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High-spin states in doubly odd166Tm were investigated by means of in-beamg-ray spectroscopy techniques
using the multidetector array GASP. Excited states of166Tm were populated using the160Gd(11B,5n) reaction
at a beam energy of 61 MeV. Known rotational bands have been extended to higher spins and their configu-
rations have been discussed. Alignments, band crossing frequencies, and electromagnetic properties have been
analyzed in the framework of the cranking model. Signature inversion in theph9/2^ n i 13/2 structure is dis-
cussed. Calculations in the framework of the particle rotor model withp2n interaction included have been
able to reproduce the inversion.E1 decay modes were observed in competition withE2 intraband transitions.
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I. INTRODUCTION

The study of doubly odd nuclei has provided a fruitf
ground for the discovery and discussion of a number of
teresting nuclear structure phenomena@1#. One recurrent
theme has been the identification and classification of
structures of the rotational bands among the multitude of
possible combinations of proton and neutron configurati
which occur at low excitation energy@1,2#. To this aim a firm
determination of spins, parities, and excitation energies a
ciated with the rotational bands is very helpful. A variety
interesting phenomena has been discovered along the
among them that of signature inversion@3,4#. This feature
has been recently observed in theph9/2^ n i 13/2 structure, of-
ten called semidecoupled@5#, and its origin discussed in
terms of the proton-neutron residual interaction@6,7#. The
present study of the doubly odd166Tm is framed into the
above context. This nucleus has been reexamined using
GASP detector array at the Legnaro Tandem Facility yield
a wealth of rotational structures where the abovementio
ideas can be tested. In particular the large amount of h
quality triple g-ray coincidence data allows the observati
of multiple interband transitions leading to more accur
spin and parity assignments. Theph9/2^ n i 13/2 semide-
coupled structure was identified exhibiting signature inv
sion. In this bandE1 decay modes were observed in comp
tition with E2 intraband transitions. For exampl
pronouncedE1 decays into thep1/21@411# ^ n i 13/2 band
were established over a large spin range. The strengt
theseE1 transitions was compared along the isotopic ch
162,164Tm @8,9# and 166Tm. Moreover,E1 decays into the
ph9/2^ n5/22@523# were identified.

The 166Tm nucleus has been studied earlier using
(a,3n) reaction@10–12#. In Ref. @12# a level scheme con
taining several rotational bands was carefully constructed
this last work, the authors used an online crystal spectr
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eter which was crucial for establishing the placement of s
eral g rays, helping in the construction of the complicat
low-spin part of the level scheme. Other investigations wh
include magnetic moment measurements@13–16# have es-
tablished I p521 and the configuration p1/21@411#
^ n i 13/2(5/21@642#) for the ground state of166Tm. In Ref.
@17# a long lived isomeric state (T1/25340 ms) was estab
lished and identified as the bandhead of the 7/21@404#
^ n5/22@523#Kp562 structure. The works of Refs.@12#
and @17# were very useful in the present investigation.

II. EXPERIMENTS AND RESULTS

A. Measurements

High-spin states of166Tm were populated through th
160Gd(11B,5n) reaction at 61 MeV. In this experiment th
beam was provided by the Tandem XTU accelerator of L
naro and was focused on a stack of three foils. Each
consisted of 180mg/cm2 isotopically enriched160Gd2O3
evaporated onto a 15mg/cm2 carbon layer. The most in
tensely populated nuclei were165,166,167Tm @18–20#,
165,166Er @18,19#, and 163Ho @21# corresponding to the 6n,
5n, 4n, 5np, 4np, anda4n channels, respectively. Theg
rays emitted by the evaporation residues were detected u
the GASP array@22#, consisting of 40 Compton suppresse
large volume Ge detectors, and a multiplicity filter of 8
BGO elements, providing the sum energy andg-ray multi-
plicity used to select the different reaction channels. Eve
were collected when at least three suppressed Ge and
inner multiplicity filter detectors were fired. With this cond
tion a total of 109 events was recorded. The data correspo
ing to Ge energies were sorted into fully symmetrized ma
ces and cubes with a variety of conditions on time, detec
position, multiplicity, and sum energy of the BGO filter. I
order to determine multipolarities and mixing ratios for theg
©2002 The American Physical Society08-1
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transitions, the data were sorted to allow a directional co
lation orientation~DCO! analysis. For this purpose a non
symmetrized matrix using the detectors atu2590° with re-
spect to the beam direction against those atu1531.7°, 36°,
144°, and 148.3° was constructed. In the GASP geome
setting gates on stretched quadrupole transitions leads to
oretical DCO ratios Iggate5u2

(u1)/Iggate5u1
(u2) '1 for

stretched quadrupole transitions and'0.6 for pure stretched
dipole ones~taking into account the loss of the state alig
ment!.

Another experiment was performed at the TANDA
Laboratory in Buenos Aires, to measure half-lives of is
meric states in the range of 10–100 ns. In this experim
166Tm was populated through the164Dy(6Li,4n) fusion-
evaporation reaction atE(6Li) 538 MeV. The target con-
sisted of a 1.5 mg/cm2 isotopically enriched164Dy foil with
a Bi backing of a thickness of 2 mg/cm2. The experimental
setup consisted of a high resolution Ge planar detector
an 11 NaI~Tl! element multiplicity filter. AnEg-t matrix was
constructed, where the time was measured relative to
multiplicity filter acting as stop in the coincidences.

B. Level scheme of166Tm

The level scheme of166Tm constructed in the presen
work is shown in Fig. 1~parts A–C!. Ten rotational bands
composed of two signature partners plus a single signa
sequence were observed. The low-spin part of the le
scheme is essentially in very good agreement with previ
works @12,17#. Here we extended the rotational bands
higher spins, and found interlinking transitions among th
which established relative bandhead energies. The prop
spin and parity assignments to levels were partially de
mined by the presence of connections among the bands
DCO ratios and total internal conversion coefficients e
tracted for some of these connections, and data from
previous works@12,17#. Systematic comparisons with neigh
boring nuclei, namely,162,164Tm @8,9#, and arguments base
on band configurations have also been used in the spin
parity assignments. The bands have been labeled 1–11
lowing the order as they are drawn in Fig. 1~parts A–C!.
Four bands~1–4!, the ones corresponding to high-K struc-
tures, populate theKp562T1/25340 ms isomeric state@17#
~Fig. 1, part A!. The rest of the bands~5–7,9–11!, those of
low-K structures, and band 8 are mainly linked among the
The links between bands 4 and 5 establish the connec
between the low-K and high-K structures. To show thes
linkings, band 4 is also plotted in Fig. 1, part B. Band 7
plotted in parts B and C of Fig. 1 to show its linkings wi
bands 5 and 6 and with bands 8–10, respectively. In pa
some states of bands 5 and 6 are shown to indicate the
cays of bands 9 and 11, respectively.

Transition energies, spin assignments,g-ray intensities,
and DCO ratios are reported in Table I. Gamma-ray inten
ties were obtained from the total coincidence projection a
from individual spectra in coincidence with low spin trans
tions and were normalized to the 151.6 keV line of band
Table II reports total internal conversion coefficients~ex-
tracted from intensity balances evaluated in double ga
04430
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spectra! for some low-energy transitions of special interest
the level scheme, the experimental values are compared
the theoretical ones for different electromagnetic charac
@23#.

In the remainder of this section a description of the le
scheme is reported. Band 4 was extended at low and h
spin with respect to previous work@12#. In the low part, the
crossover transition of 126.5 (86.7139.9) keV was observed
in coincidence with members of band 4~Fig. 2! and also
with the 62.2 keV line. From intensity balance with the low
members of band 4, we assignedE1 character to the 62.2
keV out of band line, in agreement with results of the co
version electron measurement reported in Ref.@12#. Then,
consideringE1 character for the 62.2 keV transition, th
total internal conversion coefficient extracted for the 39
keV transition is consistent with anM1(E2) character~in-
band transition!, and the upper limit obtained for the 102
keV transition confirms theE1 character of this line~Table
II !. In addition, the branching ratio measured between
126.5 and 86.7 keV produces aB(M1)/B(E2) value which
follows the trend of the band. The above arguments sup
the placement of the 126.5 and 39.9 keV transitions in
lower part of band 4. With the addition of the correspondi
level to band 4, which we assigned as the (61) bandhead of
the p7/21@404# ^ n i 13/2(5/21@642#)Kp561 structure ~see
discussion below!, spins were increased in one unit with r
spect to the previous work of Mannanalet al. @12#. Between
spins 12\ and 17\, the states of bands 4 and 5 are strong
connected by stretchedE2 and M1(E2) transitions. The
DCO ratios measured for some of these connections sup
their assigned character~see Table I!, and in this way, spins
and parity of band 5 are fixed without ambiguity relative
band 4. The present spin assignment of band 5 increased
in one unit the spin values reported in Ref.@12#. Band 5 has
been identified as the ground state band on the basis o
assigned configuration~see Ref.@12# and the discussion be
low!. As mentioned in the Introduction, the ground state
166Tm has been identified as the 21 member of the
p1/21@411# ^ n i 13/2(5/21@642#) structure@13–16#. With our
spin assignment the lower observed level of band 5 hasI p

5(31) and considering the ground state to be 21, the tran-
sition (41) →(21) is missing. We expect for this transitio
an energy close to 50 keV on the basis of similarities w
the 164Tm case@9#. In their work Mannanalet al. @12# re-
ported the observation of a 57.5 keVg ray in coincidence
with lines of band 5, which can be a candidate for t
(41)→(21) transition. Possibly, we could not observe th
transition because it was embedded in theKa2,1

