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The ' Tm(' 0,4n )' 'Ir reaction has been employed to investigate the high spin states of ' 'Ir using in-

beam y spectroscopy. A well-developed system of levels built on the h9/2 subshell was identified up to a
maximum spin of ( —). Two rotational bands built on the isomeric states with ~&/2=0. 33 ps
(E„=289.2 keV) and 0.13 ps (E„=366.2 keV), respectively, were observed. The deduced g& values of
1.19+0.11 and 1.50+0. 12 indicate Nilsson assignments of 9 [514] and —'+[402], respectively, for the

bandheads of these bands. A high spin (I ~ '2 ) isomer with ~&/2=22 ns was found at an excitation ener-

gy above 1.96 MeV. The experimental results are discussed in terms of rotational models including
Coriolis coupling and providing for a stable triaxial shape of the '"Ir nucleus.

PACS number(s): 23.20.—g, 27.70.+q, 21.10.Re

I. INTRODUCTION

The iridium isotopes lie in the region of transition be-
tween deformed and spherical nuclei. Therefore, it is not
expected that any of the extreme models, the Nilsson
model or the spherical shell model, will provide a good
description of the nuclear states. However, it is possible
to find Nilsson model assignments which account for the
main properties of these nuclei. Some unusual properties,
such as triaxiality or shape coexistence, may arise due to
softness of the nuclear potential and its consequent sensi-
tivity to particle configuration and to particle alignment.

In-beam study of ' 'Ir, undertaken at the University of
Notre Dame Nuclear Structure Laboratory, extends the
investigation of the odd-A (A =183—191) Ir isotopes ini-
tiated by the INR Swierk (Poland) —ISN Grenoble
(France) Collaboration [1—4]. Preliminary data on back-
bending in the —,

' [541] band in ' 'Ir has been published
previously [5]; also, data on the lifetimes of high spin
states in ' 'Ir and ' Os obtained in this collaboration
have been published in a separate paper [6].

Only preliminary data [7] on the radioactive decay
' 'Pt~' 'Ir were available prior to this work. Very re-
cently, some data on ' 'Ir were published by Kreiner
et al. [8]. In addition to several levels from the yrast and
yrare bands already known from our previous work [5,6],
they have identified eight levels built on a 190+60 ns iso-
mer. The present paper summarizes the level properties
of ' 'Ir studied in the (' 0, 4n) reaction. A level system
built on the h9/2 subshell is identified. The existence of
two strongly coupled rotational bands built on low-lying
isomeric states, tentatively assigned to —,'[514] and

'Permanent address: Soltan Institute for Nuclear Studies, 05-
400 Swierk, Poland.

—,'+ [402] Nilsson states, has also been established. Anoth-
er level system, built on a high spin (I ~ —",) isomeric state
with E ~ 1.96 MeV and decaying to the proposed

[514] rotational band, was also identified.
Results of attempts to deduce the shape of the nucleus

from the analysis of the h9/2 level system in terms of the
axially symmetric rotational model including the Coriolis
couphng and pairing interaction, and the extended asym-
metric rotor model are presented. The backbending be-
havior of the rotational bands in ' 'Ir is also discussed
and compared with the neighboring nuclei.

II. EXPERIMENTAL PROCEDURES
AND DATA ANALYSIS

A. Targets and reaction

The reaction ' Tm(' O,xn )
' "Ir was employed using

projectile energies ranging from 76 to 84 MeV provided
by the Notre Dame three-stage FN accelerator. The
maximum beam energy was limited by the highest stable
voltage available at the terminal of the FN tandem. The
lowest energy was close to the Coulomb barrier for the
fusion reaction. Self-supporting, thin (-3 mg/cm ), me-
tallic Tm targets were used.

B. Excitation functions

Measurements of the excitation function were per-
formed at beam energies of 78, 79.5, 81, 82.5, and 84
MeV. A run at 76 MeV beam energy allowed
identification of y rays following the Coulomb excitation
of the target. After each run the y-ray spectra from in-
duced target radioactivity were also recorded. A Ge(Li)
detector with an active volume of —100 cm was posi-
tioned at 55' with respect to the beam axis. The integrat-
ed beam current values for each run were used for nor-
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malization purposes. The assignment of y-ray transitions
to 4n and 3n channels leading to ' 'Ir and ' Ir, respec-
tively, was made on the basis of correlations of excitation
functions with the yields of daughter nuclei in A =181
and 180 chains, corrected for accumulation of radioac-
tivity of long-lived isotopes. The yield of the 2n reaction
channel was found to be negligible. Examples of excita-
tion functions for several transitions assigned to 4n and
3n channels are shown in Fig. 1. The relative yields of
different y transitions from the 4n channel were also used
as an indication of the location of a transition in the level
scheme of the daughter nucleus, as the excitation func-
tions are sensitive to the spin of the emitting level. It can
be seen from Fig. 1 that the maximum cross section for
the 4n reaction channel was not reached due to the limit-
ed available beam energy, ' the maximum available beam
energy, 84 MeV, was used for angular distributions and
coincidence measurements. The energies and relative in-
tensities (at 84-MeV beam energy) of transitions assigned
to ' 'Ir are given in Table I. The uncertainty in the tran-
sition energies is estimated to be of order of 0.2 keV, al-
though the relative energies of strong transitions are
determined with an accuracy better than 0.1 keV.

O
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FIG. 1. Relative yields of three selected y transitions in '"Ir
and the sum of several strongest y transitions assigned to the 3n
reaction channel.

C. Angular distributions

y spectra were recorded at 0', 24', 3S', 45', 55', 66', and
90' relative to the incident beam direction in order to
determine the angular distributions at the beam energy of
84 MeV. The y-ray intensities were corrected for absorp-
tion in the target and the lead stopper used in these mea-
surements. The strongest y rays recorded by an addition-

TABLE I. Only transitions assigned to ' 'Ir are listed. Y, transition assigned to the h9/2 system or
observed in coincidence with transitions assigned to this system; A, transition observed in coincidence
spectrum gated by the delayed 341.5-keV transition; B, transition observed in coincidence spectrum
gated by the delayed 289.2 keV transition; and C, delayed transition observed in coincidence with rota-
tional transitions above the low-lying isomers.

Er (keV)

103.7
117.2
128.7
139.8
151.6
157.4
171.0

171.5
183.5
187.8
190.5

Identification

7+ 5+B—
2 2
11 — 9—A—
9+ 7+
2 2

A
11+ 9+
2 2

A 2118.3~1961.0
13 — 11—A—
2 2

13 + ll +
2 2
15 — 13—A—
2 2

13 — 9—Y—
2 2

A 2308.9~2118.3

3.4(7)

9.7(22)

6.2(8)

1.8(5)
6.4(8)

5.1(5)
27.5(20)

8.5(8)

22.7(17)
100.0(20)

4.6(5)

Itot

23.1

12,34,49
25.6
2,4,6
19.0

6,9,14
66.1

20.3
48.8
143.5

5,6,9

IS4M v/I78M v
r r

1.6(3)

4.4(3)

2.8(3)
3.1(1)

A2/Ao

0.0(4)
—0.15(6)

0.11(14)

0.07(3)

0.10(2)

0.32(3)

A4/Ao

—0.3(6)
0.09(9)
0.00(16)

0.00(4)

0.05(2)
—0.08(4)

190.6
203.1

204.2
215.4

15 + 13 +
2 2

A—17 — 13—
2 2

17 + 15 +
2 2

A 2524.4~2308.9

7.4(8)
18.3(15)
5.8(8)

5.3{5)

15.0
34.1

10.7
6,7,9

1.5(3)

3.4(3)

3.5(4)

0.29(10) —0.02(12)

0.10(3) —0.06(4)

0.27(5) —0.15(7)
215.6
219.4
227.9
230.0
232.4
236.1

240. 1

241.1

249.7
251.7

A 19 — 17—
2 2

19 + 17 +B—
2 2

21 + 19 +
2 2

21 — 19—
2 29+ 5+
2 2

A 2760.5~2524.4
A 23 — 21—

2 2
23+ 21+B—
2 2

25 + 23 +
2 2

A 25 — 23—
2 2

14.5(15}
4.2(6)

2.6(5)
7.4(7)
1.5(4)

2.2(4)
5.7(6)
1.9(4)
1.2(3)
3.0(5)

25. 1

7.1

4.2
11.9
1.8

2.3+3.5
8.9
2.9

4.4

2.4(3)

—0.2(3)
0.15{15)

0.12(10)

0.4(3)
0.15(16)

0.16(12)
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TABLE I. (Continued).

Ey (keV)

254.0
261.1
263.6
267
272
272.8
280.3
283.3
285.4
286.3
288.4
289.2
295.2
296.1

310.1
318.1
323.1

332.0
335.6
341.5
354.5
362.0
365.9
366.2
376.8
380.2
385.1

386.6
394.6
406.1

418.7
421.6
423.7
431

Identification

A 3014.5~2760.5
27 — 25—A—
2 2

27 + 25 +
2 2

Y—15 — 17—

{29
)

27 +

A—29 — 27—
2 2B—11+ 7+

{31
)

29—
2 2

7 — 9—C—
2

Y (
11 —

)
13—

2 2
13 — 9—A—
2 2

5+ 5—
2 2

Y ( 2' )~( 2'

7 — 5—
2 2

A

B ——+—13+ 9+
2 2

A
17 — 13—
2 2

9 — 9—C — —+—
2 2
15 — ll—

A ——+—
2 2

15 + 11 +
2 2

9 — 5—C—
2 2

A

A

Y( —", ( —", )
17 — 13—A—
2 2B—i7 + i3 +

2 2

A 2524.4~2118.3
19 — 15—A—
2 2

A
19 + l5 +
2 2
19 — 15—Y ——+—
2 2

r,
2.3(6)
2.8(5)

1.3(3)
2(1)

0.7(2)

2.0(4)

3.4(4)

3.0(4)
3.3(4)

2.5(10)
3.2(5)

40.2(11)
23.0(23)

1.1(3)
3.8(5)

7.2(7)
5.1(7)

4.0(4)
99.9(15)
70.9(12)
8.7(8)

6.4(8)

2.3(6)
2.0(2)

4.6(6)
1.5(5)

19.5(20)

14.2(11)
7.8(9)
1.6(4)

10.9(8)
3.6{5)
6.2(7)

4.3{9)

Itot

2.4+4.5
4.0
1.8

1.0
2.8
3.8
4.0
4.4

3.3+4.2
41.3
25.3
1.4
4.8

7.4+9.0
5.5

4. 1+4.9
106.8

72,76,86

9.2
6.8

~ 2.7
2.1

4.7,4.8,5.3
1.5,1.6,1.7

20.2
14.9
8.1

1.6+1.8
11.3

3.6+4
6.4

I84M &/178M &
y y

1.9(2)
1.8(2)

2.3(2)
0.9(2)

2.5(7)
3.2(1)
3.0(1)

7.2(18)
3.1(8)

