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Rotational bands in the odd-odd nucleus "Re have been studied via the "Yb(' B,6n) and
' 'Ta(a, 5n) fusion-evaporation reactions. A completely new high-spin level scheme has been ob-
tained comprising four bI =1 bands and a AI =2 band. The EI =1 structures can be understood
from quasiparticle states in neighboring odd nuclei and the AI =2 band is interpreted as a new ex-
ample of a double decoupled sequence based on the decoupled h9&2 proton and a —' [521] neutron.
The different coupling schemes in a deformed doubly odd nucleus are discussed.

I. INTRODUCTION

Re has been studied as a part of a continued effort'
to obtain information on collective and single particle
phenomena in doubly odd nuclei. Prior to this work
only a few low spin states, populated through the elec-
tron capture decay of ' Os, were known in "Re (Ref.
2). In particular, the (1), 2.4 min ground state and a
(1)+ excited state at 20.2 keV were established. The part
of the spectrum populated in the present work has no
states in common with the previously known one and it
must be built on a hitherto unknown isomer at rather
low excitation energy.

In the course of the present investigation information
was also obtained on ' Re which corroborates recently
published data.

90' to the beam direction. It is indeed a very complex
spectrum. At 73 MeV the excitation energy of the corn-
pound nucleus is rather high and the number of open
channels is large. There is evidence at this bombarding
energy of in beam production of ' ' 'Re (7n, 6n, 5n)
(Refs. 2 and 4), ' ' 'W (p6n, p5n, p4n) (Ref. 2), and

Ta (through a5n and a4n reactions, respectively)
(Refs. 2 and 5). The isotopic assignment of lines to ' Re
was done on the basis of excitation functions, prior
knowledge of neighboring nuclei (in particular, ' ' 'Re)
(Refs. 2 and 4), and coincidences with Re x rays. The
study of the subsequent decay of ' Re to ' W shows
complete agreement with the published data.

One concludes that the population of ' Re goes
through its known (1) ground state. Table I gives y-
ray energies, y-ray and total transition intensities, and
a2 angular distribution coefficients for the cases where a
value could be extracted.

II. EXPERIMENTS

A self-supporting, =5.5 mg/cm thick foil of enriched
(=97%) ' Yb was the target for the ' Yb(' B,xn) reac-
tion. The ' B beam was delivered by the Brookhaven
National Laboratory MP7 tandem and an excitation
function was measured comprising the energies 45, 50,
55, 60, 65, 70, and 73 MeV. As a crosscheck, the reac-
tion ' 'Ta(a, 5n)' Re was measured at 55 MeV bombard-
ing energy at the Buenos Aires Synchrocyclotron.

A. Singles y-ray spectra

Singles y-ray spectra were taken with a Ge(Li) detec-
tor surrounded by a large NaI Compton suppressor an-
nulus. (Such a setup is well known nowadays to be cru-
cial for detailed spectroscopy in complex nuclei. ) Figure
1 shows such a y-ray spectrum at E(' B)=73 MeV and

B. Coincidence measurements

Conventional three parameter E~ -E~ -t
~ ~ coin-

~1 ~2 ~1~2
cidence data were taken, using on one side of the target
(90 and = 10 cm distance to the beam) the Compton
suppressed Ge(Li) detector and on the other (90' and =2
cm) an intrinsic Ge counter of = 15% efficiency, and
stored event by event on magnetic tape. Extensive off-
line sorting of these data enabled us to construct a rath-
er complex and completely new level scheme to be dis-
cussed in the next section. Figures 2 —4 show illustrative
gated spectra. Figures 2 and 3 correspond to gates set
both on the energy of a certain y ray (as indicated) and
the time dimension [the inset on each spectrum shows
qualitatively the location of the time window on a sym-
bolic time to amplitude converter (TAC) curve]. The
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FIG. 1. Singles y-ray spectrum from the ' Yb(' B,xnypza) reaction. Lines labeled by their energies are identified as transitions
in ' Re.

TAC range was 400 ns and the prompt curve (full width
at half maximum =15 ns) was placed symmetrically us-
ing a 200 ns delay between start and stop detector.
Since the start signals were derived from the gating
detector a window on the left-hand (right-hand) side of
the prompt TAC curve means events in the displayed
detector coming "early" ("late" ) with respect to the gat-
ing y ray. For instance, at the bottom of Fig. 2 we see
that the 120.4 and 134.3 keV (also 263.3 and 276. 1 keV)
lines temporally precede the 246.0 keV gating line.
Displaying the time distributions (TAC curves) of partic-
ular y rays against the others led to the establishment of
three different isomeric levels (see next section). Figure
4 corresponds to three gated spectra with no further tim-
ing requirement (i.e. , the full range of 400 ns in the TAC
is accepted), since there is no lifetime involved in the
cascade to which these y rays belong. Random coin-
cidences, monitored through the target x-ray intensity,
which is very large in singles, were negligible.