~49.8 and

50.7 keV! or Kb1,2
~57.5, 59.1 keV! Tm x rays, and/or it is

highly converted. Examples of double gated coinciden
spectra on lines of bands 4 and 5 are shown in Fig. 3. St
of equal spin along bands 4 and 5 are close to each o
with a minimum energy difference of 10 keV at 15\. Con-
sequently, around this spin value, it is expected a strong m
ing between the states. Above spin 15\ two a51 sequences
composed ofE2 lines of approximately the same energy a
intensity are in coincidence with the lower transitions of t
a51 component of bands 4 and 5. In Fig. 3~b! the 520.8,
8-2
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FIG. 1. Level scheme of166Tm divided into parts A, B, and C. The half-life of the (62) isomer has been extracted from Ref.@17#.
044308-3
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FIG. 1. ~Continued.!
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FIG. 1. ~Continued.!
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569.7, 618.5, 667.3 keV, etc. lines belonging to one seque
and the 532.3, 581.9, 631.4, 679.5 keV, etc., lines belong
to the other are clearly observed, while in Fig. 3~d! we can
see the 510.4, 569.7, 618.5, 667.3 keV, etc., lines belon
to one sequence and the 521.9, 581.9, 631.4, 679.5 keV,
lines which belong to the other. In the level scheme we p
ted the 532.3, 581.9, 631.4, 679.5 keV, etc., sequenc
belonging to band 4, and then the 510.4, 569.7, 618.5, 6
04430
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keV, etc., lines were assigned to band 5. However the o
case, the sequence 520.8, 569.7, 618.5, 667.3 keV, etc
side band 4 and consequently the 521.9, 581.9, 631.4, 6
keV, etc., lines inside band 5 could have been chosen in
plot of the level scheme. The larger distance betweena50
states of equal spin of bands 4 and 5~approximately twice
the observed in thea51 sequences! is consistent with
weaker linking transitions in comparison with the intraba
8-5
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TABLE I. g-ray transition energies, spin assignments,g-ray intensities, and DCO ratios in166Tm obtained from the reaction
160Gd(11B,5n) at 61 MeV.

Eg (keV)a I i
p→I f

p I g
b RDCO

c Eg (keV) I i
p→I f

p I g RDCO
Band 1
147.5 (72)→(62)
167.2 (82)→(72)
185.4 (92)→(82) 55
202.5 (102)→(92) 32
218.2 (112)→(102) 20
233.2 (122)→(112) 17
246.4 (132)→(122) 10
258.5 (142)→(132) 7
268.6 (152)→(142) 6
278.4 (162)→(152)
286.5 (172)→(162)
291.4 (182)→(172)
314.7 (82)→(62)
352.6 (92)→(72) 66
388.0 (102)→(82) 72
421.4 (112)→(92) 58 1.0~1!

451.7 (122)→(102) 56
479.7 (132)→(112) 52
504.8 (142)→(122) 54 1.1~2!

527.0 (152)→(132) 48 1.2~2!

547.0 (162)→(142) 36
564.4 (172)→(152) 32
577.9 (182)→(162)
598.4 (192)→(172)
Band 2
122.7 (71)→(61) 100
140.6 (81)→(71) 70 0.8~2!

158.1 (91)→(81) 51
175.4 (101)→(91) 44
191.9 (111)→(101) 38
207.7 (121)→(111) 34
223.5 (131)→(121) 22
237.1 (141)→(131) 20
252.6 (151)→(141) 11
263.5 (81)→(61) 13
269.2 (161)→(151) 9
298.8 (91)→(71) 20
333.9 (101)→(81) 14
367.7 (111)→(91) 24
399.9 (121)→(101) 25
431.2 (131)→(111) 23
460.5 (141)→(121) 23
489.9 (151)→(131) 20
521.4 (161)→(141) 23
544.5 (171)→(151) 13
593.8 (181)→(161) 10
Band 3
56.4 (72)→(62)
04430
79.9 (82)→(72) 440 0.83~8!

101.6 (92)→(82) 595 0.80~7!

123.2 (102)→(92) 780 0.9~1!

136.6 (82)→(62) 17
145.1 (112)→(102) 690 0.79~9!

166.8 (122)→(112) 594 0.85~8!

181.6 (92)→(72) 73
187.8 (132)→(122) 475 0.80~8!

207.3 (142)→(132) 338 0.85~7!

225.1 (102)→(82) 208
228.6 (152)→(142) 266 0.80~9!

242.1 (162)→(152) 190 0.77~8!

268.2 (172)→(162) 116 0.91~8!

268.6 (112)→(92) 288
269.0 (182)→(172) 147 0.9~2!

288.6 (202)→(192) 87 0.8~2!

300.7 (222)→(212) 56 0.9~2!

306.8 (192)→(182) 103 0.76~8!

308.9 (242)→(232) 31
312.0 (122)→(102) 463 0.99~7!

343.6 (212)→(202) 77 0.67~18!

354.7 (132)→(112) 492 1.06~8!

377.2 (232)→(222) 55 0.9~2!

395.3 (142)→(122) 497 0.97~6!

410.7 (252)→(242) 18
436.0 (152)→(132) 434 1.01~6!

470.7 (162)→(142) 410 0.98~6!

510.2 (172)→(152) 313 0.93~12!

537.3 (182)→(162) 330 1.01~7!

575.6 (192)→(172) 340 0.99~15!

595.2 (202)→(182) 256 0.96~9!

631.8 (212)→(192) 224 1.05~8!

643.8 (222)→(202) 203 0.98~8!

677.8 (232)→(212) 147 1.06~9!

685.8 (242)→(222) 133 1.1~1!

718.9 (252)→(232) 66 1.1~2!

725.1 (262)→(242) 63 0.9~2!

764.3 (272)→(252) 31
767.9 (282)→(262) 28 1.1~2!

817.0 (302)→(282) 13
820.0 (292)→(272) 10
871.9 (322)→(302) 6
884.0 (312)→(292) 4
930.8 (342)→(322) 2
954.6 (332)→(312) 2
993.5 (362)→(342) 1
Band 4
39.9 (71)→(61) 250
8-6
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TABLE I. ~Continued.!

Eg (keV)a I i
p→I f

p I g
b RDCO

c Eg (keV)a I i
p→I f

p I g
b RDCO

c

86.7 (81)→(71) 330 0.8~1!

119.3 (91)→(81) 348 0.97~12!

126.5 (81)→(61) 22 1.1~2!

145.8 (101)→(91) 250 1.06~10!

169.7 (111)→(101) 160 1.2~2!

188.9 (121)→(111) 102 1.1~2!

206.0 (91)→(71) 240 0.92~17!

210.2 (131)→(121) 66 1.1~2!

217.8 (141)→(131) 38 1.1~2!

236.8 (161)→(151) 14
249.3 (151)→(141) 13
249.3 (181)→(171) 4
265.3 (101)→(81) 502 0.97~12!

295.6 (171)→(161) 19 1.07~8!

315.8 (111)→(91) 590 1.00~8!

332.6 (191)→(181) 13
358.8 (121)→(101) 600 1.08~10!

366.8 (211)→(201) 9
399.2 (131)→(111) 510 1.03~7!

401.3 (231)→(221) 4
428.2 (141)→(121) 480 1.07~8!

467.2 (151)→(131) 370 1.16~14!

486.2 (161)→(141) 375 1.06~10!

532.3 (171)→(151) 106 1.03~8!

544.8 (181)→(161) 267 1.04~15!

581.9 (191)→(171) 161 0.99~8!

597.2 (201)→(181) 208 0.93~15!

631.4 (211)→(191) 114 0.9~2!

645.0 (221)→(201) 120 0.98~24!

679.5 (231)→(211) 62 1.0~2!

693.5 (241)→(221) 64 1.0~1!

731.1 (251)→(231) 36
747.7 (261)→(241) 33 0.92~15!

789.1 (271)→(251) 15
809.0 (281)→(261) 15
851.5 (291)→(271) 7
875.3 (301)→(281) 6
917.5 (311)→(291) 4
943.6 (321)→(301) 3
983.5 (331)→(311) 2
999.7 (341)→(321) 1
Band 5
74.5 (71)→(61) 50
74.9 (51)→(31) 620 0.95~7!

77.3 (61)→(51) 410
115.2 (81)→(71) 221 0.66~8!

118.4 (61)→(41) 520 1.0~1!

144.9 (101)→(91) 94 0.69~8!

151.6 (71)→(51) 1000 0.98~5!

167.4 (111)→(101) 28 0.67~12!

173.5 (121)→(111) 24 0.5~1!
04430
189.7 (81)→(61) 619 0.93~8!

210.9 (131)→(121) 40 0.6~2!

211.2 (141)→(131) 10
233.7 (91)→(71) 1071 1.08~5!

241.9 (151)→(141) 12
254.5 (171)→(161) 19
263.5 (101)→(81) 650 0.98~7!

266.6 (191)→(181) 9
277.1 (211)→(201) 2
312.5 (111)→(91) 663 1.00~6!

341.0 (121)→(101) 611 1.04~6!

384.4 (131)→(111) 460 1.02~5!

421.9 (141)→(121) 436 0.98~7!

452.9 (151)→(131) 322 1.08~6!

497.8 (161)→(141) 312 1.04~8!

510.4 (171)→(151) 142 0.93~8!

557.4 (181)→(161) 223 0.97~10!

569.7 (191)→(171) 194 1.00~5!

608.2 (201)→(181) 164 1.1~1!

618.5 (211)→(191) 142 1.04~8!

655.1 (221)→(201) 100 1.0~1!

667.3 (231)→(211) 76 1.02~15!

704.3 (241)→(221) 56 1.1~2!

721.5 (251)→(231) 45 0.9~2!

759.8 (261)→(241) 25 1.0~2!

782.9 (271)→(251) 19
821.9 (281)→(261) 11
849.3 (291)→(271) 10
888.3 (301)→(281) 6
918.3 (311)→(291) 5
955.0 (321)→(301) 3
986.5 (331)→(311) 2
1029.1 (341)→(321)
Band 6
101.8 (102)→(92) 26
126.5 (92)→(82) 22 0.5~1!