5.5(11)

5.1(18)

0.35(13)
—0.08(14)
—0.34(17)

A4/Ao

0.02(15)
0.07(18)
0.18(20)

0.8(7) —0.4(7)

0.02{3)
0.13(3)

0.03{4)
0.05(4)

—0.2(5)
—0.08(5)
—0.07(11)
—0.14(8)

0.26(2)

0.02(3)
0.51(12)

—0.06(5)

0.0(3)
0.04(6)

—0.10(15)
—0.02(10)
—0.08(3)
—0.02(3)
—0.40(15)
—0.07{5)

0.1(3)
—0.5(3)

0.26(6)
0.08(8)
0.36(8)

O. l(4)
0.4(3)
0.05(7)
0.09(11)

—0.07(9)

0.19(7) —0.19(8)

0.36(11) —0.10(13)

—0.17(17) —0.08{17}
431.7
432.8
445.6
447.2
451.5
455.8
466.9
469.0

Y (
21

)
19—

Y ( —", )~(—", )
21 — 17—

A ——+—
2 2B—21 + 17 +

2 2

A 2760.5~2308.9
21 — 17—Y-

Y (15) 17
2 2B—23 + 19 +

2 2

7.6(15)
8.6(10)
5.3(6)
2.6(4)

59.3(15)
7.2(15)
4.1(7)

8.9
5.5

2.6+2.9
61.1
~7.8

4.2

3.2(8)

4.2(4)

0.23(15)
0.47(10)
0.4(5)
0.19(13)
0.37(3)
0.11(12)

0.19(9)

—0.10(15)
0.18(12)
0.7(7)

—0.5(3)
—0.14(4)

0.02(15)

0.0(l)
470.1

474.5
490.1

490.8
491.7
512.6
512.8
517.9
533.8
535.6
545.7

23 — 19—A—
2 2

A 3014.5~2524.4
25 + 21 +—+—
2 2
25 — 21—A—
2 2

27 + 23 +B ——+—
2 2
27 — 23—A—
2 2

Y ——+—23 — 19—
2 2
29 — 25—A-

B(—, )

Y—25 — 21—
2 2

7.0(6)

4(2)
3.0(7)
3.9{6)
5.3{5)
4.1(10)
7.3(20)
7.1{15)
4.6(6)
2.4(6}

38.2(15)

7.2

3.0+3.2
4.0
5.4
4.2
7.4
7.2
4.7
2.4
38.9 3.7(4)

?0.7(14)
0.48(9)

—0.4(14)
0.0(1)

0.30{5) —0.08{6)

~ 0.32(7) —0.06(8)
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TABLE I. (Continued).

Er (keV)

556.1

565.9
570.0
579.8
597.8
600
602.3
603.6
604.8
621.2
625.4
672.0
696.1

704.4
758.3
802.4
810.2
832.5
914.9
919.9

1117.7
1123.0

Identification

(
31

)
27—

A ( —", )

Y ——+—27 — 23
2 2

Y(—", )
15 — 13
2 2

A

Y—29 — 25—
2 2

33 — 29—
2 2

A( —", )

Y(—", )
19 — 17—
2 2

A

Y ——+—23 — 21—

Y ( —", )

A 1955.9
A 1961.0~ '2

A 1955.9~ '2'

A 1961.0~ '2'

3.6(6)
9.0(10)
6.3(12)
3.0(6)

10.6(20)

6.0(15)
14.6(12)
4.0(10)

25.7(15)
10.3(15)
9.2(8)

8.0(15)
11.0(20)
2.0(5)
9.8(20)

5.9(12)
7.8(14)

11.0(15)
3.5(6)

5.7(7)

1.5(4)

2.9(6)

Itot

3.7
9.1

6.4
3.0
10.8
6.1

15.3
4.0
26. 1

10.4
9.2+9.6

8.0
11.4
2.0
10.0
6.0
8.0
11.0
3.5
5.7
1.5
2.9

I84M & /178M ~
r r

3.4(6)

3.2(5)

5.3(9)
7.1(15)
2.3(5)

3.3(6)

4.1(10)
2.8(7)

A2/Ao A4/Ao

—0.28(8)
?0.13(8)

0.47(10)
0.18(10)

—0.41(8) 0.03{9)

0.33(4)
0.14(10)

—0.19(8)
0.21(15)

—0.51(9)

—0.14(5)

0.02(10)
0.16(9)

—0.1(2)

0.22(11)

—0.59(14)
?0.13(4)
0.22(12)
0.19(9)

0.16(15)
0.10(5)

—0.25(14)
—0.08(10)

—0.03(13) 0.09(14)

—0.02(12) —0.06(13)

al Ge(Li) detector placed at a fixed angle of 90', as well as
the isotropic E-X radiation, were used for normalization.
The angular distribution was fitted with a Legendre poly-
nomial and the distribution coeScients 32/A o and
A 4 jA e were extracted from these fits. The ratios
AxlAO may be expressed as a product of two factors
Az'"/Ao and az, where Az'"/Ao corresponds to the
completely aligned case and a& express the degree of
alignment. If ax (I) for a state can be determined from a
pure transition, conclusions about multipolarities and
spin sequences can be drawn, as discussed by der Mateo-
sian and Sunyar [9]. The angular distribution coefficients
of the strongest stretched E2 transitions in the decoupled
yrast band were used for this purpose. The angular dis-
tribution coeScients extracted for the y rays belonging to
' 'Ir are also given in Table I.

D. Coincidence and lifetime measurements

y-y-t coincidence measurements were performed at
beam energies of 84 and 78 MeV with two Ge(Li) detec-
tors (104 and 90 cm ) placed symmetrically at about
+120' relative to the beam. The size of the coincidence
matrix was 4096X4096X 512, covering 0.7 ps in the time
dimension. Great care was taken to reduce the random
coincidence background and the possibility of back-
scattering of the y rays from one detector to the other.
The resulting time resolution (FWHM of the prompt
coincidence peak in the time cross sections) varies from 9
to 16 ns for y-ray energies from 1.3 down to 0.2 MeV, re-
spectively. The coincidence events were stored on mag-

netic tapes and sorted o8'line. A total of approximately
39X10 coincidence events were gathered at 84 MeV.
An additional 12X 10 events recorded at the beam ener-
gy of 78 MeV were very helpful in assignments of partic-
ular y cascades to 4n and 3n reaction channels.

The timing information from the y-y-t coincidence
matrix was used to extract the lifetimes of the individual

y transitions in the ns region. The slope of the prompt-
coincidence peak in the time-distribution spectra deter-
mined the lower limit of about 10 ns for the measured
half-lives; the upper limit was set to about 1 ps by the
range of the TAC. Three isomers with half-lives in the ns
range were found. The measured half-lives for the 341.5-
and 289.2-keV isomeric transitions were 126+6 ns and
0.33+0'06 ps, respectively; the former value is consistent
with the half-life of 190+60 ns reported by Kreiner et al.
[8]. An isomer with high excitation energy and a half-life
of 22+4 ns, calculated as a mean value of measured half-
lives of the 625.4-, 171.0-, 183.5-, and 203.1-keV transi-
tions, was also observed.

Figure 2 shows the examples of the background
corrected prompt- and delayed-coincidence spectra. The
yrast band can be traced up to a spin of ( —", ), while two
other bands, built on low-lying isomeric states, have been
observed up to spin of ( —", ) and ( —", ), respectively.

III. EXPERIMENTAL RESULTS

A. The level scheme of ' 'Ir

The level scheme of ' 'Ir, deduced from the present ex-
periment, is shown in Fig. 3. The assignments of Nilsson
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FIG. 2. Background-corrected prompt and delayed y coincidence spectra for three bands in ' 'Ir. Gates have been set on indivi-

dual y lines as indicated.

orbitals to the bands as well as the spin assignments will
be discussed for each band in the next subsections. Un-
certain spin and parity assignments are indicated in Fig.
3 by brackets and the inferred, but not observed, transi-
tions, as well as transitions for which only weak evidence
is known, are shown in the level scheme by dashed lines.
Table I contains spectroscopic information on the transi-
tions assigned to the 4n reaction channel leading to ' 'Ir.

B. The ground-state rotational band (g.s.b.)
and related levels

The strongest y-ray cascade observed in our study is
comprised of stretched E2 transitions, as deduced from
angular distribution data. In accordance with the rela-
tive yields and excitation functions, these transitions were
used to construct a decoupled ground-state rotational
band. The only proton orbital close to the Fermi level in
this nuclear region which can be the bandhead of a
decoupled rotational band is the —, [541]Nilsson orbital,
as has been observed in heavier odd-A (A =183—189) Ir
isotopes [1—3]. Due to the relatively large decoupling fac-
tor, a =4, of this orbital [10], the —, rotational state is

expected to be the lowest member of the rotational band.
A direct spin measurement [11]of —,

' for the ground state
of ' Ir has been interpreted in this way [12]. In addition,
the observed level spacings fit smoothly into systematics

of the —,
' [541] bands [13]. The combination of the mea-

sured g.s. spin, the stretched E2 transitions, and the sys-
ternatics has formed the basis for the spin assignments in
the g.s.b. up to the I =(—", ) state. The angular distribu-
tion data for the highest (600-keV) transition cannot
confirm its stretched E2 character, however, because of
its low intensity, and an E2 character has been assumed
based on the information available from a separate exper-
iment [5]. According to the systematics, the lowest

transition is expected to have an energy of
about 25 keV and, consequently, could not be observed
directly in the present study. However, four delayed
transitions observed in the decay of the ~,&2=126 ns iso-
mer, viz. , 28S.4, 310.1, 341.5, and 366.2 keV, may be
grouped into two pairs having, within experimental er-
rors of the order of 0.1 keV, exactly the same energy
diff'erence of 24.7 keV. These transitions are not in coin-
cidence with each other. The time distribution of the
341.5-keV transition (which is also the strongest) shows
no prompt component and, hence, has to directly deex-
cite the isomeric level. Therefore, it seems reasonable to
assume that these transitions deexcite two levels with en-
ergies 310.1 and 366.2 keV to the —', and —,

' members of
the g.s.b., thus establishing their energy di6'erence as 24.7
keV, in very good agreement with the expected value and
with preliminary data of Schiick et al. [7].
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The —', state observed in ' Ir at 329.0 keV decays to
the —,

' and —', members of the g.s.b. with branching ra-
tio [I ( ,' —~', —)/Ir( ,' —+'—, —)] of 0 7.8 .A comparable
branching ratio of 0.87+0. 15 is observed for analogous
decay of the proposed 310.1-keV state. Therefore, we
propose an assignment of spin and parity of —,

' for the
310.1-keV level, in agreement with results of analysis of
the decay pattern of the 366.3-keV state (see next subsec-
tion). The hindrance factors relative to the Weisskopf es-
timates for the E2 transition from the 366.2-keV isomeric
state to the —,', —', , and —', states are 3.9X10, 5.4, and

76, respectively, indicating not only increasing admix-
tures of higher-E components of the h9/2 proton orbital
into wave functions of these states but also a different na-
ture of the —', level. Indeed, the Coriolis coupling calcu-
lations (see Sec. IV B) indicate that the wave function of
the pure Nilsson state of —, [541] is the main admixture
into the wave functions of the —,

' and —,'rotational
states, while the —,

' [532] wave function constitutes the
main component of the wave functions of —,

' rotational
level and other yrare band states.

