 or 3382.5 keV levels but unfortunately

TABLE IV. Mean lives of levels in ~ Se. The present results were also reported in Ref. 8.

Transition
energy
(ke V) ' Level J' 7l' ~ J' )I

i f

Present
Studies
T (ps)

Previous
studies
Tffi(Ps)

&(E2)
a(Z2}~,

634.8

728.4

868.2

967.0

1057.9

1186.7

1292.3

673.3

887.2

1088.8

863.4

924,5

219.4

1269.1

2+ -O+

4+ 2+

6+ 4+

8+ 6+

10 8

634.8

1363.2

2231.4

3198.4

4256.3

5443.0 (12 ) 10

2.40(30)

0.80(10)

0.53(10)

O.30(15)

1O.7(4)

2.7(l}'

0.96(1O) '
0.70{10)

O.41(5) '
O.31(5) '

3516.O

4403.2

~5
9 ~ 7

5492.0 (11 ) 9

3525.4

4449.9-

854.2

1269.1

(7+) ~ 5+

(9') -(7')
0+ 2+

2+ -O+

5.o(2o)

0.70(20)

o.4o(5)

o.7o(30)

o.6o(2o)

1200(200) 1019(68)

5.6("~ ')'

6735.3 (14 ) (12+) 0.35(15)

40(+ 2)

81(3)

38('4')

66(+,')

75(+ i5)

36('26)

64(+ 43)

1&6(+4266)

78(+ 1i)

133(+f35)

111('28)

83(+ )

2(l)

0.30(1)

0.35(1)

0.23(1)

0.30(2)

0.27(+ 23)

0.28(+ i2)

O.21( 4)

o.3o(+', )

o.38(+',)

o.3o(",)

o.42(+',)

o.3s(+ ~&)

0.19(1)

o.o7(1)

Ronningen et aI, Ref. 3.
b Barrette et al. , Ref. 7.

Halbert et al. , Ref. 9 [excludes any lifetimes associated with any side feeders. Thus these
data were not included in calculating B(E2) values].

Calculated from a weighted average (=1065 ps).
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the spins and parities are not established. The
positive parity yrast band, yb, is shown to (14')
and a negative parity band, npb, that starts at
the 3 octupole state' is shown to (13 ).

The third strong band clearly emerges above the
3', 1884.3 keV state. Except for the 3' assignment
of the 1884,3 keV state, the spin/parities in Fig. 3
are from our studies, with the understanding that
the 5', (7') and (9') assignments are based on the
3' assignment from Ref. 14. The 3' and 4' mem-
bers of this band and the 1269.1 keV 2' level have
been interpreted as members of a quasi-y band'

(qgb). However, there are other candidates for
the 2' member of this band, for example the 1657.5
keV level. As seen in Fig. 5 where the energies
of this band are plotted vs Z(J+ 1), an energy of
1400-1500 keV for the 2' member looks more
reasonable. There could be mixing of this band's
2' member with other 2' states that could shift
the energies up or down. This is the first time
that a, band with the characteristics (see Figs. 3,
5) or a y-type vibration in a well-deformed nucleus
has been suggested to so high a spin in this mass
region. In the quasi-y band picture of Sakai, "the
states earlier reported" up through spins 5 or 6
are interpreted as selected members of the two-,
three-, and four-phonon states. The extension of
this band to spins of (9') would then come out of
the five- and six-. phonon states. 'The extension
of this quasi-y picture to such high phonon states
when even well-behaved two-phonon triplets are
hard to find would seem questionable. Also if
these are selected members of successively higher
phonon states, there is the question of why one
does not see branching from states in this band to
other members of the next lower phonon multiplet
which are located in this third band and in the
yrast band in the quasiband picture. " In Figs. 3
and 5 one notes that in fact this band breaks up
into two bands, (9')-(7')-5' 3' and (6')-4'. The
staggering, however, is smaller than expected in
the quasi-y band where the 3' and 4' members,
5' and 6' members and so on are from the same
phonon multiplet and is more in line with the odd-
even staggering observed in y bands in well-de-
formed nuclei. Of course, Sakai's" quasi-y band
picture is not a pure phonon model but has large
anharmonicities so one can adjust the splittings.