III. LEVEL SCHEME

The completely new level scheme obtained in the
present work is shown in Fig. 5. There is no overlap or
connection between the transitions identified here and
the few previously known low spin states. Since our de-
cay measurements coincide with the published data for
the (1) ground state, we are forced to think that our
"effective" (5+) ground state (see below) cascades down
through possibly highly converted (and perhaps isomer-
ic) low energy transitions. Its excitation energy remains
undetermined ( & 150 keV).

The level scheme of Fig. 5 follows from a joint con-
sideration of all the available information, which in-
cludes singles y-ray intensities, angular distributions,
and a careful quantitative evaluation of coincidence in-
tensities (prompt as well as delayed).

The new level scheme proposed in the present work
comprises four AI=1 cascades and a AI =2 cascade.
Since there is no direct information about the state on
which the whole scheme is built, the assignment of spin
parities appears to be a difficult task which will have to
rely on more theoretical considerations (see next sec-
tion). Here we shall restrict ourselves to the construc-
tion of the scheme from the mutual relations among the
states as implied by the experimental information.

We shall start discussing the band at the right-hand
side of Fig. 5, which starts at 259.7 keV.

Gates on one of the strongest members of this band (B
band), i.e., the 176.4 keV y ray, are shown in Fig. 2.
The prompt coincidences (top spectrum) show mainly
the upper members of the band [i.e., 210.1, 237.2, 261.0,
282.5, and 300.8 keV (bI =1) and the crossover 447.5,
498.7, 543.9, and 583.7 keV transitions]. There is, in ad-
dition, the strong 134.3 keV line in prompt coincidence
with the gating transition which possibly is the first
member of this cascade. Additional evidence to support
this association comes from the existence of the weak
311.0 keV crossover (134.3+ 176.4=310.7 keV). [How-
ever, there 'is an alternative interpretation which is, as
will become clear in the next section, also consistent
with the picture of ' Re we shall construct. Namely,
there is an I =9 band in ' Re (see Fig. 6 of Ref. 3)
which is very similar to the portion of the B band start-
ing at 394.0 keV. Both the AI =1 as well as the AI =2
crossover transitions are indeed very similar in energy
for both nuclei, suggesting equal structure. ] This gate
(the 134.3 keV) is contaminated with the 177.1 keV line
of ' 'Re (Ref. 4), which accounts for the 118.1, 148.5,
and 202.7 keV transitions. [Incidentally, it is worth
mentioning that the time calibration was checked with
the 144.7 keV line of T, &2

——156 ns in ' 'Re (Ref. 4).]
The second spectrum from above in Fig. 2 shows three
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lines which come temporally after the gate, namely the
78.6, 92.3, and 121.1 keV y rays. This clearly defines an
isomeric level in between. It turns out that the isomeric
transitions are the 78.6 and the 121.1 keV lines, which

depopulate a state of T»z ——78+9 ns. [That the proper
ordering for the 121.1 and 92.3 keV lines is the one
shown is substantiated by the prompt coincidence be-
tween the 92.3 keV line and others (like the 246.0 keV
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FIG. 2. Coincidence spectra gated by the 176.4 and 246.0
keV transitions. The top and second from below spectra corre-
spond to prompt coincidences. Time gates were set on the
TAC curves as indicated by the dashed windows. Windows to
the left (right) of the prompt curve correspond to events com-
ing "early" ("late" ) with respect to the gating transition.
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FIG. 3. Coincidence spectra gated by the 134.3 and 92.3
keV transitions corresponding to various timing conditions.
denotes transitions in '" Hf. They appear because the 92.3 keV
gate comprises the 93.2 keV, 2+~0+ transition in ' Hf com-
ing from the decay of ' Ta.
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TABLE I. y-ray energies' and intensities, total transition intensities according to assigned multipo-

larity (see text), and angular distribution coefficient a ~ for ' Re from the ' Yb(' 8,6n) reaction at 73
MeV.

E
(keV)

42.3
46.3
78.6
92.3

120.4
121.1
134.3'
134.3g

134.3
141.5
149.5
176.4
182.1

191.1'
208.9
210.1

220.5

228.7
237.2
237.6"
246.0
261.0'
261.4'
263.3
275.4'
276.1'
282.5

286.6
290.1

r,
(arb. units)

36(7)
50(25)
33(4)

100(10)
118(20)
319(44)
92(13)'

176(27)'
81(12)'
8(2)

61(12)
134(22)
43(4)
44( 13 )

127(19)
105(14)
18(4)
96(16)
62(10)

(25
85(8)
47(6)'
58(9)'
58(11)
38(8)'
50( 13)'
36(7)
27(6)
38(8)

IT
(arb. units)

56(11)
76(38)
6(1)

100(10)
18(3)
50(7)
40(6)
26(4)
26(4)

1.2(2)
21(4)
37(6)
11(1)
7(2)

27(4)
22(3)

3.6(8)
18(3)
11(2)

(3
lS(2)
8(1)

10(2)
10(2)

6( 1 )

8(2)
6( 1 )

3.5(7)
6(1)

Multipolarity

Ml
Ml
El
Ml
El
El
Ml
El
E2
El
Ml
Ml
Ml
E2
Ml
Ml
Ml
Ml
Ml

Ml
Ml
Ml
Ml
Ml
Ml
Ml

a2

—0.7(2)
D
D

—0.4(2)

D
—0.31( 16)

—0.3(1)

D

line; see second spectrum from below in Fig. 2).]
The third spectrum from above in Fig. 2 shows that

there are also lines which temporally precede the 176.4
keV transition, indicating the existence of a second
isomeric state feeding into this band.