A weak 286.3-keV transition seen in coincidence with
the 187.8-keV yrast transition together with another
weak 474.5-keV transition may place a possible —", yrare
level at 499.0 keV; very weak feeding to this level does
not allow a direct confirmation of this proposed assign-
ment, however. The higher-placed yrare band levels de-
cay to the g.s.b. by strong, mixed, Ml/E2 (EI=+1)
transitions, as deduced from angular distribution data.
The absence of an observable, energetically favored, tran-
sition to the —, yrast state and the increasing-spin rule
indicate a —", spin and parity assignment for the 814.8-

keV state. The spin and parity assignments for two
higher members of this band were made in an analogous
way. The angular distribution data for the 810.2-keV
transition are inconsistent with its hI= —1 character in-
ferred from its placement in the level scheme and, there-
fore, the proposed —", assignment for the 2359.8-keV
level is somewhat uncertain.

The 1015.0-keV level decays only to the —", and —",

members of the yrast band. Positive values of A2 and A4
coefficients for the 802.4-keV transition suggest its
EI=+1 character and, therefore, a spin value of —", is
proposed tentatively for the 1015.0-keV state.

Another set of four levels seems to form a rotational
band with the lowest observed state at 1380.7 keV. The
measured values of A2 and A4 angular distribution
coefficients for three cascade transitions are consistent
with an assumption of their stretched E2 character, al-
though the lower value of 22 for the 295.2-keV transition
cannot exclude EI=+1. Two lowest levels of the pro-
posed band decay to yrast and yrare states. In the follow-
ing discussion of spin-parity assignments for these levels,
we will assume that the depopulating transition may have
only E1, M1, or E2 character. This assumption is sup-
ported by the measured value of the partial mean lifetime
of ~=38+13 ps for the interband 672.0-keV transition
from the rotationa1 level of 1675.9 keV which clearly ex-
cludes M2, E3, and higher multipolarities for this transi-

tion. Resulting hindrance factors relative to the
%eisskopf estimates, assuming E1, E2, and M1 multipo-
larity of this transition, would be 3.7X10, 0.4, and
3.6X 10, respectively; all these values are quite typical of
this nuclear region.

The 1380.7-keV level decays to the —", and —", levels

of the yrare and yrast bands, respectively, leading to pos-
sible spin assignments from —", to —", with negative parity,
or —", and —", with positive parity under the aforemen-

tioned assumption of the E1, M1, or E2 character of the
depopulating transitions. From these possibilities, the
value of A2(566 keV)= —0.28+0.08 excludes, within
about 6o, the —",

+ and —", assignments [the former also
excluded, within 3cr, by the value of A 2 (832
keV) =0.19+0.09], thus limiting the choice of the assign-
ments to —", , —", , and —", with either parity. The first

two values are disfavored by the increasing spin rule; the
lack of deexciting transitions to the —", and —", yrare
and yrast states, respectively, while not a strong argu-
ment, nevertheless favors the I= —",

+ assignment for the
1380.7-keV level. The 565.9-keV transition would, then,
be El with A4 (566 keV}=0 in contradiction with the
measured value of A4 (566)=0.47+0. 10. However, in
this particular case, the y value of the fit of angular dis-
tribution coefficients is large, indicating a possible sys-
tematic error or contamination of this transition. Similar
considerations for the next level at 1675.9 keU, where the
values of Az(672))0 and A4(672)(0 slightly favor
AI=O for the 672-keV transition, indicate a spin of —",

with either parity; an absence of transition to the —",

yrast state would favor positive parity. However, it
would be difficult to explain no noticeable interaction (no
interband transitions were observed) between the pro-
posed —", + level at 1675.9 keV and the close-lying
(b,E=11 keV) —", + member of the —,'+[402] rotational
band (see Sec. III E). Since the rejection of the negative-
parity assignment is based on rather weak arguments-
the absence of some expected transitions to the yrare and
yrast bands —only a tentative spin assignment with no
definite parity can be made for these levels on the basis of
available experimental data.

C. The 9 [514]rotational band and related levels

More than 30 transitions, most of them forming a
strongly coupled rotational band, are seen in the delayed
coincidence gate set on the 341.5-keV transition depopu-
lating the isomeric (w&&&=126+6 ns) level at 366.2 keV
(see Fig. 2 and discussion in the previous subsection).
The strongest of them are seen also in the delayed coin-
cidence gates set on the 285.4 and 310.2-keV transitions,
indicating that the 310.1-keV state is fed mainly from the
366.2-keV isomer. An intensity balance of the transitions
feeding and depopulating the 366.2-keV state leads to a
value of n„,= —0.01+0.04 for the total internal conver-
sion coefficient (ICC}of the 341.5-keV transition, limiting
its multipolarity, within 2 standard deviations, to E 1 (cal-
culated [14] a', ",,=0.019) or E2 (a',,",=0.066} with small
M 1 (a,'"„=0.208) admixture. The strongest unplaced
transition (318.1 keV) seen in the delayed 341.5-keV coin-
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cidence gate was assumed to feed the isomeric state
directly (or via unseen cascade transitions). Other un-
placed transitions are either in coincidence with transi-
tions taken into account in intensity balance or are weak
enough to be covered by experimental errors. If no
enhancement relative to Weisskopf estimates is assumed,
the measured half-life of this isomer allo~s for only E1,
M1-E2, or M2 multipolarity for the depopulating transi-
tions with the last possibility clearly excluded for the
341 ~ 5-keV transition by its ICC value. Therefore, the
only possible spin and parity assignments for the 366.2-
keV level, consistent with its decay to the —,

' and —',
members of the —,'[541] g.s.b., are —,', —,

'+—
, and —', . In the

vicinity of the Fermi level for Z =77, the only proton
states meeting this requirement are the —', [514] and

—,'+[404] configurations, as predicted by shell-model cal-

culations using a quadrupole deformation Pi of the order
of 0.2, as estimated from the measured quadrupole mo-
ment Qo =6.0+0.2 e b of the g.s.b. of ' 'Ir (Ref. [5]). The
deduced value of gz =1.19+0.11 for the rotational band
built on the 366.2-keV isomeric state compares well with
the values of 1.15 and 1.29 predicted for the —,

' [514]
state by the Woods-Saxon and the Nilsson models, re-
spectively, while it clearly differs from the corresponding
values of 0.58 and 0.63 calculated for the —,'+ [404] proton
state (see Sec. IVA). Therefore, we propose the —', [514]
Nilsson quantum number for this isomeric state.

The —', [514] state was also observed [13] in ' 'Ir. It
populates the —', , —', , and —,

' states, assumed to be

members of the —,
' [541] rotational band. If we assume

E2 multipolarity of the populating transitions —preferred
over M 1 multipolarity by forbidden character (hK =4) of
these transitions —the reduced intensity ratios are
0.056:0.93:0.012, in good agreement with the respective
ratios of 0.065:0.93:0.001 observed in the decay of the
366.2-keV isomer in ' 'Ir and, thus, supporting the —,

'
assignment for the 310.1-keV level (Sec. IIIB). In the
latter case the intensity of the postulated, but unobserved
56.1-keV transition was assumed to be equal to the sum
of the intensities of the 285.4- and 310.1-keV transitions
depopulating the 310.1-keV level in the delayed coin-
cidence spectrum gated by transitions feeding the isomer-
ic level.

The coincidence relations establish the strongly cou-
pled rotational band built on the —, [514] isomeric state

up to a maximum spin of ( —", ). For most transitions, their
AI=1 or AI=2 character can be deduced from the an-

gular distribution data. However, the lowest transitions,
viz. , the 288.4-keV crossover transition and the 117.4-
keV cascade transition, are not well resolved from other
transitions in the angular distribution spectra and, there-
fore, their multipolarity remains unestablished. The total
internal conversion coefficient of the 117.4-keV transition
deduced from coincidence intensity balance,
(xt t

=6.8+2.0, is somewhat higher than the value of 4.1

expected for the Ml multipolarity suggested in Ref. [8]
for this transition, but the possibility of a systematic er-
ror in the low-energy part of the efficiency curve in our
coincidence experiment cannot be completely excluded.

This transition is contaminated in the coincidence data
too by the strong 118.2-keV y ray from the Coulomb ex-
citation of the ' Tm target and the 118.0-keV y ray from
' 'Os radioactive decay, both of which have delayed corn-
ponents as well.

Three additional levels decaying to the —,'[514] rota-
tional band have been established from the coincidence
data. The angular distribution of the 625.4-keV transi-
tion deexciting the 1882.1-keV level indicates its mixed
M1/E2, EI=1 character and, consequently, a spin and
parity of —", is proposed for the parent level. However,
an absence of observed transitions to the —", , —", , and

members of the —,'[514] rotational band is difficult to
explain. The deexcitation pattern allows —", with either
parity or —", spin and parity assignment for both of the
proposed 1955.9- and 1961.0-keV levels.

Other states populating these three additional levels
will be discussed in the next subsection.

D. The high spin isomer

The time distribution spectra of transitions in the
[514] rotational band below the —", level and the

625.4-keV transition feeding this level have delayed corn-
ponents with a mean value of half-life of 22+4 ns (Sec.
II C), indicating an existence of an isomer decaying into
this band. A detailed study of the prompt-delayed and
prompt-prompt coincidence spectra reveals a strongly
coupled band built on the isomeric state (Fig. 3). The de-
cay scheme of the isomer could not be determined unam-
biguously because several of the involved transitions are
either doublets (mixed with radioactivity or 3n reaction
channel transitions) or weak. The isomer decays to the
1882.1-, 1955.9-, and 1961.0-keV levels, and possibly, to
other unidentified levels. In addition to the transitions
depopulating identified levels, several other transitions
not placed in the level scheme (318.1, 332.0, 376.8, 380.2,
and 704.4 keV) are seen in the delayed coincidence spec-
tra started by transitions above the isomer. All of them
are seen also in the delayed 340.1-keV coincidence gate
suggesting that all cascades of transitions depopulating
the isomer feed exclusively the —', [514] rotational band.