127.0 (122)→(112) 44 0.49~7!

154.0 (142)→(132) 29 0.67~13!

179.7 (112)→(102) 53 0.46~7!

185.4 (162)→(152) 12
211.4 (92)→(72) 26
228.5 (102)→(82) 66 1.02~8!

236.7 (132)→(122) 78 0.56~6!

281.7 (112)→(92) 71
289.0 (152)→(142) 35 0.39~7!

306.8 (122)→(102) 247 1.00~6!

329.1 (172)→(162) 18
351.5 (192)→(182) 10
356.5 (212)→(202) 4
363.7 (132)→(112) 155 1.10~6!

390.8 (142)→(122) 347 1.03~5!
8-7
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TABLE I. ~Continued.!

Eg (keV)a I i
p→I f

p I g
b RDCO

c Eg (keV)a I i
p→I f

p I g
b RDCO

c

443.1 (152)→(132) 130 1.03~5!

474.7 (162)→(142) 253 1.00~3!

514.6 (172)→(152) 81 1.00~5!

554.9 (182)→(162) 166 1.04~6!

577.5 (192)→(172) 54 1.1~1!

629.1 (202)→(182) 86 1.01~8!

634.2 (212)→(192) 34 0.9~1!

687.0 (232)→(212) 16 0.9~1!

695.6 (222)→(202) 50 0.95~1!

738.0 (252)→(232) 6
753.9 (242)→(222) 22 1.1~1!

788.4 (272)→(252) 4
804.2 (262)→(242) 10 1.0~1!

840.6 (292)→(272) 3
846.4 (282)→(262) 6
870.3 (302)→(282) 3
895.6 (312)→(292) 2
906.7 (322)→(302) 1
953.9 (332)→(312)
Band 7
75.7 (61)→(51)
80.6 (71)→(61) 52
100.8 (91)→(81) 49 0.7~2!

135.6 (81)→(71) 64
156.3 (71)→(51) 25
209.0 (101)→(91) 84 0.3~2!

216.1 (81)→(61) 131 0.9~2!

236.6 (91)→(71) 170 1.0~2!

280.4 (121)→(111) 27 0.5~2!

310.0 (101)→(81) 144 1.1~2!

325.5 (111)→(91) 312 1.03~8!

343.6 (141)→(131) 8
396.8 (121)→(101) 110 0.8~2!

418.6 (131)→(111) 177 1.04~8!

473.6 (141)→(121) 76
506.1 (151)→(131) 122 0.96~10!

518.2 (161)→(141) 25
582.4 (171)→(151) 71 1.0~2!

573.9 (181)→(161) 81
630.1 (191)→(171) 30 1.1~2!

631.9 (201)→(181) 62
653.4 (211)→(191) 40 0.9~2!

690.3 (221)→(201) 39
718.5 (231)→(211) 13
744.2 (241)→(221) 14
751.9 (251)→(231) 8
796.6 (261)→(241) 5
812.5 (271)→(251) 4
848.0 (281)→(261) 3
865.2 (291)→(271) 2
897.3 (301)→(281) 1
04430
Band 8
629.4 (231)→(211) 5
693.0 (251)→(231) 6
745.1 (271)→(251) 3
804.7 (291)→(271) 1
Band 9
81.1 (61)→(51)
89.6 (71)→(61)
121.4 (81)→(71) 34
129.5 (91)→(81) 26
164.8 (101)→(91) 26
166.5 (111)→(101) 8
170.1 (71)→(51)
206.0 (131)→(121) 7
206.9 (121)→(111) 16
211.1 (81)→(61) 80
251.4 (91)→(71) 58 0.9~2!

294.5 (101)→(81) 104
331.5 (111)→(91) 108 1.00~8!

373.7 (121)→(101) 92
413.4 (131)→(111) 123 1.07~12!

461.9 (141)→(121) 46
479.2 (151)→(131) 105 0.98~11!

540.7 (171)→(151) 90 0.98~15!

546.9 (161)→(141) 62
603.7 (181)→(161) 35
617.2 (191)→(171) 21 1.0~2!

672.3 (201)→(181) 12
715.9 (211)→(191) 7
749.5 (231)→(211) 3
Band 10
86.8 (81)→(71) 48
120.2 (71)→(61) 46
128.7 (101)→(91) 41 0.59~15!

160.9 (91)→(81) 78 0.62~20!

174.4 (121)→(111) 12
203.8 (111)→(101) 29
207.2 (81)→(61) 30 0.9~2!

240.4 (131)→(121) 28
247.9 (91)→(71) 48 0.9~2!

289.9 (101)→(81) 94 1.04~12!

332.7 (111)→(91) 88
377.9 (121)→(101) 88
414.9 (131)→(111) 65
455.6 (141)→(121) 60 1.0~2!

503.6 (151)→(131) 42
541.0 (161)→(141) 30
578.3 (171)→(151) 27
598.0 (181)→(161) 77 0.9~2!

623.6 (201)→(181) 30 1.0~2!

654.8 (191)→(171) 7
8-8
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TABLE I. ~Continued.!

Eg (keV)a I i
p→I f

p I g
b RDCO

c Eg (keV)a I i
p→I f

p I g
b RDCO

c

670.4 (211)→(191) 5
Band 11
76.9 (62)→(52)
86.0 (72)→(62)
98.0 (82)→(72) 139 0.57~15!

118.2 (92)→(82) 133 0.75~12!

131.1 (102)→(92) 169 0.75~25!

158.1 (112)→(102) 186 0.9~2!

168.5 (122)→(112) 153 0.7~2!

202.5 (132)→(122) 140 0.66~15!

208.6 (142)→(132) 108
216.1 (92)→(72) 17
248.1 (152)→(142) 95
249.7 (102)→(82) 59
249.8 (162)→(152) 70 0.68~15!

289.3 (112)→(92) 41
289.6 (172)→(162) 45
290.8 (182)→(172) 40
321.7 (192)→(182) 18
326.8 (122)→(102) 50 1.1~2!

330.1 (202)→(192) 17
345.3 (212)→(202) 8
359.0 (222)→(212) 5
371.3 (132)→(112) 73 0.96~20!

411.3 (142)→(122) 74
456.8 (152)→(132) 82
497.8 (162)→(142) 70
538.5 (172)→(152) 69
579.6 (182)→(162) 71
612.3 (192)→(172) 38
651.9 (202)→(182) 48
675.4 (212)→(192) 25
704.2 (222)→(202) 32
721.1 (232)→(212) 15
Transition from band 2 to band 1
156.9 (61)→(62)
Transitions from band 2 to band 3
35.1 (61)→(62)
242.5 (81)→(72) 9
320.6 (91)→(82) 17
Transitions from band 2 to band 4
94.4 (61)→(61)
Transition from band 3 to band 1
121.5 (62)→(62)
Transition from band 3 to band 4
59.3 (62)→(61)
Transitions from band 4 to band 1
62.2 (61)→(62) >1120d 0.8 ~1!

102.1 (71)→(62) 180 0.66~8!

Transitions from band 4 to band 5
231.8 (151)→(141) 24
04430
290.8 (191)→(181) 6
404.1 (141)→(121) 153 0.95~8!

442.3 (151)→(131) 32
468.3 (161)→(141) 41 1.0~1!

521.9 (171)→(151) 129 1.00~6!

Transitions from band 5 to band 4
235.6 (141)→(131) 27
259.7 (151)→(141) 25 0.58~12!

266.2 (161)→(151) 18
283.9 (171)→(161) 10
291.7 (181)→(171) 13
308.9 (191)→(181) 9
318.3 (201)→(191) 11
330.4 (211)→(201) 6
341.8 (221)→(211)
352.2 (231)→(221) 2
445.9 (141)→(121) 110 1.0~1!

477.6 (151)→(131) 23
515.4 (161)→(141) 15
520.8 (171)→(151) 160 1.00~5!

558.3 (191)→(171) 16
Transitions from band 5 to band 7
53.8 (81)→(71) 47
80.6 (101)→(91) 59 0.54~9!

96.2 (121)→(111) 36 0.50~8!

248.2 (111)→(91)
Transitions from band 6 to band 4
372.6 (152)→(141) 13
401.1 (172)→(161) 7
433.6 (192)→(181) 2
Transitions from band 6 to band 5
270.3 (122)→(111) 104 0.69~12!

271.1 (72)→(61) 50 0.8~2!

276.1 (102)→(91) 187 0.58~7!

276.7 (142)→(131) 32 0.56~6!

281.3 (82)→(71) 109 0.60~8!

292.6 (92)→(81) 153 0.57~8!

310.7 (112)→(101) 137 0.66~7!

299.1 (162)→(151) 6 0.6 ~2!

333.6 (132)→(121) 75 0.51~8!

354.3 (152)→(141) 30 0.59~8!

Transitions from band 6 to band 7
165.1 (142)→(131) 15
192.8 (122)→(111) 43 0.55~11!

211.2 (102)→(91) 50 0.60~12!

219.9 (82)→(71) 19 0.60~15!

Transitions from band 7 to band 5
98.2 (51)→(41) 0.7 ~2!

132.0 (61)→(51)
135.7 (71)→(61) 90 0.72~8!

182.9 (91)→(81) 260 0.55~6!
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TABLE I. ~Continued.!

Eg (keV)a I i
p→I f

p I g
b RDCO

c Eg (keV)a I i
p→I f

p I g
b RDCO

c

196.8 (81)→(71) 38
244.8 (111)→(101) 201 0.46~9!

271.7 (81)→(61) 45
322.6 (131)→(121) 52 0.34~10!

325.7 (101)→(91) 7 1.2 ~3!