Only M= 2 transitions are observed in this
third band, and where the mean lives are mea-
sured they are highly collective (see Table IV). If
equal B(E2) values are assumed, transitions such
as the (7')-(6'), (6')-6', 5'- 6', 5'-4', which
are allowed by phonon selection rules in that
picture, "should be but are not observed. The
upper limits for their intensities are much smaller
than the values predicted on the basis of equal

4.0-

3.0-
Energy
(teev)

2.0-
0

Se Quasi —gamma
States

'20 40 60

$($+ I)

80 100

FIG. 5. The level energies vs J(J+1) are plotted for
the 4J=1 positive parity band. Several candidates are
shown for the 2' member of this band.

B(E2) values without even considering that M= 0,
1 transitions between phonon states typically have
up to equal amounts of M1 radiation. Such low
intensities for all these 47=0, 1 transitions and
for 4J=2 band crossing ones compared to the very
collective M= 2 ones within the band along with
the observance of this band to the (9') member
underscores that this is a particularly stable,
very collective mode. Thus in terms of the energy
spacing and branching ratios this band looks more
like a true y vibrational band in a well-deformed
nucleus than a quasi-y, whose levels are members
of photon multiplets. In contrast to the skepticism
given Sakai's" proposal of quasi-y bands in 1967,
this band is now so well established as an import-
ant independent collective mode in this region that
the word quasi" may not be the best word to des-
cribe these bands.

In Fig. 6 we plot the excitation energies of the
yb and the npb as functions of J(J+ 1). In addition
the energies of the npb have been fitted to E =So
+AX(/+ I)+B[J'(8+I)]'. Both the plot and the fit
as shown in Fig. 6 indicate strong rotational be-
havior for the npb with very little stretching (i.e.,
B/A = —1.5 x 10 '). The large enhancements,
60-116, compared to single particle estimates
for the E2 transitions in this band indicate that
the levels are highly collective. Rotational struc-
ture for the npb band is further indicated in Fig.
7 where the moment of inertia vs (Sv)' is plotted
in the standard manner. " The near constancy of
the moment of inertia for the npb beginning at a
known 3 octupole state along with the highly
collective nature of the levels led us earlier to
suggest' that this was an octupole band. While
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(~3 ) (~4')

C9
EL
hJ

UJ

FIG. 6. The level ener-
gies vs J(J+1) are plotted
for the yrast and the nega-
tive parity bands. The
negative parity band is
fitted to E.=80+4J(J+1)
+BJ2(J+1)~ and the values
ofA and B are shown.

50 &00

J (J+))
150 200

this may still be the case, another interpretation
has emerged, " and it is clearly supported by the
npb observed" in nearby 7'Kr. Peker and Hamil-
ton" have suggested that a more fruitful way to
extract information from a band is to plot the
second differential function, &'E = E„—E, , as a
functi'on of the minimum spin in the three states
involved. Based on the rotational energy formula
derived for deformed nuclei, this function should
smoothly decrease with increasing spin. " Upward
jumps in &'E indicate something has interrupted
the normal sequence. For example in rare-earth
nuclei, when backbending of the moment of inertia
occurs from the crossing of two bands, there is a
sudden jump in & E similar to those seen in Fig. 8.
'There is a sharp upward rise in &'E for the npb
in "Se that reflects the small break between 3 and
5 as seen in Fig. 7. 'This break has led Peker
et al. ' to suggest that the earlier assignment' of
the npb as a pure octupole band may be too simple
and that the npb is complex with a band built on
the 3 octupole state crossed at the 5 level by
another band. 'This second npb, which crosses
at 5, they suggest is built on a rotation-aligned,
two particle 5 level with configuration (g,&„ f,&,),
(g &„p,&,), or (g,~„p,&,). If this is correct,
then the constancy of 4 in Fig. 7 for the npb is an
artifact of the crossing. In this picture the 5 spin
of the band head is then rotational-aligned to ro-
tational states with J'= 0, 2, '4. .. (with energy
spacing which track the ground rotational band
levels with these spins) to generate the band. In

support of this picture, a very similar negative-
parity band is seen" in ' Kr, but there the band
head is clearly 5 with a large energy gap to the

40

30
I)

C4

CU

20

&0—

0.2 0.3
(%~)~ (vev~)