However, different ratios of intensities of transitions fol-
lowing the decay of the isomer are observed in delayed
coincidence spectra gated by different transitions above
the isomer. The delayed 117.2- and 318.1-keV transitions
are relatively much stronger in the 236.1 and 157.4-keV
coincidence gates, respectively. The delayed 380.2-,
625.4-, and 914.9-keV transitions are relatively stronger
in 157.4- and 190.5-keV coincidence gates while the de-
layed 376.8, 386- (probably a doublet), and 919.9-keV
transitions are relatively stronger in the 215.4- and
236.1-keV coincidence gates. These results imply a rath-
er complex, fragmented decay of the isomer with some
transitions deexciting states above the isomer bypassing
the isomeric level or, possibly, the existence of two close-
lying isomeric states, as observed in ' Re (Ref. [15]),
' 'Re (Ref. [16]),and ' Ir (Ref. [2]). Consequently, only
a lower limit of 1961.0 keV can be deduced for the excita-
tion energy of the isomer. For the same reason, the spin
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of the isomer cannot be determined directly. Feeding of
the 1882.1-, 195S.9-, and 1961.0-keV levels implies that
the spin of the isomer has a value higher than —",.

Excluding the possibility of a transition probability fas-
ter than the %eisskopf estimate, the short half-life of 22
ns allows only an E1 or M1 multipolarity for an unob-
served transition with an energy lower than about 100
keV. If this transition feeds the 1882.1-keV (—", ) level

directly, the isomer would have an excitation energy
lower than 1980 keV and spin not higher than —", . In that
event, the 1961.0-keV level could be the isomeric one.
Excluding the possibility of an unobserved deexciting
transition, partial half-lives of the 919.9- and 1123.0-keV
transitions deexciting this level allow for E1, M1, E2,
and M2 multipolarities of both of these transitions, and
also E3 for the latter transition, limiting the possible spin
of the isomer to values not higher than —", ; higher spin

values are possible only if the isomer has an energy
higher than 1961 keV and if one assumes a fragmented
decay through some intermediate levels.

E. The &~+[402] rotational band

The strongly coupled band is seen in the delayed coin-
cidence gate set on the 289.2-keV transition depopulating
the isomeric (r&&2=0.33+o'o6 ps) level. This band is pop-
ulated in the ' 0-induced reaction with only half as much
intensity as the —, [514] rotational band suggesting that
the spin of the isomeric bandhead is lower than —,'. There-
fore, one may conclude that the 289.2-keV isomeric tran-
sition feeds the —, ground state. No other transitions
deexciting this isomer were found. The transition intensi-
ty balance for the 289.2-keV state leads to the calculated
value of a„,= —0.2+0.2 for the total internal conversion
coefficient of the depopulating 289.2-keV transition, thus
limiting the choice of its multipolarity, within 2 standard
deviations, to El (calculated [14] a«, =0.028) or E2
(a,'«=0. 107) with a small Ml (a'„",=0.325} admixture.
Three —,

' levels, at about 110, 117 (Ref. [7]), and 135.3
keV (Ref. [17]},have been observed in ' 'Ir, ' Ir, and

Ir, respectively, and interpreted as the —,
'

—,'[541] in-

trinsic state. This state is expected from our calculation
(Sec. IVB) to be at 100—170 keV above the —,

' ground
state. Lack of any observed transitions from the 289.2-
keV state to the expected —,

' state and the —', state at
24.7 keV favors a —', + assignment for the 289.2-keV iso-
mer, in disagreement with the —,

'+ assignment proposed in
Ref. [7]. In both cases, the 289.2-keV transition would
have an E1 multipolarity and a hindrance factor relative
to the Weisskopf estimate of 3.9X10; comparable hin-
drance factors of 1.6X 10 and 3.7X 10 have been found
[18,19] in the N =104 isotones ' Re and ' Ta, respec-
tively, for the El transitions between the —,

' [402] and
—,'[541] states. In contrast, the hindrance factors for

the El transitions from the other low-K proton orbitals
(—,'+[400] and —', +[402]) observed in the heavier Ir nuclei
[2-4], to the —,

' [541) rotational band are 2—3 orders of
magnitude smaller. The deduced value of
gz = 1.50+0. 12 for the rotational band built on the

289.2-keV isomeric state (see Sec. IV A), agrees very well
with the value of 1.57 calcuated for the —', +[402] state
within the framework of the Nilsson model with the de-
formation parameters F2=0.225 and c4=0.037 while
strongly differing from the values of 3.38 and 0.17 calcu-
lated for their —,'+[402] and —,'+[402] proton states, re-

spectively. Consequently, the —,
'+ [402] Nilsson quantum

number is proposed for this isomeric state. The rotation-
al band built on this state had been observed, but not
identified properly at the time, in the ' Ir nucleus [2]
and, recently, also in ' Ir (Ref. [20].

The coincidence and sum relations between assumed
AI = 1 and EI=2 transitions seen in the delayed gate set
on the 289.2-keV transition (see Fig. 2, upper part) estab-
lish the strongly coupled rotational band built on the
—,
'+ [402] isomeric state up to a maximum spin of ( —", ).

IV. DISCUSSION

A. Reduced transition probabilities and g factors

and

B(E2 I~I 1) Er(I~I —2)5

B (E2,I~I —2) E5 (I~I —1)A(1+5 )
(2)

where the experimental branching ratio,
A=Ir(I~I .2)/Ir(I +I——1), and —the square of the
dipole-quadrupole mixing ratio,

5 =Ir(E2,I~I —1)/I (M 1,I +I —1), —

are determined [9] from the experimental angular distri-
bution coeScients A2 and A~ (Table I), with values of
o /I deduced from angular distributions of stretched E2
transition in the yrast cascade. The transition energies in
Eqs. (1) and (2) are given in MeV.

In the framework of the rotational model [10), a com-
parison of the crossover to cascade branching ratios A,

and the mixing ratios 6 for AI =+1 transitions in a rota-
tional band provide information on the g factors in a ro-
tational band. The quantity gz —gz is a constant for all
the rotational states in an unperturbed band and, by com-
parison to the theoretical values derived from Nilsson
model calculations, provides information about internal
structure of the appropriate Nilsson orbitals. Assuming
that branching ratio I, and mixing ratio 5 are known, the
following quantities can be calculated:

gx

Q&

0.933E (I~I—1)
(e b)

(I2 1 )1i25
(3)

Model-independent reduced transition probabilities ra-
tios can be calculated [21—24) as

B(M 1,I +I —1)—
B(E2,I~I—2)

E (I~I—2)=0.6967 p,~/e'b' (1)
E (I~I —1)A(1+5 )
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Ac

Qp

0.8709A (I,K)E (I~I—2)
(e b)

(I —1)A,(1+5 )E (I~I —1)

Even when it is not possible to extract the values of 5
experimentally, it is still possible to get this value from
the rotational formula:

with

(4) 1=
Q2

A (I,K)E (I~I—2) Qp

AEr (I~I 1) Q
(6)

A (I,K) = [ ( IK20
i
I 2K—) /( IK20' I —1 K ) ]

=(I + 1 )(I —1+K)(I —1 —K) /[2K (2I —1 ) ]

and where transition energies are given in MeV. The sign
of (gz —g„)/Qo is taken to be the'same as the sign of 5.
In the framework of the rotational model, the quadrupole
moments Qo and Q &, defined as

eQo = [(16m/5)B (E2,I~I —2)/(IK20~I 2K )—]'/2,

(Sa)

eQ) = [(16m/5)B (E2,I~I —1)/(IK20~I —1K ) ]'/~,

(5b)

are equal for an unperturbed rotational band and cannot
be determined only from A, and 5.

with A (I,K), Qo, and Q, as defined above. In most cases
of interest, 5 is small and, therefore, the additional un-
certainty introduced by the use of the calculated value of
5 does not introduce large uncertainties into the values
of B (Ml, I +I ——1)/B(E2,I~I —2) and (g» —gz )/Qp
[see Eqs. (1) and (4)], while it may affect significantly the
values of B(E2,I~I —1)/B (E2,I~I —2) and
(gz —gz )/Q, [Eqs. (2) and (3)].

The values of quantities defined above, as determined
from the experimental data (Table I), are given in Tables
II and III. For both rotational bands (based on the

[514] and —,'+[402] orbitals), the respective quantities

(g» gx )/Qp remain constant within the experimental
errors, validating the use of the rotational model. This is
further corroborated by a value (expected from the rota-
tional model to be close to 1.0) of the ratio

TABLE II. Mixing ratios, branching ratios, reduced transition probabilities ratios, and deduced

(g» gg )/Qp and (g» gz )/Q, values.

B(M1,I~I—1)
B(E2,I~I —2)

B(E2,I—+I —1)
B(E2,I—+I —2) Qp

gee gz

Qi

13
2
15
2
17
2
19
2
21
2

23
2

25
2

27
2
29
2
31
2

33
2

9
2
11
2
13
2
15
2
17
2
19
2

21
2

23
2

25
2

27
2

29
2

0.12(2)

0.38(5)
0.78(9)
0.75(10)
1.16(17)
1.23(17)
1.8(3)

2.6(8)
2.3(6)
1.2(3)
2.7(9)

0.24(7)

0.53(9)
0.60(10)
0.86(14)
1.3(2)

1.5(3)
2.0(5)
2.2(6)
3.2(9)
3.2(10)
3.4(13)

0.211(26)
0.230(18)
0.226(25)

0.04(4)

Weighted mean value

2+[402] rotational band

0.9(3)'
0.65(12)
0.79(14)'
0.71(12)'
0.57(11)'
0.60(12)'
0.51(12)'
0.51(15)'
0.38(13)'
0.42(16)'
0.44(20)'

0.06+",

Weighted mean value

z [S14] rotational band

2.3(4) 5.0(21)
1.56(20) 3.5(10)
0.88(10) 1.6(5)

1.15(15)'
0.83(13)'
0.91(13)'
0.68(14)'
0.51(20)'
0.62(16)'
1.3(3)'
0.6(2)'

0.103(10)
0.108(7)
0.090(6)
0.110(8)'
0.097(8)'
0.105(8)'
0.092(9)'
0.081(15)'
0.091(12)'
0.134(16)'
0.092{17)'
0.100(4)

0.137(22)'
0.142(13)
0.170(15)'
0.167(14)'
0.154(14)'
0.161(15)'
0.150(18)'
0.152(22)'

0.132(21)'
0.139(25)'
0. 14{3)'

0.152(6)

0.118(15)
0.100(8)

0.099(11)

0.65+3"5

'Calculated with 6' value given by Eq. (6) assuming Q, /Qp = 1, see text.
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TABLE III. Mixing ratios, branching ratios, and reduced transition probabilities ratios of intraband
to interband transitions in the —' [532] and —' [541] bands. Th. (EAR), values predicted by extended

asymmetric rotor model; and Th. (N +Q, values predicted by Nilsson model with Coriolis coupling.