389.4 (111)→(91) 130 1.0~3!

391.0 (101)→(81) 3
406.9 (151)→(141) 13
496.1 (131)→(111) 14
Transitions from band 7 to band 8
660.0 (231)→(211) 10
782.7 (251)→(231) 1
Transitions from band 7 to band 9
430.9 (141)→(121) 7
588.2 (191)→(171) 34
Transitions from band 7 to band 10
447.0 (141)→(121) 26
510.3 (161)→(141) 71
Transitions from band 8 to band 7
687.7 (231)→(211) 14
Transitions from band 8 to band 9
682.5 (211)→(191) 6
Transitions from band 9 to band 5
141.7 (61)→(61)
162.9 (81)→(81) 28
193.9 (101)→(101) 10
Transitions from band 9 to band 7
504.4 (141)→(121) 8
659.3 (191)→(171) 32 1.2~2!

745.1 (211)→(191) 6
Transitions from band 9 to band 10
ab
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103.0 (81)→(71) 22
145.7 (91)→(81) 40 1.0~2!

187.4 (111)→(101) 48 0.70~15!

222.7 (131)→(121) 6 0.7 ~2!

396.9 (131)→(111) 33
461.3 (151)→(131) 15
478.3 (141)→(121) 50
Transitions from band 10 to band 7
267.0 (131)→(121) 8
296.8 (151)→(141) 10
335.1 (141)→(131) 6
378.3 (161)→(151) 2
481.6 (141)→(121) 38
549.2 (161)→(141) 63
Transitions from band 10 to band 9
107.7 (71)→(61) 34
143.7 (101)→(91) 42 0.9~2!

190.4 (121)→(111) 13
223.6 (131)→(121) 10
266.1 (91)→(71) 22
439.0 (141)→(121) 48
518.7 (161)→(141)
Transitions from band 11 to band 6
214.7 (82)→(72) 29
248.1 (92)→(82) 40
252.9 (102)→(92)
309.1 (112)→(102) 9
Other transitions
621.5 8
629.9 9
e

aUncertainties between 0.1 and 0.3 keV.
bUncertainties between 10 and 50 %, depending on intensity of the lines and complexity of the corresponding spectra.
cDirectional correlation ratioIggate5u2

(u1)/Iggate5u1
(u2), (u1531.7°, 36°, 144°, and 148.3° andu2590°) determined from coincidenc

spectra, setting gates on stretchedE2 transitions on both axes of the DCO matrix.
dThe intensity loss due to the half-life has not been evaluated.
ur
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lines. In this case we followed intensity arguments to est
lish thea50 transition sequence inside each band.

The above mentioned transitions 62.2 and 102.1 keV,
populate band 4 both feeding the same state. This state
established as (62) on the basis of the spin and parity o
band 4, theE1 character of the 62.2 and 102.1 keV tran
tions, and theDI 51 type of the 102.1 keV line~supported
by the DCO ratio, see Table I!. This (62) state is the long-
lived isomer reported in Ref.@17#. The connections betwee
bands 4 and 5 fix the energy of the (62) isomeric state at
34.6~5! keV above the (51) state of band 5. In Fig. 4 we
show the low-energy part of bands 4 and 5 together with
(62) isomer and its decay. Drissiet al. @17# observed a 34.42
keV line with a halflife of 340~25! ms in prompt coincidence
with the 74.9 keV of band 5, and assumed that it depopula
-

e-
as

-

e

d

the isomer through an unseen transition of energyE
,25 keV. Based on energy differences, we found from o
present data, an energy of 0.260.5 keV for this intermediate
transition concluding that the 34.42 keV depopulates direc
the isomer, as shown in Fig. 4. Furthermore, theE1 multi-
polarity of the 34.42 keV transition established by Dris
et al. @17# is consistent with a (62)→(51) decay giving
additional support to our present spin assignment of ban
Assuming the isomeric (62) state to be fully depopulated
through the 34.42 keVE1 transition aB(E1,34.42 keV)
51.5(1)310211e2 fm2 ~corrected by internal conversion! is
estimated for this decay. According to the structure of init
(Kp562) and final (Kp521,31) levels the 34.42 keV cor-
responds to anE1 DK53,4 transition. The hindrance facto
with respect to the Weisskopf estimate (FW

E1'1011) falls
8-10
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HIGH-SPIN STATES IN DOUBLY ODD166Tm PHYSICAL REVIEW C 66, 044308 ~2002!
within the systematic for aDK54 transition and not to far
for the evaluated data forDK53 transitions@24#.

Band 3 is one of the most populated bands as it is
pected from its yrast character displayed over a large s
range. Figure 5~c! shows a coincidence spectrum gated
the 123.2 and 145.1 keV lines of band 3. This band dec
through the 59.3 and 121.5 keV transitions both proceed
from the bandhead which has been established as (62) ac-
cording to the structure assigned to the band~see Refs.
@11,12# and the discussion below!. The time spectra of the
59.3, 62.2, and 121.5 keV transitions are shown in Fig
From the fits of these spectra a value ofT1/2536(2) ns was
adopted for the bandhead of band 3. This result differs fr
the 2(1)ms value reported in Ref.@17#. The isomeric char-
acter of the bandhead of band 3 is responsible for the in
sity unbalance between transitions feeding and depopula
this isomer registered in the coincidence experiment du
the thin target which let the recoil nuclei to escape. The 5
keV transition links the bandheads of bands 3 and 4
according to the configuration assigned to these bands
DK50. The B(E1,59.3 keV)53.3(3)31025e2 fm2 corre-
sponds to a hindrance factor with respect to the Weissk
estimate (FW

E1'63104) which falls within the systematic
for a DK50 transition@24#.

Band 2 is a weakly populated band, several transiti
were observed linking band 2 to bands 3, 4 and to
(62)340 ms isomer. TheE1 character of the 35.1 keV line
~Table II!, together with the presence of the other decay-
transitions of energies 94.4, 156.9, 242.5, and 320.6
establish the spins and parity of band 2 and its position
the level scheme. A representative double-gated spectrum
this band is shown in Fig. 5~b!.

Band 1 was placed on the (62)340 ms isomer on the
basis of its assigned structure~see below! in agreement with
Ref. @17#. No interlinking line with other bands was found
An example of a double gated for spectrum this band
shown in Fig. 5~a!. Comparing Figs. 5~a! and 5~c! the differ-
ent intensity between bands 1 and 3 is evident, which in
cates the immediately departure of band 1 from the yrast
with increasing spin.

Band 6 was extended at high spins compared to the
vious work@12#. Representative double gated spectra onE2
transitions belonging to thea50 anda51 signature com-
ponents of this band are shown in Figs. 7~a! and 7~b!, respec-
tively. This band decays into band 5 through a series of tr
sitions of energy around 300 keV. The DCO ratios obtain

TABLE II. Total internal conversion coefficients for selecte
low energy transitions in166Tm. The experimental valuesaT

exp were
obtained from intensity balances and the theoretical valuesaT

th from
Ref. @23#.

Eg ~keV! Placement aT
exp aT

th assigned
E1 E2 M1 multipolarity

35.1 bands 2,3 <3 1.02 300 10.6 E1
39.9 band 4 9~3! 0.71 160 7.2 M1(E2)
80.6 bands 5,7 7~2! 0.59 7.2 5.9 M1(E2)
102.1 bands 4,1 <1.5 0.32 2.9 3.0 E1
04430
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for these transitions are around 0.6~see Table I!, which re-
quire pure stretched dipole assignments. The apparent
sence of quadrupole admixtures is consistent with theE1
and DI 51 assignment for each of these transitions. As
example Fig. 8~a! shows the calculated DCO ratio as a fun
tion of arctan(d) and the experimental value for the linkin
292.6 keV transition which is consistent with20.1<d
<0.1. As a consequence band 6 is proposed to have neg
parity, if positive parity is assigned to band 5. At spin (152),
(172), (192) this band also decays into band 4 through t
lines 372.6, 401.1, and 433.6 keV, the first two ones
indicated in Fig. 3~a!. This fact could be a consequence
the mixed structure of states in bands 4 and 5. Band 6
decays into band 7 through the 165.1, 192.8, 211.2,
219.9 keV transitions. Figures 9~a! and 9~b! show double
gated coincidence spectra on pairs of lines belonging to
a50 anda51 components of band 7, respectively. Spi
and positive parity of band 7 have been assigned from
analysis of its linking transitions mainly with band 5. Fo
example, the total electron conversion coefficient of the 8
keV transition~from band 5 to band 7! corresponds to an
M1(E2) character~see Table II! while its DCO ratio is con-
sistent with aDI 51 transition. In addition, among the stron
gest lines which depopulate band 7 into band 5, the 18
244.8, and 322.6 keV lines present DCO ratios which
consistent withDI 51M1(E2) transitions with mixing ratios
d<0. In Fig. 8~b! the experimental and calculated DCO r
tios for the 322.6 keV transition are shown, from this figu
25.0<d<20.18 was evaluated for this line. Furthermor
the DCO values of the 192.8, 211.2, and 219.9 keV tran
tions~see Table I!, which are consistent withDI 51 E1 char-
acter, solidified our spin and parity assignments.