0.4 0.5

FIG. 7. Moment of inertia plots for the yrast and nega-
tive parity bands in ~4Se. The lower dashed line is pro-
duced by subtracting 2 units of angufar momentum from
the total angular momentum for the negative parity band.
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3 state. Further support for the rotational-align-
ed model is found in the yb in neighboring nuclei
in this region as discussed below. Furthermore,
if the moment of inertia plot is revised to account
for the rotation-alignment nature of this band as
indicated in Fig. 7 where spins of 0, 2, 4, ... are
used in the rotational energy formula, the moment
of inertia of the npb behaves much like the upper
part of the yb. Note also that the break seen in
Fig. 7 between the (ll ) and (13 ) states disappears
in the rotation- alignment picture.

Now let us look at the even-parity yb. The curv-
es in Figs. 6 and 7 for the yb are typical of many
yrast bands in this mass region. In Fig. 7, the
moment of inertia does not show the sharp for-.
ward bend at low spin seen' in "Se, although there
is a smaller forward bend at the 10' state. If one
looks at &'E (Fig. 8) for the yb, however, two
jumps are observed; one around spin 2-4 and one
around spin 8-10. This figure suggests that two
band crossings have occured, although only one is
indicated in the moment of inertia plot. The low-
lying 0'& and 6', 8', 10', and 12' members of the
yb in "Se (Ref. 1, 2) have been interpreted in terms
of the coexistence of a near-spherical ground band
with aK=O rotational band built on a secondary
minimum at larger deformation in the potential
energy surface. Because of the similar low
energy and enhanced decay of the 0' excited state,
coexistence also has been suggested' in "Se. The
break at low spin in Fig. 8 gives added support to
the interpretation' that two bands have crossed at
low spin in "Se, as in "Se. Figure 9 shows how
one could construct a coexistence model with the
0', 8', and 10' and energies to find the energies
of the 2' and 4' members of the deformed band.
Here the 2' rotational and 2' vibrational states
could be mixed and one pushed up to 1269.1 keV

5344.0 (12') 5371 12+

4256.3 10+ 4256 10+

3198.4

3078.1

3107
0~2+ 3+ 4+ 6+

3198

,2231.4

2108.1
2275

and the other down to 634.8 keV as found experi-
mentally. The 4' rotational energy is also near
the 4' two-phonon energy predicted from an un-
preturbed one-phonon energy of 837 keV. If the
1363.2 keV 4' level is the 4' deformed state shifted
down, then without introducing any anharmonicity
which also could shift the vibrational 4' level, the
4' vibrational level should be shifted up if equal
mixing is assumed to about 1860 keV. The two
known nearby states at 1838.9 and 1884.3 have
spine of (2') and 3', however, and the 1657.5 keV
level which could be 4' seems too low. The only
other state definitely assigned as 4' in this region
is at 2108.1 keV, @nd it appears to be more
associated with the more Z-type vibrational band
discussed above. If this 4' state is considered as
the 4' vibrational state which has mixed with the
4' rotational one, then a large but not unreasonable
anharmonicity also has to be introduced. On the
other hand, it is possible that the 4' vibrational
state now mixed and shifted simply has not been
seen. 'The absence of some definite conclusion

72Se
~ —74S 200-

1884.2

1838.9
1657.5g
1363.2

1922 0+, 2+,4+

/ z~.
1550

125-

100"

75-

50"
I
I

I I I I

0+ 4+

Imin
~ I I

8+ 12+

l

l74S.
h E

1

I

1

Imin

100
3 7

FIG. 8. AE vs J . plots for the yrast bands in 7 ' Se
and the negative parity band in ~48e.