I~I —1

I~I —2

15 13
2 2

15 ll
2 2

Th. (EAR)
Th. (N+Q

19 17
2 2

19 15
2 2

Th. (EAR)
Th. (N+Q

23 21
2 2

23 19
2 2

Th. (EAR)
Th. (N+Q

27 25
2 2

27 23
2 2

Th. (EAR)
Th.(N+ Q

Iy(I~I—1)

Iy (I—+I—2)

25.0
9.2

7.0
3.1

1.4(4)

2.4
1.6

0.7(2)

1.13
0.93

—0.16(7)

or 3.6
—0.46
—0.45

—0.22(8)

or —3.0+'
—0.49
—0.41

—0.27(12)

or —2.8+12
—0.49
—0.37

0.3(1)'

or 4.8+32a

—0.45
—0.35

B(M1,I~I —1)
B(E2,I~I —2)

+ 0.057

or ~0.004
0.210
0.077

+ 0.074

or ~0.008
0.153
0.080

0.077(24)

or 0.009+6
0.118
0.082

0.07+,'

or 0.003+2
0.098
0.083

B(E2,I~I—1)
B(E2,I—+I —2)

+ 0.006

or ~0.22
0.171
0.062

+0.011

or ~021
0.112
0.040

0.014—10

or 0.18(8)
0.070
0.028

0.013+8

or 0.015(5)
0.044
0.023

'The angular distribution coefficients for the 810.2-keV, —~ 2' transition are inconsistent with its

deduced bI= —1 character, see text.

Q, /Qo=0. 96+0.11 deduced from the branching ratios
of transitions deexciting the —", , —", , and —", members

of the —', [514] rotational band. The
B (M I,I~I 1)/B (E2,I—+I —2) rati—os for both

[514] and —,'+[402] bands show slight decrease with

spin and a hint of staggering for lower spin values.

B.High spin isomer

Isomeric states with spin parity of 7 and with half-
lives of the order of 20 ns are observed in the even-even
N =104 isotones [25—28] at an excitation energy of
1.74—1.96 MeV. In the two neighboring isotones of ' 'Ir,
the ' Os and ' Pt nuclei, the excitation energies of 7
states differ only by 27 keV and the moments of inertia of
the rotational bands built on these states are nearly iden-
tical for several lowest transitions. It supports the con-
clusion [27] that these states are dominated by a two-
quasineutron configuration. They deexcite predorninant-
ly by low-energy E1 transitions to presumed two-
quasiparticle 6+ states (which may also be isomeric
states, as in the case of ' W), but the decay pattern be-
comes more complex with increasing Z. Isomers with
similar excitation energy and half-life have been observed
in the odd proton N =104 and 106 Re isotopes [15,16];
these decay through some intermediate states into the

[514] rotational band. A rotational band at 1.74 MeV,
with similar level spacings and deexciting finally into the

[514] state, has recently been observed IS] in ' Ir also,

although no half-life was reported for the (—", +) band-

head.
The observed high spin isomer at E ~ 1.96 MeV decay-

ing to the —', [514] rotational band in ' 'Ir fits nicely into
these systematics. Its half life (22 ns) and excitation ener-

gy closely rnatch the corresponding values for the 7 iso-
mer in ' Os. Moreover, the level spacings above the iso-
mer in ' 'Ir are surprisingly close to the rotational level
spacings above the 8 states in the corresponding bands
built on the 7 states in ' Os and ' Pt, although it is
difficult to explain why no transition corresponding to the
8 —+7 transitions is observed. Nonetheless, it is
reasonable to assume that the isomer in ' 'Ir arises from
a coupling of the odd proton particle to the 7 isomeric
state in ' Os core or the proton hole to the 7 state in

Pt. On the basis of the analogies discussed above, one
may expect in ' 'Ir the occurrence of an isomeric
[7 S—,'[514] + configuration, decaying through the

I
6+ —,

' [514]], configuration to the —,
' [514] rota-

tional band. The fact that the strongest decay path of the
isomer (see Sec. III D) passes through the (—", ), 1882.1-

keV state supports this suggestion. The other strong de-
cay path of the isomer in ' Os and the 7 state in ' Pt
(Ref. [28]) goes through the 5 state and, therefore, one
may suspect that one of the unplaced transitions observed
in the decay of the isomer in ' 'Ir leads to a state with
[5 —,'[514]j, + configuration. Another possible de-

cay mode of the isomer in ' 'Ir would be to members of
the rotational band built on the —", [505] proton state
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which is expected, on the basis of systematics and
Woods-Saxon model calculations, at 1.2+0.2 MeV above
the ground state. If so, one of the ( —", , —", ) states at
1955.9 and 1961.0 keV could be the —", member of this
rotational band, expected [2,3] at approximately 900 keV
above the —", [505] bandhead.

Other possible configurations of the isomeric states are
[7 —,

' [541]], + and [7 —,'+[402]], . The rela-

tive excitation energies of these states depend not only on
single-quasiparticle energies but also on residual interac-
tions. The presence of these states could explain the com-
plicated deexcitation pattern of the isomer as discussed in
Sec. III D.

A value of ~(gx
—

gii )/Q~=0. 03+0.01 has been ex-
tracted from the branching ratios of BI=1 and EI=2
transitions in the rotational band associated with the iso-
mer, using Eqs. (4) and (6), with Q0=Q, ; the quoted er-
ror includes the uncertainty in E. This value is only a lit-
tle higher than the corresponding value of 0.017+0.006
for the band associated with the 7 isomer in ' Os (Ref.
[27]). Using an estimated value of Q0=10+1 e b and

gz =0.41+0.07, the experimental gz factor of this band
has been deduced to be gz =0.7+0. 1 or 0.08+0. 10 for
5)0 or 5(0, respectively. The angular distribution of
the 157.4-keV transition slightly favors the former value,
in good agreement with the value obtained [15] for the
high spin isomer in ' Re.

The gz factors calculated in the framework of the
Nilsson model for three-quasiparticle configurations with
total spin I ~ —", and involving the lowest-lying quasineut-
ron and quasiproton states range from —0.2 to 0.5 for
(v m. ) configurations (the lowest values are obtained when
the ir —, [541] configuration is involved), while they are
close to 1.3 for the (n. ) configurations, excluding the
latter possibility for the isomer in ' 'Ir. The coupling of
the predominantly two-quasineutron 7 state in ' Os
[experimental gx=0. 17+0.05 (Ref. [27])] to —,

' [541],
—,'+[402], or —,

' [514] proton states would result in gx.
values of the resultant (v m) configuration of about 0.2,
0.5, and 0.6, respectively. The experimental value of
go=0. 7+0. 1 deduced for the high spin isomer in ' 'Ir
(assuming 5&0) thus favors the (v n.) configuration in-
volving a —, [514] proton, with a possible admixture of
(m ) proton configurations; the second possibility,
gx=0.08+0. 10 (deduced with 5(0), would indicate a
configuration involving a —, [541] proton instead. The
latter seems to be excluded by the deduced spin of the
isomer ( & —",), however. It follows that knowledge of the
sign of dipole-quadrupole mixing ratios, 5, in the rota-
tional band built on the high spin isomer in ' 'Ir is essen-
tial for better elucidation of its structure.

The relatively short half-life for AK ~ 5 and the frag-
mented decay of the isomer are in agreement with the
general tendency towards lower hindrance factors and
rising complexity of the decay modes of high spin iso-
mers, with increasing Z, in the Yb-Pt nuclei [27—30]. The
observed breakdown of the E selection rule may result
from a triaxial deformation or, at least, a softness toward
dynamical y distortions.

C. Axial and nonaxial model calculations
for the h 9/, level system

$2 $2
+BI(I+1) .

2 2 0
(7)

In addition, the decoupling parameter, a, of the —,
' [541]

state and the energy e»2 of the —,'[532] state were al-

lowed to vary. All other quantities were calculated from
the Nilsson model for several sets of deformation parame-
ters (e2, s4). The quality of the resulting fits, with energy
of the —,

' [532] state taken as a free parameter, is not very

sensitive to the choice of the deformation parameters.
The best fit, however, was obtained with values F2=0.265
and c4=0.037 for which c532 coincides with the one ob-
tained from Nilsson model. In this case, the quality of
level-energy fit was g =9.7 keV, where

+2 — ~ (~exp gcalc)2/& 1/2
I I

and n is the number of experimental levels. Thirteen
negative-parity yrast and yrare levels below the back-
bending region were included in the fitting procedure.
The results are presented in Table IV. As in the case of

Ir, the results of the calculation show that the main
components of the wave function are —,

' [541] for the
ground-state band and —', [532] for the yrare band built

on the —', state at 310.1 keV. No satisfactory fit can be
obtained under the assumption that the observed yrare
band is an unfavored sequence of the —,

' [541] decoupled
rotational band. The fitted value of the decoupling pa-
rameter a =3.34 is considerably lower than aN;&„=4. 18
calculated from the Nilsson model with deformation pa-
rameters c.2=0.265 and c4=0.037. However, when only
the low spin levels are fitted, a "best-fit" value of a =3.8

is obtained; lowering of the hexadecapole parameter by
0.04 in Nilsson model calculations, on the other hand, re-
sults in a decrease in the calculated value of the decou-
pling parameter a by 0.5.

1. Nilsson model with Coriolis interaction (N+ C)

In order to describe rotational bands built on low-K,
high-j orbitals, the Coriolis interaction has to be taken
into account. An analysis of the h9/2 proton bands in the
framework of the Nilsson model [31] with hexadecapole
deformation, pairing interaction, and Coriolis coupling
and also including the f7&2 subshell was performed previ-
ously for odd-A ' ' Ir isotopes [2,3] using the comput-
er code cORIouS [32]. The same method was used for
analysis of the yrast and yrare bands built on the h9/2 or-
bital in ' 'Ir. All single-particle states originating from
this orbital as well as the two lowest states from the f7&2
orbital, expected to lie close to the Fermi surface for
Z =77, were included into the diagonalized matrix. The
calculated level energies were fitted to the experimental
ones with the following free parameters: the Fermi ener-

gy A, , attenuation coefficient of the Coriolis matrix ele-
ments a, parameter of inertia A' /(220) and a parameter,
B, describing changes of inertia parameter with spin ac-
cording to the formula
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TABLE IV. The h9~2 negative-parity states in ' 'Ir from the EAR and N+C model calculations. The best-fit parameters are
A, =6.034%cop, a=1.00, fi /22=19. 8 keV, B = —16.2 eV, a =3.34, and c532 6. 180fia)p for the Coriolis model, and A, =0.426,
a =0.861, A' /2S= 17.9 keV, and B = —9.6 eV for the EAR model.