There is another cascade (A band) in parallel to the
one discussed above and which is based on a state at
180.9 keV. A representative member is the 246.0 keV
transition, and we show two spectra gated by this line
with two different temporal conditions. The prompt
spectrum shows mainly the band members (this band
character is underlined by the presence of all the cross-
over transitions, the smoothly increasing transition ener-

gy, and the angular distribution data): 208.9, 228.7,
261.4, and 275.4 keV lines (AI =1), and out of band
transitions (mainly 677.5, 416.5, and 141.5 keV lines)
connecting this structure with the higher lying isomeric
state. The transitions feeding this isomeric state (at
1542.1 keV) are again seen in the bottom spectrum of
Fig. 2. These include prominently a 134.3 keV y ray.
The establishment of the present level scheme was con-
siderably complicated by the fact that the 134.3 keV line
is triple (and unresolved within our experimental energy
resolution). That there are at least two lines of 134.3

keV is clearly shown in the third spectrum from above
in Fig. 3. The 134.3 keV line shows up in a spectrum
gated by its very same energy. An indication of the
third 134.3 keV transition comes from a quantitative
consideration of the intensity of this y ray in prompt
and delayed coincidence with the members of the
band. There is systematically more intensity of the
134.3 keV y ray in the prompt gate than in the gates
with the TAC window on the left-hand side of the
prompt curve (events coming "early" ) (compare the two
gates in coincidence with the 246.0 keV line on Fig. 2).
In addition, there is a 42.3 keV y ray in prompt coin-
cidence with the members of the 3 band and with the
92.3 keV line. In fact, the third 134.3 keV line is the
crossover for the 42.3 and 92.3 keV transitions.

The second spectrum from above in Fig. 3 shows
again that the upper lying isomer feeds both A (more
strongly) and 8 bands. The lifetime of the isomer is
determined to be 67+9 ns.

The spectrum in prompt coincidence with the 134.3
keV y ray (top of Fig. 3) shows, on one hand, lines be-
longing to the 2 and B bands and, on the other, lines on
top of the upper isomer. Among these there is a strong
120.4 keV line (El because of intensity balance con-
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TABLE I. (Continued).

E
(keV)

297.8
300.8
307.5
311.0
386.1'
386.4"
416.5
437.6
447.5
465.6
474.6
498.7
507.5
514.6
524.4
536.2
539.1

543.9
567.0
583.7
597.5
677.5
724.6
760.7

I~
(arb. units)

38(11)
19(4)
24(4)
28(4)
49(10)'
29(7)'
61(12)
18(3)
42(8)
19(5)
30(5)
24(4)
30(5)
12(4)
25(5)
25(3)
9(2)

30(6)
25(4)
8(1.6)

24(5)
73(8)
47( 8)
18(4)

IT.
(arb. units)

5(2)
3.0(6)
3.8(7)
4.0(6)
6(1)
4(1)
8(1.6)
2.2(4)
5(1)
2.5(7)
3.8(6)
3.0(5)
3.8(6)
1.5(5)
3.2(6)
3.2(4)
1.2(3)
3.8(8)
3.2(5)
1.0(2)
3.0(6)
9(1)
6(1)
2.4(5 )

Multipolarity

E2
M1
M1
E2
E2
E2
E1
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
M2

0.56( 14)

0.3( 1 )

0.7(2)

0.24(2)

0.37(7)

0.52( 14)

'Energies to within 0.1 —0.3 keV.
Contaminated with ' 'Hf, which has been discounted.

'Contaminated with ' 'Re, which has been discounted.
The symbol D means a2 & 0 but very large uncertainty.

'Several energies and intensities have been determined from coincidence spectra.
(9 )~(8 ) transition.
(14+ )~(13 ) transition.

"Upper limits for intensity.

siderations and fortunately resolved from the lower lying
121.1 keV y ray) and other transitions (263.3, 276. 1,
290.1, and 307.5 keV and the corresponding crossovers)
which order themselves as a band (C band).