1269.1

854.2
634.8

2+

0 %837

'/ '
1067

854

A= 35.65
B = -0.0429

0+

0.0

EXP YIB ROT

FIG. 9. The figure shows how vibrational and r ta-
tional levels can be extracted from the experimental
levels of ~48e by assuming coexistence of spherical and
deformed states. The 0+, 8', and l0+ levels were used
to extract the A and B and therefore determine the posi-
tion of the unperturbed 2' and 4+ rotational states.
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about the energy of the second mixed vibrational-
rotational 4' state makes it difficult to proceed
further and apply the Gneuss-Greiner" approach
where one varies the potential energy surf ace
through many different variations to see which
reproduces the experimental data the best. If one
assumes that the 2108.1 keV, 4' level is the se-
cond member of a mixed 4' doublet, then the po-
tential energy surface is as shown in Fig. 10. The
spectrum is shown in Fig. 11 where only the 2', 0',
2'„4', 4'„and 6' experimental energies and the
B(E2) values shown were used in the fit. This
potential, Fig. 10, is soft to y deformation and
has only a somewhat weak second minimum along
the oblate axis at higher deformation. Unfortunate-
ly, the energy of the second 4' level is important
in determining which potential energy surface fits
the data. If this 4' energy was about 250 keV lower
as in "Se, and even dee'per minimum at large de-
formation should be seen. This only serves to
underscore that in a given nucleus you can be
misled in the Gneuss-Greiner approach by the
wrong choice of energy levels. Unless definite
assignments are available on a given nucleus, one
should be more concerned with the broad trends
predicted by the energy surfaces. Despite the
ambiguity in obtaining a potential surface for "Se,
Fig. 8 indicates that the yb in "Se and "Se are
similar with band crossings occurring at the
2'- 4' levels.

Finally, it is entirely possible, and indeed the
second break seen in Fig. 8 supports, that the yb
is crossed a second time around spins 8' to 10' by
still another band. In "Ge we have presented
strong evidence that the ground-state band is
broken off at 8' by two separate bands. " In the
rotation-aligned model, one is based on a neutron

0.5

04

0.3
2.2

0.2

o
O.l 0.2 0.3 0.4 0.5

Ao

FIG. 10. The potential energy surface (PES) for 74Se

showing spherical and triaxial minima.
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0.074 (4) 0.0278
+---——-3--—--(2+) 2+ ~P+

4+ 2+

6+~4+

2+'~ 0+

2+ ~2+
0+'~ 2+

0.080 (3)
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0.0954EO

X
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4J

tLj

4+
2' 0.0016 (8) 0.0025
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0+ p+

2'
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FIG. 11. The energy level fit produced from the PES
in Fig. 10. The level. s used in the fit are discussed in
t.he text.

(g,&,)' and one on a proton (g, &,)' configuration.
Such rotation-aligned bands are well established
in heavier nuclei such as Pd, Ba and the deformed
rare earths. '"" If this has occurred in ' Se also,
as indicated by the second jump in Fig. 8, then
depending on whether the 8'(g, &,)' state is above
or below the 8' member of the band it is crossing,
the 8' or 10' and higher states, are members of a
rotational-aligned band. In this case one has
e ssentially no possibility to quantitatively apply the
coexistence model since one does not have suffi-
cient levels to obtain the coefficients in the energy
expansions to obtain the unperturbed 2' and 4'
rotational energies as done above. It would also
be probable that above 10' these two bands would
have similar energy for equal spin states and
could mix at several spins. Finally, we also want
to point out that the anomalously low energy of the
first excited 0' state may be related to pairing
effects at the N =40 subshell closure as suggested
by Haderman and Rester" and not to being the
band head of a more well-deformed band.

In summary, from Fig. 8 it appears likely that
indeed there may be at least two crossing points
in the yb that would involve three different bands,
the lowest of which is built on a nearly spherical
ground state, the highest of which is most pro-
bably a rotation-aligned band, and the middle one
is more speculative but it may be one built on a
more strongly deformed shape from a second
minimum in the potential energy surface. It is
clear that each of these bands in the yrast line is
highly collective based on the large enhancements
of the E2 transitions out of these levels as shown
in Table IV. The possibility of mixing at many
different spins of these multiple bands could ex-
plain the differences in the moment of inertia plots
of Se and "Se. We plan to carry out calculations
in the rotation-aligned model" to see where one
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could expect these bands to be in ""~Se. It would
also be of interest to use the dynamic deformation
model of Kumar et a/."which has now been applied
with good success to the excited 0' states in" "Ge
Ref. 26. In "Se it seems that greater clarity
of the band structures may be occurred because
of better separation of the energies of like spin
states except at the 2' level. Clearly there is a
wealth of collective behavior going on, perhaps
related to a multitude of nuclear personalities, to

challenge more microscopic calculations in this
region.
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