Spin
Level energy (keV)

Expt. EAR N +C —'[541] —'[530]
Amplitude of wave functions (N+C)

2 [521] -,'[532] —,'[523] -,'[514] —,[505]

1

2
3
2
5
2
7
2
9
2
11
2
13
2
15
2
17
2
19
2

21
2
23
2

25
2

27
2

29
2

0.0
310.1
24.7

499.0
212.5
814.8
548. 1

1244.2
1003.9
1762.6
1549.6
2359.8
2154.4

172.2
254.1

6.7
305.2
24.7

500.9
210.8
820.2
548.3

1241.8
1007.4
1758.6
1552.3
2359.9
2154.4

77.4
228.5

—12.2
303.2
35.9

492.1

228.3
806.9
556.0

1238.8
1001.9
1769.7
1542.1

2373.0
2145.8

0.999
0.833
0.910
0.663
0.865

0.586
0.837
0.541

0.818
0.512
0.804
0.492
0.795
0.479
0.787

—0.052
0.162

—0.088
0.269

—0.100
0.338

—0.104
0.380

—0.106
0.408

—0.107
0.425

—0.107

0.437
—0.107

0.024
0.007
0.065
0.008
0.102

0.010
0.133
0.011
0.156

0.012
0.173

0.013
0.185

0.014

0.528

0.401
0.676
0.479
0.689
0.515
0.680
0.535
0.668
0.548

0.657
0.556
0.648

0.561

0.053
0.163

0.111
0.237
0.151

0.283
0.179
0.312
0.201

0.332
0.216
0.345

0.227

0.012
0.011
0.032
0.021
0.051
0.031
0.066
0.039
0.078
0.046
0.087
0.051

0.000
0.001
0.001
0.004
0.002
0.006
0.004
0.008
0.005
0.010
0.006

The calculated wave functions for states of both rota-
tional bands were used for calculating the mixing ratios,
and reduced transition probabilities in both bands. The
results are compared with the experimental data in
Tables III and IV and will be discussed later (see Sec.
IV C 3).

2. Extended asymmetric rotor model (EAR)

The Coriolis calculations described earlier had as-
sumed an axially symmetric shape for the nucleus and
had treated the nonaxiality only as a perturbation. An al-
ternative approach, viz. , assuming a rigid nonaxia1 shape
for the nuclear potentia1, has also been successfully ap-
plied to a number of odd-A Ir nuclei for the level systems
built on the h9&2 and h„&2 subshell [2,3,33]. However,
the original model [33]—assuming an odd nucleon cou-
pled to a triaxial, rotating, rigid core—does not take into
account some well-established empirical effects, viz. , the
attenuation of the strength of the Coriolis interaction in
comparison with its theoretical estimates; the differences
in the moments of inertia of the odd-A nucleus and the
even-even core nucleus caused by polarization of the even
core by the odd particle and the changes in the pairing
force duc to the blocking effect. Therefore, an extended
version of triaxial model (EAR) was developed [34] in
which these effects are included. In this approach, the at-
tenuation coefficie a, the inertia parameter A /2', as
well as the softness parameter 8 [see Eq. (7)], and the
Fermi energy A, , are taken as free parameters. The values
of the free parameters were adjusted by a least-squares fit
to the experimental level energies. The calculations have
been done for several values of the nonaxial deformation
parameter y and the best fit was achieved for the value of
y=15.3 which is very close to 14.9', the mean value of
this parameter obtained from the experimental energies
of 2g b and 2y 4y and 6y lcvcls rcspcctIvcly in thc

Os core nucleus using the recipe given in Ref. [33].
The resulting best-fit parameters for the h9/2 proton sys-
tems in the odd-A ' ' ' Ir isotopes are given in Table V
together with several related values; in all cases, only the
levels below the backbending region were included in the
fitting procedure.

The similar values of parameter y obtained from best
fit for the m.h9/2 systems in odd-A iridium isotopes and
those obtained, as described above, for the corresponding
Os cores (Table V), as well as the sensitivity of the fitted
level energies to this parameter, emphasize the
significance of the y asymmetry and, particularly, the im-
portance of the coupling of the odd particle also to the
states of the E =2 rotational band (so-called y-
vibrational band). In addition, it seems to justify a physi-
cal meaning for the fitted y values.

Although total-energy calculations in the (Pz, y) plane
do not confirm values of stable y deformations for the
ground state of Os isotopes as large as —15' (see, e.g.,
Ref. [27] where y = —6' was obtained for low spin states
of the g.s.b. in ' Os), they do indicate a considerable soft-
ness of these nuclei toward y deformation. The low-lying
22+ state should then be understood as a dynamical y-
vibrational state rather than as a state resulting from ro-
tation around the second symmetry axis; the y values de-
rived above would thus be a measure of the y stiffness of
nucleus rather than indicating a stable y deformation.
Even so, the rigid rotor plus particle approach discussed
above seems to be an efficient and successful way to take
into account rotation-y-vibration coupling in these nuclei
(see also the next section).

3. Reduced transition probabilities
and comparison of the models

The quality of the EAR fit for 13 experimental levels of
the h9&2 system in ' 'Ir (y =3.5 keV [see Eq. (8)]) is
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TABLE V. Systematics of parameters describing the h9/2 proton systems in odd-A Ir isotopes in the
framework of the extended asymmetric rotor model.

Parameters

a
$ /2' (keV)
8 (eV)

181I

0.426
0.861

20.63
—9.6

183I&a

0.342 (0.52)
0.802 (0.85)

15.80 (17.6)
—2.7=const

185I

0.350
0.908

17.39
—2.7

187I

0.334
0.921

19.73
—0.6

189I

0.376
0.956

22.64
0.0

2

Xbest fit

'Yos core

N1,„
Spin range
y2 (keV)

0.248
15.3
14.9'
13
1 29
2 2

3.5

0.278 (0.27)
14.6' (16.6')

14.6
7 (7)

5 25
2 2

4.4 (1.9)

0.258
13.0'
13.9'
21
1 41
2 2

5.1

0.247
16.4'
16.4'
19'
1 33
2 2

12 0c

0.234
19.2'
18.9
9

1 21
2 2

7.4

'It is diScult to obtain unique fit for ' Ir where only seven experimental levels below backbending
anomalies are known and therefore two examples of fit are given.
Calculated from Eq. (9) using best-6t value of A /220.

'Three 6tted levels, namely, 2 2, '2' 2, and '2
2 may not belong to the h9/2 orbital.

better than that for the axial case (y =9.7 keV). The
same conclusion is reached when the EAR model is ap-
plied to the h9/2 level systems in the other Ir nuclei
presented in Table V, as well as in ' Tl (Ref. [34]),
demonstrating the relative advantage of the EAR model
in describing experimental rotational level energies of this
odd-proton system.

The N +C and EAR model wave functions were also
used for calculating the properties of the electromagnetic
transitions between the levels in ' 'Ir. The results are
presented in Table III. Because the calculated ampli-
tudes of wave functions are explicitly involved, a compar-
ison of the observed and calculated transition probabili-
ties provides, in principle, a more sensitive test of the
used models than comparison of the level energies only.
Unfortunately, the results for the yrare and yrast bands
calculated with go =6.0 e b (see Table III) do not permit
a definite final conclusion because of large experimental
uncertainties in the angular distribution data. The values
calculated with the Nilsson model with Coriolis interac-
tion (X+C) appear to be closer to the experimental
values (if the first choice of 5 is accepted) than those cal-
culated within the EAR model; the differences, however,
are within error bars in most cases. The same is true
when the branching ratio of the transitions deexciting the

level at 310.1 keV [Iz (285.4 keV)/Ir (310.1

keV) =0.86+0.09] is compared with the values of 0.845
and 0.785 calculated with N+C and EAR models, re-
spectively. The differences between reduced transition
probabilities calculated from these models increase with
decreasing spin so that a comparison of the calculated
values with the experimental ones for levels with spin
I ~ —", would be a crucial test of the models.

Nevertheless, such values as the inertia parameter of
the rotational bands in the h9/p system, attenuation of
the Coriolis interaction, and the softness of the core de-
duced with the use of both models agree well with each
other despite differences in the assumption of axiality.
The best-fit value, A /23=19. 8 keV, for the inertia pa-
rameter obtained in the X+C model agrees well with the

value of 20.6 keV obtained in the EAR model with

y = 15.3' using the formula [33]

fi R 9—[81—72sin (3y)]'~
(9)

4sin (3y)

with A' /220=17. 9 keV resulting from the EAR best fit.
The agreement is even better when only low spin (I ~ —", )

levels are fitted in the N+C model, demonstrating that
the moments of inertia of the decoupled bands can be ex-
tracted reliably from experimental rotational level spac-
ings using either of these models.

Both models are also in agreement in that the attenua-
tion of the Coriolis interaction in the h9/2 system of the
odd-A Ir nuclei is weak (a=0.9, EAR) or nonexistent
(a = 1, N+ Q. The same conclusion was reached for this
system in several other odd-proton transitional nuclei
[34] where all the orbitals are close to or above the Fermi
level, in contrast with well-deformed rare-earth nuclei for
which a considerable attenuation (a =0.6) is observed.

Small values of the fitted parameter B for the ~h9/2
systems in odd-A Ir isotopes are another interesting re-
sult of both model calculations. The parameter 8,
defined in Eq. (7), is usually regarded to some degree as a
measure of softness of nucleus, although it is also a way
to take into account a moderate amount of rotation-
vibration mixing. This estimate of the softness of the
odd-A Ir nuclei (Table V) does not differ from the well-
deformed rare-earth nuclei where —B/(fi /2Ã is of the
order of 10 (see, e.g., Ref. [10]). The respective values
of the parameters 2, in the Harris formula,
2= do+2, m, for the odd-A Ir nuclei can be calculated
using the equation J,= 4B S~/A (with B—in MeV) [10].
The resulting values of 2& = 16k /MeV and J&:26
A /MeV corresponding to the best-fit values of 8 from
the EAR and X+C models, respectively, for ' 'Ir, as
well as the J, values obtained using B values given in
Table V for other Ir isotopes, are much smaller than the
values for neighboring even-even osmium nuclei which
are of the order of 100k /MeV or higher. They are also



45 HIGH SPIN STATES IN ' 'Ir AND BACKBENDING. . . 117

much smaller than the value 2, = 126.9A' /MeV obtained
for the ground-state band of ' 'Ir from the plot of the
dynamical moment of inertia 2' ' (the so-called adapted g
reference; see Sec. IV D). It is possible that the so-called
softness, manifesting itself in the lowering of the energies
of the rotational states in comparison to the I(I+1) ro-
tational dependence, originates nearly completely from
the Coriolis interaction with members of other rotational
bands having the same parity and spin value I, and from

y deformation. It follows that, for the h9/2 proton rota-
tional bands below the backbending region in the odd-A
iridium nuclei, the alignment of the i)3/2 neutrons at low
rotational frequencies (considered the cause of the high
2, values in even-even Os isotopes [35]) is small, or even
negligible. This statement must be treated with caution,
however, since at least part of this effect may be attribut-
ed to a stronger Coriolis interaction (a=0.9) than that
observed in the rare-earth region.

D. Spin alignment and backbending phenomena

An appropriate choice of the reference is crucial for
the analysis of the properties of the rotational bands. In
the case of ' 'Ir, the even-even ' Os core parameters do
not fulfi11 the necessary criteria because of the fast and ir-
regular changes in the moment of inertia with rotational
frequency even at relatively low rotational frequencies.
Therefore, the adapted g reference [36] was used, wherein
the So and 2, reference parameters are determined by
plotting the dynamical moment of inertia for the
ground-state band

S"'=S +3m)'S (10)

with respect to co and fitting to the linear part of the
plot. Even so, when the interaction with the s band is
strong, the extracted values depend on the number of
fitting points and the choice of mean spin for the "linear"
part. A three-point fit to J' ' with I „„=—", gives
JD=19.9' /MeV and J,=126.9A' /MeV, resulting in an
initial alignment of i =4.(Hi for the —,

' [541],a=+ —,
' sig-

nature members. The value of I „„=—", was chosen
since it gave i =const over a wider range of spin values.