Singles as well as coincidence intensity considerations
suggest that the two low lying 134.3 keV y rays are most
likely Ml (for the B band member) and E2, and El for
the upper lying. The 121.1 keV y ray is El (like the
78.6 keV member), both because of the lifetime of the
state it depopulates and because of intensity balance con-
siderations. Its anisotropy being negative leaves us with
one unit of spin less for the I of the state at 138.6 keV.
The 92.3 keV line is Ml or E2 (equal internal conversion
at this energy), but its negative anisotropy favors
Ml/E2, AI =1, again bringing the spin down one unit.

Moving to the left in Fig. 5, we find a weakly popu-
lated band based on the state at 138.6 keV (D band).

Another point to be mentioned is the existence of the
46.3 keV y ray coming delayed with respect to the rest
of the level scheme (in particular, clearly in delayed but
not in prompt coincidence with the 121.1 keV line).
This establishes an isomeric level (of 66+20 ns) at 46.3

keV on which the rest of the scheme is built (because of
intensity balance the 46.3 keV y ray is most likely Ml).

Summarizing, we may say that if the spin parity of the
effective ground state is Io, the most likely choices for
the I 's of the bandhead states of the A, B, and D bands
are (Io + 3 ), (Io + 3), and (Io +2), respectively.
Moving up through the B and especially the 3 band,
one obtains (ID+8) for the isomeric state at 1542.1

keV and, consequently, (Io+ 10) for the bandhead
state of the C band.

An additional feature of the level scheme is shown at
the far left of Fig. 5, which displays a crossoverless band
composed most likely of a hI =2 sequence. Spectra gat-
ed by lines of this cascade are shown in Fig. 4. The
191.1 keV gated spectrum is contaminated with the
191.7 keV, —", ~—", transition of ' 'Re (Ref. 4). The
297.8 keV gated spectrum is pure, clearly showing the
whole cascade and, finally, the 386.4 keV gated spectrum
is again contaminated by the 386.0 keV —", ~ —", tran-
sition in ' 'Re (Ref. 4) and the 386. 1 keV crossover in
180R
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The spin-parity assignments in this band are tentative-
ly made on purely theoretical grounds to be discussed
below. Table II gives the quantitative evaluation of
coincidence intensity data for this last band to illustrate
the general procedure.

IV. STRUCTURE OF THE LEVELS

A erst approximation to the excitation spectra of de-
formed odd-odd nuclei can be obtained by coupling
single-quasiproton and quasineutron states of neighbor-

~j j(t) A(I ('g~A~
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CHANNEL NUMBER

FICx. 4. Coincidence spectra gated by the 191.1, 297.8, and
386.4 keV transitions. The 191.1 and 386.4 keV gates are con-
taminated by lines of '"Re. BSCT indicates a backscattering
effect.

ing odd-mass nuclei. This coupling is normally additive
for excitation energy as well as for the projection quan-
tum number K. (Exceptions to this rule appear when
decoupled states are involved; see below. ) Each pair of
states characterized by Q,„and A„produces two in the
doubly odd spectrum, namely K& =

~

0 +Q„~ . These
two states are possibly split by the residual proton-
neutron (p-n) force according to the Gallagher-
Moszkowski coupling rules.

Figures 6, 7, and 8 show the systematics of single
quasiparticle states in neighboring odd Z, Re and odd N,
W and Os isotopes, respectively. Only states of up to
approximately 500 keV have been included. Particlelike
(holelike) excitations are drawn as having positive (nega-
tive) energies.

The quasiparticle energies corresponding to ' Re
(N =105, Z =75) have been obtained by linear interpo-
lation of the values of neighboring odd mass nuclei. The
proton single particle level energies are obtained from

Re (N =104) and ' 'Re (N =106) and the neutron
ones from ' W (Z =74) and ' 'Os (Z =—76). Using these
values a zero order level scheme for ' Re can be con-
structed. Table III shows the results of such a pro-
cedure in the form of a matrix whose axes are the p and
n states. Each entry gives the two values
K& =

~

Q„+0,
~

(the one underlined corresponds to the
state with proton and neutron intrinsic spins aligned)
and the zero order energy (no p-n interaction con-
sidered).

The predicted ground state is a 1 state. This coin-
cides with the data known from radioactive decay stud-
ies. This ' Re isomer has, in fact, been classified as
the aligned coupling of the Nilsson orbitals 5.—,'+[402]
and v —', [514], while a 1+ state, at 20 keV, is describ-
able as m. —', [514]+v—', [514] (also aligned coupling).
The energy of the 1+ level is found to be much lower
than predicted (see Table III). This shows that shifts in
excitation energies of about 150 keV, with respect to es-
timates, can easily be expected. This also coincides with
an average value for the Gallagher-Moszkowski split-
ting. ''

How can we proceed now in front of a complex level
scheme in which the spin parity of its "effective" ground
state is unknown? The key to an understanding of the
structure of the ' Re (and other deformed doubly odd
nuclei as well) is the examination of its band structure.
There are two quantities attached to a band which we
shall exploit to characterize a given structure. One is
the E value and the other is the moment of inertia 2/A

TABLE II. Total transition coincidence intensities for the AI =2 cascade.