Around spins 12–16\ the a50 component of band 7 is
strongly linked to thea50 sequences of bands 9 and 1
through transitions of energy in the range 400–550 k
while weaker lines connect it with thea51 sequence of
band 10. In Fig. 9~a! these two pairs of interband lines a
indicated, for example the 481.6 and 504.4 keV and
267.0 and 296.8 keV transitions. Thea51 component of
band 7 interacts strongly with thea51 sequence of band 9
around spins 17–19\, the 659.3 keV interband line is indi

FIG. 2. Sum ofg-ray coincidence spectra obtained setting ga
on pairs of transitions of band 4~265.3 and 358.8 keV plus 265.
and 428.2 keV!. The 39.9 and 126.5 keV lines added to band 4
clearly seen.
8-11
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FIG. 3. g-ray coincidence spectra of Ge detectors setting double gates on transitions of the~a! a50 sequence of band 4~265.3 and 358.8
keV!, ~b! a51 sequence of band 4~399.2 and 467.2 keV!, ~c! a50 sequence of band 5~263.5 and 341.0 keV!, and~d! a51 sequence of
band 5~384.4 and 452.9 keV!.
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cated in Fig. 9~b!. On the basis of the interlinking transition
among bands 7, 9, and 10, spins and parities were assi
to the two latter bands relative to band 7. The small dista
of levels of equal spin in thea50 components of the thre
bands which achieves its minimum at spin 14\, explains the
presence of the connections as a consequence of strong
ing among the different band configurations. An example
this effect can be observed in Fig. 10~a!, where the intraband
461.9 keV and the interband 439.0 keV transitions show
proximately the same intensity. AnE2 sequence indicated i
the level scheme as band 8 has been observed linked t
a51 component of bands 7 and 9. The decay of band 9
band 5 has been observed through the 141.7, 162.6,
04430
ed
e

ix-
f

-

the
to
nd

193.9 keV lines which, according to our present spin a
parity assignment, areDI 50 M1(E2) transitions, being the
intensity balance for these lines consistent with their
pected electromagnetic character. In Fig. 10~a!, which corre-
sponds to a double gate on the 294.5 and 373.7 keV lines
coincidences with the lower members of band 5~151.6 and
189.7 keV lines! and with the 162.6 keV out-of-band line ar
clearly observed.

Finally, in the analysis of double gated spectra on pairs
transitions of band 11 we observed systematically the p
ence of the lower members of band 5~namely, the 151.6 keV
line! through rather weak coincidences, as is indicated in F
10~e!. Due to complex and low intensity coincidence rel
8-12
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HIGH-SPIN STATES IN DOUBLY ODD166Tm PHYSICAL REVIEW C 66, 044308 ~2002!
tionships, some of the decay-out transitions were not pla
into the level scheme. However, clear coincidences were
served between the members of the following pairs: 21
and 271.1, 248.1 and 281.3, 252.9 and 292.6, and 309.1

FIG. 4. Low-energy part of bands 4 and 5 and the (62) isomer.
The energy of the transition from the level atx1109.5 keV to the
level atx174.9 keV and the half-life of the isomer have been e
tracted from Ref.@17#.
04430
d
b-
.7
nd

276.1 keV lines. It can be noted that for each pair the sec
line corresponds to anE1 decay transition from band 6 int
band 5~Fig. 1, part B!. This fact allowed the placement o
band 11. We adoptedI→I 21 for the decay lines from band
11 into band 6. The possibility ofI→I 22E2 transitions for
these decays was discarded. In this last scenario spin
band 11 should be increased in one unit with respect to
present assignment and as a consequence, states of the
spin in bands 6 and 11 would lie very close@as an example it
can be seen that the (92) state of band 6 and the (82) state
of band 11 are only 3 keV apart# and strong linkings between
the bands in both directions should have been obser
However, only weak connections were detected and o
from band 11 to band 6. Positive parity for band 11 can
be discarded on the basis of the coincidence data ana
and to assign negative parity we invoke structure argume
namely, theB(M1)/B(E2) values, and systematic compar
son with a similar structure reported in164Tm @9#. On ac-
count of coincidence relationships the 86.0 and 76.9 k
lines @which are indicated in Fig. 10~e!# lie at the bottom of
band 11, however, the absence of observed crossover tr
tions forbid an unambiguously placement of these lines.

-

FIG. 5. Representative spectra obtained setting double gates on transitions of~a! band 1~147.5 and 167.2 keV!, ~b! band 2~175.4 and
191.9 keV!, and~c! band 3~123.2 and 145.1 keV!.
8-13
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M. A. CARDONA et al. PHYSICAL REVIEW C 66, 044308 ~2002!
FIG. 6. Time distribution of the 59.3, 62.2, and 121.5 keV lin
arising from the NaI~Tl! multiplicity filter and planar detector co
incidences. The best fits through the data points are also show
04430
show this fact we indicated the two lower states of band
with dotted lines in the level scheme. Examples of dou
gated coincidence spectra for bands 9–11 are shown in
10.

For coupled bands with connectingDI 51M1(E2) mixed
transitions the experimentalB(M1)/B(E2) ratios were de-
termined by the following expression:

B~M1,I→I 21!

B~E2,I→I 22!
50.697

Eg2

5

Eg1

3

1

l~11d2!
F mN

2

~e b!2G ,

whereEg1
andEg2

are the energies~in MeV! corresponding

to theDI 51 andDI 52 transitions, respectively,l theg-ray
intensity ratio I (g2)/I (g1), and d the mixing ratio of the
DI 51 transition. The experimental branching ratios (l)
were obtained from relativeg-ray intensities in the spectra i
coincidence with transitions directly populating the corr
sponding states. In the evaluation ofB(M1)/B(E2), we as-
sumedd250 ~in most cases the error produced with th
assumption is less than 10%).

III. DISCUSSION

The bands expected at low excitation energy in166Tm are
those built on the lowest proton and neutron orbitals in
neighboring odd-Z and odd-N nuclei. In order to identify
these bands we studied the evolution of Nilsson levels in
vicinity of 166Tm as a function of the neutron number. In Fi
11 the bandhead energies have been plotted for the odd
Tm, and Er isotopes@21,18,20,25#. For the doubly odd
166Tm we constructed the zero-order level scheme@2# adding
the experimental bandhead energies extracted from neigh
FIG. 7. Representative double gatedg-ray coincidence spectra of Ge detectors on pairs of transitions of the~a! a50 sequence of band
6 ~474.7 and 554.9 keV! and ~b! a51 sequence of band 6~443.1 and 514.6 keV!.
8-14
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FIG. 8. Calculated DCO ratios as a functio
of arctan (d) and experimental values for se
lected transitions~a! (92)→(81) 292.6 keV
from band 6 to band 5,~b! (131)→(121) 322.6
keV from band 7 to band 5,~c! (132)→(122)
187.8 keV of band 3,~d! (101)→(91) 145.8
keV of band 4,~e! (121)→(111) 173.5 keV of
band 5,~f! (112)→(102) 179.7 keV of band 6.
Gating is done on stretched quadrupole tran
tions and a dealignment parameters/I 50.3 was
used for the substate population distribution.
t

e

h
ie

th
r-

y-

the

lues

om
ing odd proton and odd neutron isotopes and neglecting
residual interaction which can split theK65uVp6Vnu states
according to the Gallagher-Moszkowski coupling rules@26#
~see Table III!. For the 166Tm rotational bands found in th
present work, the configuration assignment was based
systematics and on the analysis of band properties suc
rotation alignments, band crossing frequenc
B(M1)/B(E2) values, mixing ratios ofM1(E2) transitions,
signature splitting, etc. The theoretical estimates of
B(M1)/B(E2) were obtained from the semiclassical fo
mula of the cranking model developed by Do¨nau and
Frauendorf@27# ~see also Ref.@28#!. We used the following
expressions:

B~E2,I→I 22!5
5

16p
^IK20uI 22K&2Q0

2

and

B~M1,I→I 21!5
3

8p
mT

2 ,

wheremT is the transverse magnetic moment given by
04430
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mT5~gVp
2gR!~VpA12K2/I 22 i pK/I !1~gVn

2gR!

3~VnA12K2/I 22 i nK/I !,

in units ofmN . Q0 is the intrinsic quadrupole moment,gVp
,

gVn
, andgR50.3 are the proton, neutron, and collective g

romagnetic factors, respectively. The quantitiesi p andi n rep-
resent the aligned angular momenta of the proton and
neutron, respectively.

The mixing ratio d for DI 51 in-band transitions was
evaluated using the expression

d50.93EgQ0KAI 22K2/~mTI 2!,

whereEg is the transition energy in MeV,Q0 andmT are in
units of e b and mN , respectively. We usedQ057.5 e b,
which corresponds to an average of the experimental va
for the neighboring even-even Er and Yb nuclei@29#. Proton
and neutrong factors (gVp

, gVn
) were calculated by the

expression@30# gV5gl1(gs2gl)^s3&/V. The expectation
values of the spin projection on the symmetry axis^s3& were
evaluated using Nilsson-type wave functions obtained fr
8-15
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FIG. 9. g-ray coincidence spectra of Ge detectors gated on pairs of transitions belonging to the~a! a50 sequence of band 7~310.0 and
396.8 keV! and ~b! a51 sequence of band 7~418.6 and 506.1 keV!.
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the diagonalization of the deformed harmonic oscillator w
b50.30, the parametersk andm were extracted from Ref
@30#. For the orbital and sping factors we used:gl ,p51,
gs,p53.91,gl ,n50, andgs,n522.68. Alignments andg fac-
tors for the proton and neutron intrinsic states used in
calculations are listed in Table IV. Figure 12 shows expe
mental and calculatedB(M1)/B(E2) values for bands 1–7
and 9–11. In Table III we report the sign of the mixing rat
evaluated for theDI 51 in-band transitions of the differen
configurations.

A DI 52 sequence in a rotational band can be analyze
terms of the cranking model. The inertia parameters,J0 and
J1 are extracted fitting the Harris expression

R5I x2 i 5~J01J1v2!v,

where R is the collective andi the particle contribution
~which is also set as a free parameter in the calculation! to

the total aligned angular momentumI x(I )5A(I 1 1
2 )22K2,

andK represents the projection of the angular momentum
the nuclear symmetry axis. The rotational frequencies (v)
are derived from the experimental level spacing with
usual relation@31#

\v5
E~ I 11!2E~ I 21!