The alignments of the bands obtained with
So=19.9R /MeV and J', =126.9R /MeV are shown in
Fig. 4. The ground-state band displays a pronounced
crossing at Ace=0. 30 MeV with an alignment gain of
hi =6.6'. This value is nearly equal to 6.5A, the mean
value of the sum of the alignments (deduced using the g
reference discussed above) of the a =+—,

' signature
members of the —,

'+ [624] band in the W =103 and 105 iso-
topes of Os and Pt; however, it is considerably lower than
Ai =9' observed in the neighboring even-even Os iso-
topes.

In contrast to the —,
' [541] rotational band, only slight

upbendings at fico=0. 23 MeV, evident on plots of J' ' vs
Ace, are observed in both signature members of the rota-
tional bands built on the —,

' + [402] and 9 [514] hole
configurations. The alignments in both rotational bands
rise smoothly with increasing A'co in relation to the chosen
reference parameters, indicating very strong interaction

10—

s/

0.1

I

0.2
(Mev)

]

0.3

FIG. 4. Plot of the experimental aligned angular moment i of
the bands in ' 'Ir as a function of the rotational frequency A'u.

with the crossing band. Indeed, the 20 and
parameters —the latter can be used as an indicator of the
interaction strength with a crossing band —deduced with
the use of Eq. (10) are 24. 8A' /MeV and 340.6R /MeV
for the —,

'+ [402] band and 19.6A' /MeV and
389.9i)i /MeV for the —,'[514] band, quite difl'erent from
adapted g reference for the ground-state band. The 2i
parameters so deduced are larger even than the 2, pa-
rameters for g.s.b. in the neighboring even-even Os and
Pt isotopes. For both bands, the total alignment gain at
the highest observed frequency, A'co=0. 28 MeV, is al-
ready about 5A with the crossing apparently still continu-
ing. It indicates that a larger c.2 deformation of these
configurations and, perhaps, a different y deformation,
expected when two protons occupy the strongly deforma-
tion driving —, [541] state and evident from the moments
of inertia (see Sec. IVA), influence their backbending
properties. Unfortunately, the highest observed rotation-
al frequencies (A'co =0.28 MeV in both bands) are too low
to conclude if the upbending at %co=0.32 MeV, with
hi=4. 0A', observed [28] in ' Pt, which is the core for
both hole configurations, occurs in these bands also. A
difference of about 70 keV in crossing frequencies and the
very different interaction strengths Uis a vis the crossing
band, that distinguish the rotational bands built on the
—', + [402] and —,'[514] hole configurations and the

[541]band will be discussed in the next section.
The rotational band built on the isomeric state exhibits

a continuous increase in alignment from 3.8A to 7. 1A in
the observed spin range, quite similar to behavior of the
7 isomeric band [26,27] in ' Os, thus confirming the
suggestion that the isomer in ' 'Ir arises from the cou-
pling of this core state to an odd proton.

It is diKcuIt to draw a definite conclusion on the
reason for the alignment phenomena observed in ' 'Ir us-
ing simply blocking arguments only, since all rotational
bands built on the high-j orbitals in the neighboring odd-
3 nuclei (i i3/2 neutrons on Os and Pt and h9&2 protons in
Ir—the best candidates for alignment processes) exhibit a
backbending or, at least a strong alignment gain, in the
rotational frequency range 0.20—0.34 MeV. Even when
the —,

' [541] configuration (labeled e) is blocked, other
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proton crossings (e.g., fg or fh) can, in principle, still ap-
pear in the g.s.b. of ' Ir. However, the blocking argu-
ments are valid only when all rotational bands under con-
sideration have similar deformations, which is not the
case in this mass region.

A pairing-self-consistent cranking (RBCS) calculation
[27] for ' Os indicates an i»/z neutron crossing (AB) at
0.26 MeV in the g.s.b., followed by BC and AD crossings
at nearly the same frequency of 0.30 MeV. Another ex-
planation for the alignment gain observed in this band,
based on the total Routhian (TRS) calculations with an
approximate frequency dependence for the pairing gap 6,
was proposed recently by Wyss et a1. [37]. In their inter-
pretation, the g.s.b. (with y= —2') is crossed by the pro-
late v(i, 3/Q) configuration and, consecutively, by the tri-
axial v(i&3/i) configuration (the latter with y= —12' and
s4 lower by -0.02 than that in the g.s.b.). The crossing
with two-quasiproton band is expected [27], instead, only
at rotational frequencies higher than 0.34 MeV, or even
higher than 0.64 MeV (Ref. [37]). The backbending ob-
served in the g.s.b. in ' Pt at a rotational frequency of
fico=0. 32 MeV, close to that of 0.30 MeV in the g.s.b. of
' 'Ir, and with similar alignment gain, is also attributed
to the alignment of a pair of i,3/i neutrons [29], in agree-
ment with the recent generator coordinator method
(GCM) calculations [38] indicating that only i, 3/2 neu-

trons are involved in the alignment process in the ' Pt
nucleus.

Therefore, it can be concluded, irrespective of the de-
tailed mechanism involved, that the alignment of the
i i 3/i neutron pair(s) is responsible for the backbending
phenomena observed in this nuclear region at Ace &0.34
MeV. The occupation of different proton configurations,
on the other hand, results only in inducing considerable
deformation changes causing, in turn, changes in the ob-
served crossing frequencies, alignment gains, and interac-
tion strength, as the crossing with two-quasiproton band
is expected [36—38] only at much higher rotational fre-
quencies. An especially important role is played by the
occupation by an odd particle of the h9/p i [541] proton
configuration with a particularly strong driving force to-
wards large e2 and slightly positive y values (see discus-
sion in the next section).

E. Systematics of band-crossing behavior in the Os-Pt region

The systematics of the experimental band-crossing fre-
quencies in the ground-state bands of the even-even Os
and Pt nuclei as well as in the one-quasiparticle bands in
odd-A Ir and some bands in the odd-A Os nuclei, are
shown in Fig. 5 as a function of the neutron number N.
Similar systematics, as a function of the proton number
Z, for N = 104 and 106 isotones, are shown in Fig. 6.

The critical frequency, A~„of the neutron AB cross-
ing, which is responsible for the backbending phenomena
at rotational frequencies 0.2S—0.35 MeV, is expected to
rise with an increase in the quadrupole deformation
and/or decrease in the hexadecapole deformation, as well
as with the rise in the Fermi energy A. (see detailed discus-
sion in Ref. [36]). Indeed, such a correlation can be noted
in Fig. S, where the calculated quadrupole and hexade-

capole deformations [51] are shown in the lower part of
the figure. Distinct changes in the band-crossing pattern
observed for N =98 and 108 and for Z =76 (see Figs. 5
and 6) may be related to sudden changes of the Fermi en-

ergy due to pronounced gaps observed in single-particle
level densities at these neutron and proton numbers,
clearly indicating a connection between the observed
backbending phenomena and the shell effects.

If y deformations, or at least the y stifFness, of the
[541] orbital in the odd-A Ir isotopes and the Os cores

are very close, as suggested by the EAR calculations (see
Sec. IV C2 and Table IV), only a difference in ez and/or
c4 may be responsible for the observed higher crossing
frequencies in the mh9/2 bands of Ir isotopes when com-
pared to those in the respective Os cores, since a reduc-
tion in proton pairing in an odd-Z nucleus would not
inhuence the neutron crossing frequencies. An equilibri-
um deformation calculation (with y =0' assumed) for the

[541] orbital and the even-even Os cores [52] gives
Ac,&=0.011, 0.020, and 0.026 for the N =104, 106, and
108 pairs of isotones, respectively, with a nearly constant
Ac4= —0.011. It is not inconsistent with
ez(' 'Ir) —ei(' Os) = —0.01+0.02, deduced from the
measured [6] quadrupole moments Qo, and with
hc.2=0.01 and 0.02 for N = 104 and 108 pairs of isotones,
respectively, as estimated from the So values of the ' 'Ir
and ' Ir isotopes (which are higher by about 2iri /MeV
and 4iii~/MeV, respectively, than those of the correspond-
ing Os cores). Consequently, one can expect shifts in the
critical frequency of hfico, =0.03, 0.04, and O.OS MeV for
N =104, 106, and 108 pairs of isotones, respectively, us-

ing the calculated hc2 and hc4 and an empirical relation

hfico, = l. 32(b,ei) —l.86(b a~)

deduced from the experimental fico, (AB) and calculated

ez and E4 (obtained from the recently calculated [53] Pz
and P~ for N =94—106, even-A Os isotopes). Therefore,
a slightly higher quadrupole and, at the same time, a
lower hexadecapole deformation of the —,

' [541] orbital

may explain the observed shift in the crossing frequencies
of the m.h9&2 bands in relation to the Os cores, b,%co„of
about 0.03 MeV for the N =104 and 106 isotones, and
account for about 60% of the shift (0.08 MeV) observed
for the N=108 isotones. The observed after-crossing
alignment gains in relation to those observed in Os core
isotopes are lower by about hi =3%. It is not clear
whether this decrease may also be explained by the
aforementioned changes of quadrupole and hexadecapole
deformation parameters. Recent TRS calculations for
the even-even osmium isotopes with %=102—106, also
predict small negative y values for low spin yrast states,
decreasing to about —12 after crossing with the S band,
while the excited proton bands favor a minimum at

y O'. These differences in y deformation may also con-
tribute to the differences in crossing frequencies and
after-crossing alignment observed in the pairs of Ir-Os
isotones.

Careful reexamination of Routhians and the second
moment of inertia, 2' ', plots for the g.s. bands reveals
that, in addition to the distinct crossings at higher fre-
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FIG. 6. Systematics of the experimental band-crossing fre-
quencies in the N =104 and 106 isotones of the W, Re, Os, Ir,
Pt, and Au nuclei. See Fig. 5 for explanations.

quencies, somewhat less obvious, smooth crossings (indi-
cating a large interaction strength) also occur at
fico &0.25 MeV in the N =96—102 Os isotopes [26,35,40].
Further, there is a substantial increase in the 2, values as
deduced from the energies of the first two rotational
states of the respective g.s. bands (middle part of Fig. 5).
Two alternative explanations of this effect have been pro-
posed: one involves a multistructure crossing, where
several vi&3/2 quasiparticle alignments occur one after
another in a narrow frequency range, accompanied by a
rapid diminishing of the neutron pairing correlations
over the frequency range 0.2—0.3 MeV (Ref. [35]); the
second invokes an abrupt change of the y deformation of
the crossing (vi, 3/Q) aligned band, from an approximate-
ly prolate shape (y=0') to a triaxial one with y = —12',
whence the extra alignment gain gives rise to the ob-
served irregularity in the alignment pattern (Ref. [37]).
Since, in both interpretations, the low-frequency crossing
discussed herein is a kind of "collective" phenomenon,
the wave function of the crossing band is a nearly com-
plete mixture of the wave functions of the vi &3/2
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configurations with different E values (or, as in the hy-
pothesis of the triaxial S band, K is no longer a good
quantum number), we propose to eall it the M (multis-
tructure) crossing, in contradistinction from the "nor-
mal" crossing, where the mixed wave function of the
crossing band is more clearly dominated by a single-E
value. The experimental data (see Fig. 5) suggest that,
with increasing A'co„such M crossings may smoothly
change into "normal" crossings.