Crating
energy
(keV)

191.1
297.8
386.4

191.1

14.5( 15)
11(1)

297.8

7.3(9)

386.4

5.6( 8)
8(1)

465.6

3.7(9)
'

5.7(9)
7.9( 15)

Displayed energy (keV)

514.6

2.3(6)
4.9(9)
5.0( 15)

'Assumed multipolarity is E2.
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quasiparticle levels in odd Re isotopes (Refs. 2, 4, and 13).
Horizontal dashed lines are levels of uncertain excitation ener- FIG. 7. Neutron number dependence of neutron single

quasiparticle levels in odd W isotopes (Refs. 2 and 14).
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105 1O?

FIG. 8. Neutron number dependence of neutron single
quasiparticle levels in odd Os isotopes (Ref. 2).

(measured in units of MeV ').
For a band of constant 2 and given K, the ratio x of

the first two consecutive transition energies is
(K+2)/(K+ I ). For large K values, x approaches 1

monotonically and its value is 2 for K =0. This expres-
sion can be inverted to give K =(2—x)/(x —1) (this
quantity shall be denoted K i ). On the other hand, if K
is known, it is possible to extract the moment of inertia
from just the first transition energy through

J'"/A2=(K+1)/[E(K+1) E(K)] . —

This procedure works well for intrinsic excitations

(K&—, ) with negligible Coriolis mixing, as can be seen in
Table IV, where K and 2 have been extracted for bands
in neighboring odd-mass nuclei.

As an example,
' let us discuss the Fr ', [—514] band in

Re. We get K& ——4.75 and J""'/A' =33.23 MeV ' (see
Table IV). For this kind of band, which we shall call
normal, E& is usually slightly larger than K because the
moment of inertia increases with I. [For instance, if we
calculate the energy of the second transition,
E(K+2) E(K—+1), using JI "/fi we get 195.6 versus
194.3 keV measured. ] The nonrigidity can be taken
into account, but for the moment, to keep the discussion
as simple as possible, it is neglected.

There are, however, other types of bands for which
this procedure fails. In odd neutron nuclei (W and Os)
we find —,

' [521] and strongly Coriolis distorted —', +[624]
(i»&2 parentage) bands. Signature dependent effects re-
lated to significant decoupling parameters split these
bands into two b,I =2 sequences [the signature may be
defined as ( —1) ]. In odd proton nuclei (Re), on the oth-
er hand, one finds decoupled' —,

' [541] (h 9&& parentage')
bands. Hence, one may try to apply similar procedures
to those discussed above for EI =1 bands, but now for
the EI =2 cascades.

A K value (denoted K2) is obtained in this case from
the ratio

[E(K +4) E(K +2)]/[—E (K + 2) E(K)]—
=(2K +7)/(2K +3),

of the two lowest AI =2 transitions through
Kz ———,'(7 —3x)/(x —1). A moment of inertia is calculat-
ed using

TABLE III. Zeroth-order approximation to the spectrum of "Re.'

vQ [Nn, A]
E

(MeV)

5A[Nn 3A] =. —,
'+ [402]

E
(Me V) 0

—,'-[514]
=0.156

( —,
' [541])

0.211

[514]
0

2 [521]
=0.136

1,6

2 3

0.136

1+ 8+

0.156

4+ 5+

0.292

3+ 4+

0.211

5+

0.347

-,'+[624]
0.208

2+ 7+

0.208

0,9

0.364

4, 5

0.419

2 [512]'

—'+[633]'

0,5

, + 6+ 1,8

2+ 3+

3,4

'Each entry in the table gives the two possible values KE,K& =
~

0 +0,
~

and the excitation energy
of the state. The one underlined corresponds to the state with proton and neutron intrinsic spins
aligned.
The energy of this orbital has been taken as zero in ' 'Os.

'Since the —' [512] and —+[633] orbitals are unknown in ' 'Os, the interpolation procedure described
in the text cannot be used and these excitation energies remain undetermined.
This is a lower limit for the energy of the — [514] orbital since its exact position in ' Re is un-

known.
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TABLE IV. K values and moments of inertia (see text) extracted from bands in A =180 odd-mass
and even-even nuclei (Ref. 2).

Nucleus

'"Re

Q [Nn, A]

—', +[402]

—,'-[s41]
[514]

K,

2.89

4.75

1.38

g/A (Me V ')

28.27

34.16'

33.23

62/A (Me V ')

—0.06

5.83

4.90

181R -'+[402]

—,'-[s41]
[514]

2.87

5.00

1.10b

29.64

33.36'

33.48

0.70

4.42

4.54

183R

179~

181O

—'+ [402]
[541]
[514]

2 [514]
—'+ [633]'
—+ [624]
5 [512]

[521]

7 [514)
—,'+[624]

2 [514]
9 + [624]

[521]

2.70

4.74

3.84

1.00

3.39

3.62

3.96
—0.01

0.81b

1.16

0 13b

3.67

1.63

009

30.58

32.71'

32.80

37.52

33.29'

34.57

33.76'

37.72

41.15'

36.44

28.09'

31.03'

0.61

2.74

2.83

9.19

4.96

6.24

5.43

8.78

12.21

13.68

5.33

8.27

183O -'+[624] 2.64 2.76 38.83' 15.23

178~ 0+ 28.33

180~ p+ 28.94

182~ 0+ 29.97

180O

182O

0+

p+

22.76

23.60

'No reliable parameters can be extracted for this very distorted structure (Ref. 2).
This quantity is R0 (see text).