I x~ I 11!2I x~ I 21!
,

whereE(I ) is the energy of the level of spinI. The fitting
intervals are chosen in a frequency range correspondin
fully aligned particles without breaking pair effects. Th
alignments listed in Table IV and the inertia parametersJ0
andJ1 used for band 6 of166Tm and for the single-nucleon
components in neighboring odd-A nuclei presented below
were extracted by this procedure.
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A clearest distinction among the bands is connected to
lowest observed crossing frequency. In bands containing
n i 13/2(5/21@642#) orbital, the firsti 13/2 crossing~called the
AB crossing! is blocked. These bands show the seco
i 13/2 (BC) crossing delayed'0.07 MeV with respect to the
AB crossing. In order to establish crossing frequencies
studied the evolution of the dynamical moment of inertiaJ(2)

along the rotational band. We used the following approxim
tions to evaluateJ(2) vs \v:

J(2)5
dIx

dv
.

4\2

Eg2
2Eg1

and

\v5
Eg1

1Eg2

4
,

whereEg1
and Eg2

are the energies of two consecutiveDI

52 transitions in the rotational band. TheJ(2) parameter is
very sensitive to changes in the moment of inertia caused
level crossing implying particle alignments and in this w
can be used to determine crossing frequencies avoiding
difficulties of selecting reference inertia parameters. The
sition of peaks and/or of sudden and large variations in
plot of J(2) vs \v was adopted as the crossing frequency.
Fig. 13 we plotted the dynamical moments of inertia cor
sponding to bands of166Tm and different bands in the neigh
boring nuclei. The yrast band in the even-even nucleus164Er
@32# represents the behavior of the even-even core and
bands in167Yb @20#, 163Er @21#, and 165Tm @33# display the
effect produced by the odd particle. In the odd-odd nucle
166Tm we expect the combination of both odd particle e
8-16
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FIG. 10. Selectedg-ray coincidence spectra
of Ge detectors gated on pairs of transitions of~a!
band 9,a50 component~294.5 and 373.7 keV!,
~b! band 9,a51 component~479.2 and 540.7
keV!, ~c! band 10,a50 component~377.9 and
455.6 keV!, ~d! band 10,a51 component~414.9
and 503.6 keV!, and~e! band 11~158.1 and 168.5
keV!.
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fects. The crossing frequencies extracted from Fig. 13
listed in Table V, where we also included the deviation of t
crossing frequencies with respect to the even-even c
(d\vc) and for the bands of166Tm the calculated devia
tions, adding the effects of the proton and neutron involv
in the configuration of the band (d\vc

calc), are also reported

A. High-K structures: bands 1, 2, and 3

For band 1 we propose the configurationp7/21@404#
^ n5/22@523#Kp562 in agreement with Ref.@17#. This
high-K normal band is consistent with its effective projecti
quantum numberKeff56.5. This parameter is obtained fro
the energy ratio of the first twoDI 51 transitions (x), ac-
cording to the formulaKeff5(22x)/(x21), assuming a ro-
tational band with energy statesE(I )5(\2/2J)@ I (I 11)
2K2#, as described in Ref.@2#. The high value ofKeff ob-
tained for band 1 corresponds to the case in which both
ton and neutron orbitals are weakly affected by the Corio
interaction, resulting inKeff'K5Vp1Vn57/215/256.
The 62 bandhead of this structure appears as the low
high-K configuration predicted by the zero-order lev
scheme~Table III!, and was identified as the 340 ms isome
04430
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state @17#. In Fig. 12 we compare the theoretic
B(M1)/B(E2) values with the experimental ones. Even ta
ing into account the large mixing ratios of this structured
'0.9) the experimental points are rather underestimated
the calculation. The estimation of the crossing frequen
\vc'0.28 MeV, obtained from the dynamical moments
inertia @Fig. 13~e! and Table V# is consistent with the first
n i 13/2 crossing (AB).

As mentioned above, band 2 has positive parity and sp
determined according to its connections with band 3, es
lishing a bandheadI 56, which is approximately equal to th
extractedKeff55.9. This is consistent with a normal band
which then i 13/2 orbital is not involved. This can not be con
firmed by the crossing frequency because then i 13/2 crossing
is not reached. We propose for band 2 thep7/22@523#
^ n5/22@523#Kp561 configuration which, according to th
zero-order level scheme of166Tm ~Table III! predicts a 61

bandbead energy for this structure at 227 keV. In additi
the observedB(M1)/B(E2) values of band 2 are in ver
good agreement with this interpretation~Fig. 12!.

The structure assigned to band 3 isp7/22@523#
^ n i 13/2(5/21@642#)Kp562 in agreement with Refs
8-17
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M. A. CARDONA et al. PHYSICAL REVIEW C 66, 044308 ~2002!
@11,12#. The dynamical moment of inertia of this band sho
a pronounced peak at 0.35 MeV@Fig. 13~e!#. This delay in
the crossing frequency is consistent with the presence of
n i 13/2 ~Table V!. The same conclusion is obtained from t
Keff51.6!6 indicating a significative compression of th
band. Another possibility could be the presence of theph9/2
orbital, which produces similar delay and compressed st

FIG. 11. Bandhead excitation energies for o
165,167,169Yb,163,165,169Tm, and 163,165,167Er isotopes.
04430
he
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ture. However, the DCO ratios of theDI 51 in-band transi-
tions indicate positive mixing ratios excluding the presen
of the ph9/2 orbital ~Table III!. An example of the DCO
ratios is shown in Fig. 8~c! where a mixing ratiod
50.23(8) is obtained for the (132)→(122) 187.8 keV tran-
sition. TheB(M1)/B(E2) properties of this band are con
sistent with its configuration assignment~Fig. 12!.

B. High-K structure, band 4 and low-K structure, band 5

The structures assigned to bands 4 and 5
p7/21@404# ^ n i 13/2(5/21@642#)Kp561 and p1/21@411#
^ n i 13/2(5/21@642#)Kp521,31, respectively, in agreemen
with Ref. @12#. In band 4, the DCO values, around 0.8–1
measured for theDI 51 in-band transitions, are consiste
with large and positive mixing ratios. This is in agreeme
with the proposed configuration for which a variation ofd
from 0.3 up to 9 is predicted when the spin increases from
up to 23\. As an example, the mixing ratio of the (101)
→(91) 145.8 keV transition extracted from the DCO anal
sis @Fig. 8~d!# is close to the calculated value (d50.7). The
non-negligibled values were taken into account and t
quantities B(M1)/B(E2)(11d2) are compared favorably
with experiment~Fig. 12!.

The small values of B(M1)/B(E2)'0.012
20.04mN

2 /e2 b2 of band 5 are close to the expected ones
the configuration p1/21@411# ^ n i 13/2(5/21@642#)Kp521

~Fig. 12!. The deviation from the general trend of the expe
mental values above spinI'17\ corresponds to the mixing
of the states of band 4 and 5, which is not included in
calculations. This strong mixing is similar to the observ
between thep7/21@404# and the p1/21@411# bands in
165Tm @33#. The DCO ratios for theDI 51 in-band transi-
tions of band 5, which are around 0.5–0.7 imply small m
ing ratios. As an example a mixing ratio20.25<d<0.03
was evaluated for the (121)→(111)173.5 keV transition
@Fig. 8~e!#. This result is in agreement with the calculatio
n
s

TABLE III. Zero-order level scheme of166Tm. Entries areK65uVp6Vnu values, zero-order energies i
keV, and the sign of the mixing ratiod evaluated for theDI 51 in-band transitions. Excitation energie
correspond to the average of165Tm and167Tm for protons and to the average of165Er and167Yb for neutrons.
~The values corresponding to proton and neutron intrinsic spins aligned have been underlined.!

pVp
p@Nn3L# nVn

p@Nn3L# n5/22@523# n5/21@642# n3/22@521# n1/22@521#
Ep ~keV! En ~keV! 0 38 211 243

p1/21@411# 22,32 21, 31 12, 22 02,12

0 0 38 211 243
d,0 d,0 d,0

p7/21@404# 12,62 11,61 22,52 32,42

130 130 168 341 373
d.0 d.0 d.0 d.0

p1/22@541# 21,31 22,32 11,21 01,11

165 165 203 376 408
d,0 d,0 d,0

p7/22@523# 11,61 12,62 21,51 31,41

227 227 265 438 470
d.0 d.0 d.0 d.0
8-18
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HIGH-SPIN STATES IN DOUBLY ODD166Tm PHYSICAL REVIEW C 66, 044308 ~2002!
performed for this configuration which predictd'20.4 and
d'20.2 for the Kp521 and Kp531 couplings, respec-
tively. The dynamical moments of inertia evaluated alo
bands 4 and 5 show great similarities with pronounced pe
at 0.32 MeV@Fig. 13~f!#. These delays in the crossing fre
quency are consistent with the presence of the neutroni 13/2
~Table V!.

The evolution of the level staggering of band 5 prese
interesting features. On the basis of the coupling of the

TABLE IV. Parameters used in the calculations
B(M1)/B(E2) values. The alignments were extracted from165Tm
and from 163Er and 167Yb for the proton and neutron orbitals, re
spectively.

Protons Neutrons
orbital i (\) gV orbital i (\) gV

p7/22@523# 0.9 1.33 n5/22@523# 0.5 0.250
p7/21@404# 0.5 0.626 n5/21@642# 3.0 20.306
p1/21@411# 0.4 21.11 n3/22@521# 0.6 20.378
p1/22@541# 1.8 0.863
04430
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vored signature of both particles, we expecta f5ap
f 1an

f 5

21/211/250 for the normal favored sequence in band
however, the band displays a particular behavior with t
points of signature inversion and with thea51 component
anomalously favored over the high spin range. In Figs. 14~a!
and 14~b! the energy differenceS(I )5E(I )2E(I 21)
2@E(I 11)2E(I )1E(I 21)2E(I 22)#/2 of the levels of
band 5 is plotted for the twoa51 sequences which can b
assigned to band 5, as discussed above. Even if the am
tude of the level staggering changes, both cases display
same trend. A possible explanation of the anomalous sig
ture splitting at high spin could be the interaction betwe
bands 4 and 5 which pushes upwards~downwards! the a
50(1) states of band 5.