The low-frequency crossings observed in the —,
' [514]

band in ' 'Ir and the —,'+[402] bands in the odd-A
Ir isotopes may also have a nature similar to the M

crossings discussed above. In all these bands, smooth
crossings (indicating large interactions with the crossing
band) are evident in the 0.20-0.23 MeV frequency region;
these are considerably lower than the observed crossing
frequencies in the —, [S41] bands of the neighboring even
Ir isotopes as well as those in the ground-state bands of
the neighboring even Os and Pt isotones (Fig. 5). The
crossing frequencies in the —', +[402] configuration de-
crease with N, in fair agreement with the Eq. (11) using
the respective changes in the calculated [52] ei and e~.
However, the calculated deformation parameters for
these bands are significantly larger than those for the

[541] bands, in qualitative agreement with the ob-
served differences of moments of inertia in the respective
rotational bands, implying higher expected crossing fre-
quencies, in contradiction with the experiment. Further,
a reduction in proton pairing in an odd-Z nucleus should
not affect the neutron crossing frequencies. Considerably
larger hexadecapole deformation s4 (not predicted by the
calculations), and/or significantly lower y deformations
of these orbitals (y &0', as suggested in Ref. [46]) com-
pared with the corresponding parameters for the mh9/p
proton orbitals and the Os and Pt isotones, would be con-
sistent with the observed low values of A'co, . Therefore,
the M crossing, analogous to that observed in the
N =96—102 even-A Os isotopes (note in Fig. 5 the espe-
cially close values of their %co, and interaction strength,
as estimated from J„to those observed in the' Os and

Os), seems to be the only possible interpretation of
these low-frequency crossings in odd-A Ir isotopes con-
sistent with the available data.

If the above assumption is true, one would expect, tak-
ing b,fico(AB-M) from Fig. 5 (' ' Os region) at analo-
gous M-crossing frequencies, that the next crossing would
occur at frequencies of about 0.08, 0.10, and 0.11 MeV
higher than the first crossing in these bands in ' 'Ir, ' Ir,
and ' Ir, respectively. Although the highest observed
rotational frequencies, %co=0.28 MeV, in both bands in
' 'Ir are too low to verify the predicted crossing at
fico =0.31 MeV, the —', +[402] band in ' Ir indeed shows a
hint of such a crossing at %co=0.32 MeV with hi ~ 9A, in
excellent agreement with the predicted frequency of 0.314
MeV and alignment gain of =9k, strongly supporting the
above assumption.

Values of A'co, for —,
' [521] rotational bands in the odd-

N ' ' 'Os nuclei [44] are also lower than the corre-
sponding values in neighboring even-X isotopes by about
0.05 MeV (see Fig. 5); this is very similar to the value of

the aforementioned reduction in fico, for the —,'[S14]and
—,
' + [402] bands in odd-Z Ir nuclei. However, these
differences in fico, have been interpreted as resulting from
the reduction of the neutron pairing for odd-X nuclei re1-
ative to that in the even-N nuclei [54]. This interpreta-
tion is strongly supported by nearly the same reduction in
the crossing frequencies in the ground-state band (with a
ir —,

' [541] configuration) in ' Ir, as compared with the
[541] rotational band in ' 'Ir (see discussion in Ref.

[55]).
However, the low fr~, of M crossings observed in the
[S14]and —', +[402] bands in the odd-A Ir nuclei cannot

be explained by the same analogy since a reduction in
proton pairing should not inAuence the neutron crossing
frequencies. The difference in the backbending behavior
between the —,

' [541] rotational band and both the
[514] and —', + [402] bands in the odd-A Ir isotopes may

instead by attributed to differences in the deforrnations
and a particle or hole character of the configurations in-
volved. The low-frequency crossings, observed in the
bands associated with the n.d5&2 —,'+[402] and irh»zi

[514] configurations, have been interpreted as the

vi&3/2 crossing shifted to a lower frequency as a result of
negative-y driving efFects of these configurations [46,56].
This interpretation may be consistent with the proposed
prolate triaxial (vi, 3/i) S-band crossing [37] as well as
with the multistructure crossing [35] because large
negative-y values (like large positive E~) bring the low-K,
i,3/2 neutron configurations closer to each other, leading
to a strong mixing of these configurations. Altogether, it
would explain the observed low-frequency anomalies (the
M crossings) in the —,

' [514] and —,'+[402] bands in odd-A
Ir nuclei, as crossings with a multistructure (consisting of
a strong mixture of the low-K, vi»&2 configurations)
neutron-aligned band with negative (and, possibly, de-
creasing with the rise in rotational frequency) y deforma-
tion. Moreover, the wave functions of the crossing band
may even be spread over different y values with a concen-
tration around —15' to 4' at fico=0. 2 MeV, as indicated
by recent generator coordinator method calculations [38]
for similar low-frequency crossings in ' Pt. However, it
is still an open question whether this interpretation can
explain the considerably larger interaction strength of the
proposed vi, 3/2 crossing in the m.d&/z and ~h»/z bands
compared to that in the ~h9/2 bands in Ir isotopes.

The occupation of the h9/2 configuration with a partic-
ularly strong driving force by an odd proton (leading to a
larger Ei and a slightly positive y) has just the opposite
effect, viz. , shifting neutron crossing frequencies to much
higher values and leading to the much simpler
configuration structure for the 5 band ("normal" AB
crossing). It is also consistent with vanishing of the M
crossing when the —,

' [541] configuration is occupied by
an odd proton, and with the conclusion (see Sec. IVC)
that the a1ignrnent of the i, 3/2 neutrons is small or negli-
gible below the backbending region in the h9/p proton ro-
tational bands in the odd-3 Ir nuclei. Detailed TRS cal-
culations in c.2-, and c4-, and y-parameter space, and an
application of the generator coordinator method [38]
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(which permits a description of the dynamics of the band
crossings) to the rotational alignment process, are neces-
sary to determine whether the explanation proposed
above for the observed backbending behavior of the Ir
isotopes is correct.

It is interesting to note that, in various rotational
bands, the differences in the crossing frequencies and in-
teraction strength between the X =104 and 106 isotones
are lower than the corresponding differences between the
neighboring isotopes (see Fig. 6). Therefore, it may be
surmised that filling consecutive proton orbitals has a de-
cisive inhuence on the backbending behavior of nuclei in
the vicinity of Z =77 and N =104 due to the significant
changes in the deformation parameters in the various
quasiparticle configurations, as discussed above.

V. SUMMARY AND CONCLUSIONS

High spin states in the nucleus ' 'Ir have been studied
via ' 0-induced fusion-evaporation reaction. Four band
structures have been identified. The mixed h9/2 proton
configurations form the yrast and yrare rotational bands.
Model calculations as well as some experimental evidence
indicate that the —,

' [541] and —,
' [532] Nilsson states, re-

spectively, constitute the main components of the wave
functions of these bands. Two other rotational bands,
built on low-lying —,'+[402] and —,'[514] isomeric states,
have been observed. Analysis of the decay properties of
the respective bandheads, as well as the gyromagnetic ra-
tios, gz, extracted from M1/E2 mixing ratios and the
branching ratios in the associated rotational bands, sup-
port the proposed Nilsson quantum number assignments.
In addition, two more band structures have been found.
One of them deexcites to the yrast and yrare levels while
the other is built on a short-lived, high spin isomer which
decays through some intermediate levels to the —,

' [514]
rotational band. The latter closely resembles the rota-
tional bands built on the 7 isomer in ' Os and the 7
state in ' Pt, both in excitation energy and level spacing.
Since the half-lives of the isomers in ' 'Ir and ' Os, as
well as the deduced gk factors, are also quite similar, it is
suggested that the observed isomer has a
{7 —, [514]] + configuration, decaying mainly

through the 1882.1-keV state with a proposed
[6+ —,'[514]], configuration.

The axial (Nilsson model with pairing and Coriolis in-
teraction included) and nonaxial (extended asymmetric
rotor} model approaches have been applied to the h9&2
proton level system. Both models give consistent results
for the values of the moment of inertia, the Coriolis in-
teraction attenuation, and the softness parameter. The
experimental level energies are clearly better fitted by the
EAR model, while the transition probabilities calculated
in the framework of the X+C model seem to be closer to

the experimental values, although the differences lie
within the experimental error bars in most cases. From
the available experimental data, it has not been possible
to reach a definite conclusion regarding the existence of a
rigid nonaxial shape of the odd-A Ir nuclei in the ground
state. Nonetheless, the EAR model may be an efficient
way to take into account the dynamical y deformation
and/or softness, which are important for a clear under-
standing of the behavior of the rotational states in these
nuclei.

The backbending pattern of the —,
' [541] rotational

bands in odd-A Ir isotopes generally follows that of the
respective even cores. Slightly higher crossing frequen-
cies may be explained by somewhat different deforma-
tions of the h9/2 configuration. These differences, howev-
er, cannot easily account for the observed differences in
the after-crossing alignment gains which are considerably
lower than in the g.s. rotational bands of the even-even
cores. The nature of the low-frequency anomalies (the M
crossings} observed in the g.s. bands of the N =96—102
Os isotopes, and in the —,'+[402] and —', [514] rotational
bands in odd-A Ir isotopes has been extensively dis-
cussed. A crossing with a multistructure, neutron-
aligned band, with sizable negative y and positive c4
mean deformations, is proposed in order to explain this
phenomenon.

The important role played by the occupation of strong-
ly deformation driving —, [541] configuration by one or
two protons in inducing deformation changes that lead,
in turn, to different backbending behavior in this nuclear
region has been explored. Even small deformation
changes may lead to changes, relative to Fermi energy, in
the position of high-j, low-K orbitals which play a de-
cisive role in the backbending phenomena. Not only can
the c2, c4, and y deformation parameters be configuration
dependent, but also the softness of nucleus toward
changes in these parameters may depend on
configuration, leading to different behavior of the rota-
tional bands built on various configurations. Detailed
TRS calculations in the c2-, c4-, and y-parameter space
and GCM calculations (for a description of the dynamics
of the band crossings) are vital for a more complete un-
derstanding of the observed backbending behavior of the
Os-Pt isotopes.
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