'Corresponds to 2' '/A' (see text).

J'2'/&2=(2K2+3)/[E(K +2) E(K)] . —

(For the —,
' [541] proton and —,

' [521] neutron decou-
pled bands, ' K2 coincides with the value Ro defined
below. For these bands R, the collective spin, rather
than K, is the good quantum number. ) The distorted
—,'+[624] bands have transition energies which are quite
compressed, as compared to a normal situation due to
strong Coriolis mixing, giving small Ez values which
reflect the admixture to other orbitals with lower K. (If
K would be used to calculate J' ', one would obtain un-
reasonably large values. ) Table IV, column 6, also lists
the deviation of the moment of inertia in a given odd-
mass nucleus with respect to J' in the core nucleus,

which has one proton or one neutron less [J is obtained
in the even-even cores through 3/E(2+)].

We must now combine the information on odd pro-
tons and neutrons in order to understand the structure
of doubly odd nuclei. As we shall see, a wealth of
different coupling schemes will appear.

The most simple one is the combination of two normal
bands which gives again a normal behavior [it follows
the I(I +1) law]. In this case we expect additivity in
both K, (K, =K, +K, ) and J " [i.e., J'"'(odd-
odd) =S(even-even) + 52" (odd m) + 5J"'(odd v); with
5J'"'(odd m, v)= J"'(odd m. , v) —J(even-even)]. We shall
adopt the following association: To describe ' Re we
take values from ' Re, ' W, and ' W. Other, more so-
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TABLE V. Experimental and calculated K values and moments of inertia for " '" Re (Ref. 3).

Nucleus

180R

182R

K]

(6+)

(7+)

(8+)

(8 )

(9 )

(13 )

0.61

3.59

9.55

2.19

4.23

1.51

3.06

5.36

(5+) 2.08

7+ 3.94

5.61

1.69

1.92

4.64

6.12

1.67

2.06

(15 ) 19.57 16.96

Identification

—,
' ' [402]~ —,'' [633]
—,
' '[402]~ —,''[624]

[514]~ -,'[514)
[514]~ -,''[633]
[514]~ —,''[624]
[514]4- (

—', [514]
[521)~ —,

' '[624] )

[514]~ ( —,
' [514]

[512]~ —,''[624])
[541]i —,

' [521]

—,
' + [402]~ —,

'+ [624]

[541]~ —,''[624]
—', + [402]——', + [624]

[541]—9 +[624]

K calc

3.89

8.59

5.91

9.72

13.21

1.51

6.54

8.62

0.75

2.52

gexpt yp2

(MeV ')

30.70'

43.08

29.35

35 53

60.77

37.49'

36.17

38 97

48.07

38.10

gcalc yg2

(Me V ')

33.23

42.42

38.19

52.81

53.62

39.59

41.85

45.69

41.85

45.57

'Corresponds to (2K, + 3)/[E (K +2) E(K) ] since —Kz cannot be calculated.
Corresponds to 2' '/A' (see text).

'Corresponds to (2R0+ 3)/[E (Ra+ 2) E(R o )]. —

phisticated, procedures can be imagined (like various
averagings), but the results are qualitatively similar.
From Table III we see that a good candidate for such a
structure is the low lying 8+, m. —', [514]+v —,'[514]
state. Among the low lying bands in ' Re the most nor-
mal "looking" is the A band. (The difference between
consecutive transition energies, a quantity related to the
inverse of the moment of inertia, stays, relatively speak-
ing, more constant in this band than in others. ) By the
procedures described above, one obtains K, =9.55
versus a calculated value of 8.59 (see Table V). If one
assumes K =8, J"'/A' has the value 43.08 versus 42.42
MeV ' calculated (from the data in Table IV), giving a
striking agreement. With the experimental value of J'"
one obtains 232. 1 versus 228.7 keV for the second cas-
cade transition.