C. Low-K structure ph9Õ2‹n i 13Õ2 : band 6

All the properties analyzed for band 6 are consistent w
the ph9/2(1/22@541#) ^ n i 13/2(5/21@642#) Kp522,32 as-
signment. The measuredB(M1)/B(E2) ratios agree with
the calculated ones~Fig. 12!. In addition, in-bandDI 51
transitions have DCO ratios'0.5 which are consistent with
d,0, as expected for this structure~Table III!. For example,
e
-

and
FIG. 12. ExperimentalB(M1)/B(E2) values.
The results of the calculations obtained in th
framework of the cranking model for the configu
rations assigned are also shown. For bands 1
4 in which the effect of the larged values cannot
be neglected, the theoreticalB(M1)/B(E2)(1
1d2) values are plotted.
8-19
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FIG. 13. Experimental dynamical moments of inertia as a function of the rotational frequency corresponding to~a! yrast band of164Er
andn i 13/2(5/21@642#) band of167Yb, ~b! n5/22@523# band of167Yb andn3/22@521# band of163Er, ~c! p7/21@404# andph11/2(7/22@523#)
bands of165Tm, ~d! p1/21@411# andph9/2(1/22@541#) bands of165Tm, ~e! bands 1–3 of166Tm, ~f! bands 4 and 5 of166Tm, ~g! bands 6
and 7 of 166Tm, ~h! bands 9–11 of166Tm. Filled and open circles correspond to thea511/2 anda521/2 signatures, respectively~odd
nuclei!, anda50 anda51 signatures, respectively~even-even and odd-odd nuclei!.
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a value of d520.15(10) was extracted for the (112)
→(102)179.7 keV transition as is shown in Fig. 8~f!. The
alignment of the band is consistent with the sum of theph9/2
andn i 13/2 alignments at low spin, and it begins to upbend
considerably high frequency\v'0.4 MeV as is shown in
Fig. 15 for thea50 sequence. Such delayed backbend
due to the added effects of theph9/2 andn i 13/2 orbitals. The
delay produced by theph9/2 orbital has been systematical
observed in neighboring nuclei and was explained in te
of deformation changes in combination with proton-neutr
interaction @9,33,34#. In addition, the evolution of the dy
namical moment of inertia also reflects the delaying effe
of the proton and neutron particles@Fig. 13~g! and Table V#.
However, different behavior is displayed by thea50 and
a51 components of the band. A pronounced peak at\v
50.43 MeV is observed for thea50 sequence while the
other shows a rather smooth behavior with a maximum
\v'0.37 MeV. Band 6 was compared with the same str
tures identified in162,164Tm @8,9#. In Fig. 16 the experimenta
Routhians are plotted for the three isotopes, using comm
reference parameters (J0540.4\2/MeV and J1
550.4\4/MeV3). In the three cases the Routhians disp
similar slopes. A particular feature is observed in the th
cases, the Routhians corresponding to both signatures o
band cross each other. The crossing of the signature com
04430
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nents can be more easily seen in a plot of the level stag
ing, where it appears as a reversal of the phase of the s
gering. In Fig. 17 the energy differenceS(I ) of levels of
band 6 is presented together with the data correspondin
162,164Tm @8,9#, the similarities displayed along the isotop
chain are evident. The point of the crossing increases w
neutron number 17.3\, 19.4\, and 22.3\ for 162Tm, 164Tm,
and 166Tm, respectively. These points correspond in terms
rotational frequency to 0.29, 0.32, and 0.35 MeV, whi
agree within 0.01 MeV with the values extracted from t
Routhian plots. It should be considered that the position
the Routhian crossing is independent of the selected re
ence parameters, in the case the same set is adopted for
signatures. For the present configuration the favored sig
ture of both particles isa511/2, and therefore the expecte
favored signature isa51 for theph9/2^ n i 13/2 band. How-
ever, at low spin thea50 sequence is anomalously favore
up to certain point where the inversion is clearly produc
This is another example of the signature inversion pheno
enon which has been extensively observed in rotatio
bands of odd-odd nuclei involving high-j parentage orbitals
@35#. Recently, a residual proton-neutron interaction in t
framework of the particle rotor model has been invoked
explain signature inversion effects in theph9/2^ n i 13/2 struc-
ture @6,7#. Here we employed the two-quasiparticle-plu
8-20
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TABLE V. First band-crossing frequencies and experimental and calculated deviations of these c
frequencies with respect to the even-even core~yrast band of164Er). The calculated deviationsd\vc

calc are
obtained adding the deviations of the odd-Z and odd-N neighboring nuclei.

Nucleus band a \vc d\vc d\vc
calc

~MeV! ~MeV! ~MeV!

164Er yrast band 0 0.28
165Tm
p7/22@523# 61/2 0.27 20.01
p7/21@404# 61/2 0.27 20.01
p1/21@411# 61/2 0.26 20.02
p1/22@541# 11/2 0.38 0.10

21/2 >0.34 >0.06
167Yb
n5/22@523# 11/2 0.26 20.02

21/2 0.32 0.04
n5/21@642# 11/2 0.32 0.04

21/2 0.42 0.14
163Er
n3/21@521# 61/2 0.25 20.03
166Tm
Band 1p7/21@404# ^ n5/22@523#Kp562 0,1 '0.28 '0.00 20.03
Band 2p7/22@523# ^ n5/22@523#Kp561 0,1 >0.25 >20.03 20.03
Band 3p7/22@523# ^ n5/21@642#Kp562 0,1 0.35 0.07 0.03
Band 4p7/21@404# ^ n5/21@642#Kp561 0,1 0.32 0.04 0.03
Band 5p1/21@411# ^ n5/21@642#Kp521,31 0,1 0.32 0.04 0.02
Band 6p1/22@541# ^ n5/21@642#Kp522,32 0 0.43 0.15 0.24

1 '0.37 '0.09 0.14
Band 7p1/22@541# ^ n5/22@523#Kp521,31 0 .0.43 .0.15 0.14

1 0.32 0.04 0.08
Band 9p1/22@541# ^ n3/22@521#Kp511,21 0 .0.32 .0.04 0.07

1 >0.37 >0.09 0.07
Band 10p7/21@404# ^ n5/21@642#Kp511 0 >0.30 >0.02 0.03

1 >0.33 >0.05 0.03
Band 11p7/22@523# ^ n5/21@642#Kp512 0 >0.34 >0.06 0.03

1 >0.35 >0.07 0.03
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rotor calculations used many years ago to analyze a pos
anomalous signature phase in the same structure in th
region @36#, to explain the staggering of theph9/2^ n i 13/2
band in 166Tm. The single-particle states were generated
ing the standard Nilsson calculation with quadrupole def
mationb50.30 andk andm parameters extracted from Re
@30#. The Nilsson Hamiltonian was diagonalized within th
N55(6) shell for protons~neutrons! and the orbitals ofh9/2
( i 13/2) parentage were selected to construct the proton~neu-
tron! particle configuration space. The pairing energy ga
(Dp50.83 MeV andDn50.91 MeV) were estimated from
the binding energies of the adjacent even-even and odA
nuclei. The proton and neutron Fermi levels were position
at 1.5 MeV below thep1/22@541# and 0.5 MeV above the
n5/21@642# orbitals to reproduce the correct proton or ne
tron numbers, respectively. The magnitude of thep2n inter-
action depends on the angular momentum to which the
ton and neutron are coupled and on the quasipart
character of the two valence nucleons. It was extracted f
the empirical particle-hole multipletph9/2^ n21i 13/2 in 208Bi
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@37# renormalized by pairing correlations@36#. This force has
the required features to yield an intuitively transpare
mechanism for signature inversion. The matrix eleme
^( j pj n

21)JuVp2nu( j pj n
21)J&5VJ

21 display small deviations
(s'60 keV) around a mean of about 150 keV for theJ
55210 states while the value forJ511, 886 keV, is sig-
nificantly larger and strongly repulsive. This means that
small collective rotation the maximally aligned stateJ59/2
113/2511 is excluded from the spectrum of intrinsic exc
tations. The system prefers to add collective angular mom
tum instead of aligning the particles@36#. As the system ro-
tates faster and faster at a certain point it becom
energetically more favorable to align the two quasipartic
to J511 and the change of phase of the staggering occ
To determine the moment of inertia we kept in mind that in
real nucleus this parameter is not a constant value but usu
increases with spin. A variable moment of inertia was n
implemented in the calculation, so we used a fixed value
evaluated the effect of its variation on the signature inv
sion. An increase~decrease! in the moment of inertia cause
8-21
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M. A. CARDONA et al. PHYSICAL REVIEW C 66, 044308 ~2002!
the inversion point to move to higher~lower! spins. To
present our results here, we chose a moment of ine
J/\2538.6 MeV21. This selected value reproduces well t
inversion point of band 6 and changing 8% the inertia
rameter the inversion point is shifted in'1\. The results of
the calculations with and without thep2n force are shown
in Figs. 18~a! and 18~b!, respectively. Without thep2n force
the level staggering is determined by the Coriolis force o
the entire spin range; the inclusion of thep2n force repro-
duces the phenomenon of the low spin signature invers
and the point of the change of phase; however, the magni
of the staggering is underestimated.