Once a single spin parity is adopted, the rest of the as-
signments follow, as discussed in the preceding sections.
For instance, the D bandhead state (at 138.6 keV) has
I"=(7+). It is interesting to note that the transition en-
ergies of this weakly populated band are similar to the
ones in the 7+ band reported in ' Re (Ref. 3) (namely
154.1 and 185.3 keV) and interpreted as based on the
5 —,

' + [402]+v —,
' + [624] configuration. In fact, as seen

from Table III, this configuration lies quite low in ener-
gy and its inversion with respect to the 8+
(Fr ', [514]+v —,

' [5—14]) band may be due to the p-n
force since its intrinsic spins are aligned. Table V shows
that the extracted K& (Kz cannot be calculated because
of a lack of sufficient information) is significantly lower
than 7. This is certainly related to the presence of the
—,'+[624] neutron in its structure. As already discussed,
the neutron band labeled —,'+[624] (Ref. 2) is strongly

distorted due to Coriolis admixtures, primarily with the
—', +[633] orbital, which is much lower in ' W than in
' 'W. [These bands are complicated because the collec-
tive and intrinsic energies are not separated, they do not
follow the I(I +1) law, and the intrinsic state changes
rapidly along the band; the extraction of parameters
from these bands is not reliable. ] This circumstance will
cause a strong mixing between the K =7+ (m —,'+[402]
+v —,'+ [624]) and K =6+ (5—', + [402]+v —',

+ [633])
configurations, bringing the 7+ band energies down with
respect to their unperturbed positions. It may even be
that the 6+ state at 46.3 keV and, consequently, the 92.3
keV transition belong to this system of states. The fact
that the 6+ state cannot be affected by the above men-
tioned mixing may explain the smallness of the 92.3 keV
transition energy as compared to 149.5 keV. A similar
situation seems to repeat itself in the B band. As al-
ready mentioned, the portion of this band starting at
394.0 keV is very similar to the I =9 band in ' Re
(Ref. 3). Again here, the two configurations, K =8
(5—,'[514]+7—,'+[633]) and K =9 (~—,'[514]
+v —,

'+ [624]), must be strongly admixed and the
(9 )~(8 ) transition (134.3 keV) is smaller than one
would expect from the (10 )~(9 ) transition. Table V
also shows that for this case both the K, and Kz values
are much smaller than E. We may call this kind of dis-
tortion compression, and we note that the additivity
properties of K and J are not so well fulfilled (see also

Re in Table V). This is a coupling involving a particle
(in this case a proton) which is strongly attached to the
symmetry axis and another which tends to decouple.
This kind of structure is different from the one called
semidecoupled"" in which one of the particles is com-
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pletely decoupled and the other is like the neutron in the
previous case (i.e., a high j particle in an orbit with K
significantly larger than —,'). In this last case the Coriolis
staggering of the nondecoupled particle is transmitted to
the semidecoupled band in the odd-odd nucleus while
the other particle is more or less an inert spectator.

We turn now to the high lying isomer at 1542.1 keV,
which most likely has I =13 . With this spin value it
has to be a four-quasiparticle state and its excitation en-
ergy is consistent with the energy required to break a
pair in a blocked system. A good candidate for its
configuration is Fr ,'[51—4]+v( —', [514]+—,

' [521]
+ —,

'+ [624]), K = 13 . We may visualize this as the
coupling of the 8 band to a pair of neutrons originally
from the —,

' [521] level (this orbit is the lowest below the
Fermi surface as can be seen in Figs. 7 and 8), where one
of them jumps into the —,'+[624] orbit (first above the
Fermi level).

The C bandhead state has most likely I =15, which
can be understood in a similar way as ~—', [514]
+v( —,'[514]+—,

' [512]+—,'+[624]), K =15 (the
[512] is the second lowest below the Fermi surface).

If this is accepted, and 2 is calculated from the first
transition of 263.3 keV, the second transition is calculat-
ed to be 279.7 versus 276. 1 keV measured. In spite of
the assumed participation in this structure of the
—', +[624] neutron, its behavior is rather normal. The cal-
culated E] and E2 values are fairly high. The value of
2'" (see Table V) is =2. 15 times larger than J' of the
core nucleus ' W, which may be due principally to re-
duced pairing and perhaps larger deformation. The re-
duced pairing may contribute significantly to reduce the
coupling between the —,'+[624] (above Fermi level) to the
lower K components of the i]3/2 parentage Nilsson mul-
tiplet (below Fermi level). Certainly, here, additivity is
not expected since the building blocks cannot reflect the
structural changes occurring in the composite system.

The last feature to be discussed is the possible struc-
ture of the (5+), b,I =2 band. We suggest that it is the
analog of the double decoupled structure reported in

Ir (Ref. 1) built from the decoupled —', proton
band ( —,

' [541] as the main component) and the —,
' [521]

neutron (which generates highly distorted 0„=—,
' bands

because of its decoupling parameter near unity). Angu-
lar momenta are added here along a direction perpendic-
ular to the symmetry axis (the R direction), while K
values are essentially zero. The additivity for Ro (see
below) and J holds well in this case (see Table V).