Another similarity among the isotopes162,164Tm and
166Tm is observed in the decay of theph9/2^ n i 13/2 band into
the p1/21@411# ^ n i 13/2 structure through stretchedE1 tran-
sitions. TheB(E1) strength of these decays was evalua
using the following expression@33#:

B~E1!57.731023
Eg2

5

Eg1

3

B~E2!

l
@e2 fm2#,

whereEg1
andEg2

are the energies~in MeV! corresponding

to theDI 51 interband andDI 52 rotational intraband tran

FIG. 14. Signature splittingS(I )5E(I )2E(I 21)2@E(I 11)
2E(I )1E(I 21)2E(I 22)#/2 vs I evaluated for band 5 with the
two possiblea51 sequences~a! 510.4, 569.7, 618.5, 667.3 keV
etc.,~b! 521.9, 581.9, 631.4, 679.5 keV, etc. The arrows point to
signature inversion. Filled and open circles correspond to tha
50 anda51 signatures, respectively.
04430
ia

-

r

n
de

d

sitions, respectively. The branching ratiol is defined as the
g-ray intensity ratioI (g2)/I (g1). B(E2) is the strength of
the DI 52 transition within the rotational band~in e2 b2)
assumed to correspond to a quadrupole moment of 6.6,
and 7.5e b for 162Tm, 164Tm, and 166Tm, respectively, and
evaluated usingK52. The quadrupole moments are the a
erage of the experimental values for the neighboring ev
even Er and Yb nuclei@29#. In Fig. 19 we compare the cor

e

FIG. 15. Experimental alignments as a function of the rotatio
frequency corresponding to thea50 component of theph9/2

^ n i 13/2 band~band 6!. The values for the involved single-nucleo
components in neighboring odd-A nuclei, 165Tm and 167Yb, are
also plotted, the no symbol dashed line corresponds to the su
these values at low spin. The inertia parameters used for the r
ence configurations areJ0540.4\2/MeV and J1550.4\4/MeV3,
J0540.7\2/MeV and J1542.4\4/MeV3, and J0534.9\2/MeV
and J1554.0\4/MeV3 for the signature component of theph9/2

^ n i 13/2, ph9/2, andn i 13/2 bands, respectively.

FIG. 16. Experimental Routhians versus rotational frequency
the ph9/2^ n i 13/2 bands of 162,164,166Tm. The subtracted referenc
has parametersJ0540.4\2/MeV andJ1550.4\4/MeV3 andK52
was used in the calculations. Since all the Routhians are simila
energy, those for162Tm and 164Tm are shifted up in energy by 1.0
and 0.5 MeV, respectively, for the plot. Filled and open circ
correspond to thea50 anda51 signatures, respectively.
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respondingB(E1) strengths for the three nuclei. The ord
of these values is 102421023e2 fm2, corresponding to hin-
drance factors relative to the Weisskopf estimateFW

E1'103

2104, which fall among the smaller ones displayed by t
systematic@24#. In the three isotopes there is a difference
strength for theE1 transitions depopulating states of odd a
even spins, the first ones are 1.5–4 times larger than
second ones. This signature dependence of theB(E1) values
was observed and discussed in Ref.@8# concerning the162Tm
case. Out of band enhancedE1 decay modes in competitio
with intraband stretchedE2 transitions have been found in
number of neighboring odd-Z nuclei, involving bands base
on thep1/21@411# and ph9/2 structures@33,38# ~the same

FIG. 17. Signature splittingS(I )5E(I )2E(I 21)2@E(I 11)
2E(I )1E(I 21)2E(I 22)#/2 vs I of the ph9/2^ n i 13/2 bands in
doubly odd nuclei:162,164,166Tm. The arrows point at the signatur
inversion. Filled and open circles correspond to thea50 and a
51 signatures, respectively.

FIG. 18. Results of the two-quasiparticle-plus-rotor calculatio
with ~a! and without~b! p2n force. The experimental and calcu
lated values S(I )5E(I )2E(I 21)2@E(I 11)2E(I )1E(I 21)
2E(I 22)#/2 are plotted as a function of the angular momentumI.
04430
he

proton configurations as discussed here!. The enhancedE1
decays have been explained in terms of coupling to octup
vibrational degrees of freedom@39,40#.

D. Low-K structures: bands 7, 9–11

Theph9/2(1/22@541#) ^ n5/22@523#Kp521,31 structure
was assigned to band 7, in which the favored signature of
proton is coupled to both neutron signatures. As can be s
in the level scheme~Fig. 1, part C! the a51 sequence of
band 7 is favored over the entire band consistent with
coupling of the favored signature of both particles (ap

f 5

11/2 andan
f 511/2). The smallB(M1)/B(E2) values are

consistent with the proposed structure~Fig. 12!. The DCO
values measured for theDI 51 in-band transitions, around
'0.5, correspond to negative mixing ratios in agreem
with the calculated values:d'20.4 and d<21 for the
Kp521 andKp531 couplings, respectively. Moreover, th
behavior of the dynamical moment of inertia along thea
51 component with a peak around 0.32 MeV shows
combined effects of the ph9/2(a511/2) and the
n5/22@523#(a511/2) which increases and decreases
crossing frequency, respectively, with respect to the ev
even core@Fig. 13~g! and Table V#. A different behavior
shows thea50 component of band 7. The irregularities
J(2) around\v50.25 MeV can be associated with perturb
tions in the energy levels due to interactions with band
and 10. Above\v'0.27 MeV, J(2) remains approximately
constant over the entire frequency range, which implie
large delay in the crossing frequency in agreement with
added effects of theph9/2 (a511/2) and then5/22@523#
(a521/2) @Fig. 13~g! and Table V#.

Another example of enhancedE1 decays in competition
with E2 intraband transitions is observed in the decay
band 6a50(ap511/2,an521/2) into band 7a51(ap5
11/2,an511/2). In fact rather largeB(E1) values
('1023e2 fm2) were obtained for the 165.1, 192.8, an
211.2 keV decays. TheseE1 transitions can be interpreted a

s

FIG. 19. ExperimentalB(E1) values for transitions from the
ph9/2^ n i 13/2 band into thep1/21@411# ^ n i 13/2 band observed in
162,164,166Tm nuclei. Filled and open circles correspond toa50
→a51 anda51→a50 transitions, respectively.
8-23
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a change of the neutron configuration of the states from
n5/21@642#, an521/2 to then5/22@523#, an511/2 with
the proton acting as an spectator.E1 decays of comparabl
strength have been observed in neighboring odd-N nuclei
involving the n5/22@523# and the n5/21@642# structures
@40,41#. For example, in163Er, B(E1) values in the range
102422.531023e2 fm2, were measured for these deca
and the data were favorably fitted introducing the effect
octupole vibrations on theE1 transition strengths@41#.

The configurations assigned to bands 9 and 10 were
lected among the lowest positive parity candidates prese
in Table III and not identified with the previous discuss
bands. We assigned theph9/2(1/22@541#) ^ n3/22@521#Kp

511,21 and thep7/21@404# ^ n i 13/2(5/21@642#) Kp511

configurations to bands 9 and 10, respectively. The ca
latedB(M1)/B(E2) values fit quite well the measured on
especially for band 9~Fig. 12!. The calculations predic
small mixing ratiosd'0.04, for theDI 51 transitions of the
configuration of band 10 in agreement with the experimen
DCO ratios around 0.6. Delaying effects in the crossing f
quencies can be deduced from the evolution of the dynam
moments of inertia which are associated with theph9/2 or-
bital in the case of band 9 and with the blocking effect of t
n i 13/2 orbital in the case of band 10@Fig. 13~h! and Table V#.
These delaying effects exclude the presence of
p7/22@523# ^ n5/22@523#Kp511 and the p7/22@523#
^ n3/22@521# (Kp521 or Kp551) configurations in these
bands.

Finally, we assigned thep7/22@523# ^ n i 13/2(5/21@642#)
Kp512 configuration to band 11. A variety of argumen
supports this assignment~among them, systematic compar
son with 164Tm @9# as mentioned above!. The evolutions of
the dynamical moment of inertia of band 11@Fig. 13~h!# and
band 3@Fig. 13~e!#, both involving the same proton and ne
ti,

ar,

on
so

.
al

ys

M
C

04430
e

f
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l
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e

tron orbitals, display a similar behavior. In fact for band 3 t
first maximum is produced at\v50.35 MeV while for band
11 this maximum occurs at\v>0.34 MeV, as the result o
the combined effects of theph11/2 andn i 13/2 particles in the
crossing frequency~Table V!. The largeB(M1)/B(E2) val-
ues measured for this band'1 –2mN

2 /e2b2 are in good
agreement with the calculated ones~Fig. 12!. In addition, a
comparison between the low- and high-K couplings of the
proton and neutron spins for thep7/22@523#
^ n i 13/2(5/21@642#) configuration leads to similar conclu
sions presented in Ref.@9#, the B(M1)/B(E2) ratios are
'100% higher for theK51 than for theK56 one.

IV. SUMMARY AND CONCLUSIONS

High-spin states in doubly odd166Tm were investigated
by means of in-beamg-ray spectroscopy techniques usin
the multidetector array GASP. The level scheme was
tended substantially and several bands were observed at
higher than 30\. A wealth of connections among the ban
provided helpful means to assign spins and parities. Differ
properties of the rotational bands were analyzed leading
the identification of their structures. Signature inversion w
observed in theph9/2^ n i 13/2 structure and this phenomeno
was described by the particle rotor model calculations
cluding an experimentalp2n force taken from208Bi. Pro-
nouncedE1 transitions were observed in the decay of t
ph9/2^ n i 13/2 band into the p1/21@411# ^ n i 13/2 and the
ph9/2^ n5/22@523# bands, connecting sequences of differe
signature. The largeB(E1) value of these decays is chara
teristic of the transitions between theph9/2 and the
p1/21@411# bands and between then i 13/2 and the
n5/22@523# bands observed in a number of surrounding od
Z and odd-N nuclei, respectively.
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