In order to further explore this possibility, an analysis

3—
179Re

ip (&h I& )

179W
i„(4/ &5213)

I

50
]

100
l I

150 200 250 300

h~ (keV)

FIG. 9. Alignment i (in units of A) as a function of rotation-
al frequency (h'co) for three bI =2 sequences in ' W( —' [521]),

Re(h9~z( —,
' [541])),and "Re.

is fulfilled only in a qualitative way. The alignment in
the ' Re (5+) band is somewhat larger than in the h9&z
band (but less than i„+i ), while the frequency depen-
dence resembles that for the —,

' [521] band in ' W.
The AI =2 character of this band can be supported by

an analysis of the same kind as that performed in Ref. 1

for ' Ir. The energy spacings along this band are typi-
cal of hI =2 transitions (comparable to those of the

of alignments ' has been made. The alignment i has
been extracted for the h9&2 band in ' Re (Ref. 13), the

[521] band in ' W (Ref. 14), and the AI =2 band in
Re (under the assumption of I =5+ for the bandhead

state) by referring all three of these structures to the
ground state band of ' W. The collective angular
momentum R + —,

' in this ground state band is represent-
ed by R+ —,'=(Jo+ J,co )co, with Jolt& =27.9 MeV
and J, /A' = 111.0 MeV . (Here the rigid rotor
simplification has been dropped. )

The alignment for the odd and doubly odd nuclei is
then obtained by subtracting from the component of the
total angular momentum along the rotation axis,
I = [(I+ —,

'
) —K ]'~, the collective contribution, name-

ly i =I —(R + —,').
Figure 9 shows the results of such an analysis. One

may say that the relation

i„+ (5+)=i„(—,
' [521])+i (h9q~)

TABLE VI. Experimental and calculated ratios RI ——(,Ei —E5 )/(,E7 —E5 ) and R~ =El /E + for the
(5+) band and the ground state band in "Re and ' 'W, respectively (see text).

11
13
15

180R

R exptI

4.58
7.02
9.71

R calc
I

4.68
7.35

10.58

6
8

10

178~

R exptI

6.55
10.77
15.71

R calcI

7.00
12.00
18.33
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TABLE VII. Different coupling schemes in a deformed doubly odd nucleus.

normal,
pure K,
AI =1

normal,
pure I(,
EI =1

normal,
pure K,
AI =1

Coriolis distorted,
high j, AI =1, staggered

compressed,
AI =1

decoupled,
AI =2

nondistorted, '
AI =1

Coriolis
distorted,

high j,
AI =1,

staggered

decoupled,
AI =2

compressed,
AI =1

semidecoupled,
AI =1, staggered

doubly decoupled,
AI =2

'The transition energies in the doubly odd nucleus resemble the ones in the normal band of the odd
nucleus. The decoupled particle acts as a spectator.
See Refs. 11 and 12.

crossover transitions in the bI = 1 bands) and cannot be
reproduced to any acceptable precision by a EI = 1

structure. These energy spacings increase very rapidly,
in sharp contrast to the slow increment in transition en-
ergy along the b,I =1 bands in this nucleus (typical of
high K bands).

We assume that the (5+) state has R &&0 for the ex-
pectation value of the collective angular momentum,
which increases in steps of two units along the band and
that the level energies follow an R (R +1) law. Ro and
the rotational constant A =A' /2J can be deduced from
the two first transition energies and used, in turn, to pre-
dict the upper ones. One obtains R o =2.08 A and
A =13.34 keV (compare with Table V). The predicted
ratios Rz ——(Ez E5 ) l(E7 E—

5 ) are compared —to the ex-
perimental values in Table VI and the agreement is sug-
gestive. Similar ratios are also given for ' W, showing a
larger deviation from the asymptotic limit than the
values for ' Re.

These results (and general theoretical considerations,
more fully explained in Ref. 1, about the conditions for
appearance of BI =2 bands in odd-odd nuclei) form the
basis for the present interpretation. This subject is being
further explored in more neutron deficient Re isotopes,
where the double decoupled structure should come very
close to the ground state on account of the neutron
number variation of proton and neutron quasiparticle
levels.

Table VII gives a summary of the different coupling
schemes and their main features discussed in the present
section.

V. CONCLUSIONS
A completely new high-spin level scheme has been ob-

tained for ' Re comprising essentially five rotational se-
quences.

A good description has been obtained for the low-
lying intrinsic states resorting to the available single-
quasiparticle information in neighboring odd proton and
neutron nuclei.

In particular, a crossover free cascade is tentatively in-
terpreted as a new example of a double decoupled band
originally described in Ir

The different coupling schemes which may arise in a
deformed doubly odd nucleus are discussed. For normal
(pure K, bI =1) and doubly decoupled (b,I =2) struc-
tures a good additivity is found for K (or Ro) and J.
They follow, respectively, the I (I + 1) or R (R + 1) laws.
The other intermediate cases are more irregular and do
not respond to such simple rules.

Note added. In fact, these structures have also been
detected' in ' ' Re during the revision of the present
work. Also in the process of revision, we learned about
another investigation concerning ' Re (Ref. 16). The
main disagreement is that these authors base their
scheme on the known (2)+ state at 74.6 keV, something
which is incompatible with our results.
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