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Rotational band structures in NÄ89 153Gd
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The reactions152Sm(a,3n) at 37 MeV and124Sn(36S,a3n) at 165 MeV were used to produce high-spin
states in the transitional rare-earth nucleus153Gd. Significant extensions in angular momentum and excitation
energy with respect to earlier work were achieved and several new rotational sequences were observed. The
rotational behavior of153Gd is described in terms of quasiparticle assignments and the observed alignment
properties are analyzed within the framework of the cranked shell model. Detailed comparisons with other
N589 nuclei are presented. These have led to corrections to the157Er level scheme.
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I. INTRODUCTION

It has been long recognized@1# that for the nuclei in the
rare-earth transitional region, a sudden change occurs f
vibrational behavior (N< 88! to rotational behavior (N>
90!. Furthermore, this change is most dramatic in the
isotopes. Thus,153Gd lies at the heart of this region whe
ground-state deformation grows rapidly with increasing n
tron number. A primary motivation for this study was
investigate to what degree theN589 isotones 151Sm,

153Gd, 155Dy, and 157Er remain similar in behavior at high
spin, and to search for and focus on any characteristics
are different. In effect, a systematic look at these nuclei
comes a study of the changing proton Fermi level and of
stability of these nuclei against this change.
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The Sm and Gd isotopes have not been studied to as
a spin as their heavier neighbors Dy, Er, and Yb@2–8# be-
cause no suitable stable target/heavy-ion beam combina
are available to populate them via the dominantxn decay
channels in fusion-evaporation reactions. However, with
powerful detector array such as Gammasphere@9#, we have
obtained high-spin information from a (HI ,axn) reaction
even though it may account for, 1% of the total cross
section. To fully exploit the latter, it was necessary to p
form an experiment to clarify the low-spin region of153Gd.
Therefore, a second experiment was carried out using
Florida State University~FSU! Pitt array @10# with the
(a,xn) reaction.

II. EXPERIMENTAL TECHNIQUES

A. Low-spin study

The experiment to study the low-spin structure of153Gd
was carried out at the FN tandem-superconducting linear
celerator facility at Florida State University. Th
152Sm(a,3n) reaction was employed with a beam energy
37 MeV. The target consisted of a 1-mg/cm2 foil of enriched
152Sm. Emittedg rays were collected using nine Compto
suppressed Hewlett Packard~HP! Ge detectors of the FSU
Pitt array@10#. The Compton-suppressed spectrometers w
placed at angles of 35°(2), 90°(3), and145°(4) to the
beam direction, where the numbers in parentheses indi
the number of detectors at that particular angle. A total
903106 events were recorded when two or more suppres
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FIG. 1. Partial level scheme of153Gd ~part a! from thea-induced reaction except for the transitions labeled by an asterisk which
extensions from the36S reaction. Brackets indicate tentative spin and parity assignments.
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Ge detector signals were detected within a 100-ns coi
dence window. Events corresponding to the 3n, 153Gd chan-
nel accounted for approximately 90% of the reaction cr
section. The level scheme analysis was performed using
programESCL8R@11,12# To aid in the assignment of spins t
the states in the level scheme,g-ray angular correlations
were measured. These correlation measurements were
by constructing a two-dimensional matrix with events fro
the three detectors positioned at 90° on one axis, and c
cident events from the six detectors positioned at 35°
145° on the other. Within these matrices, gates were se
uncontaminated stretchedE2 transitions from both
axes and the observed intensity of the peaks in the
responding projections were used to calculate the r
I (90°,35°)/I (35°,90°). Ratios of'1 for stretchedE2 tran-
sitions and'0.5 for dipole transitions were found.„For the
strongly coupled sequences@bands 1, 2, 1~a!, 2~a!#, gates
were placed onDI 51 transitions~see below! which resulted
in ratios of'2.5 for stretchedE2 transitions and'1.0 for
dipole transitions.…

B. High-spin study

The 124Sn1 36S reaction at a beam energy of 165 Me
was employed to populate high-spin states chiefly in Dy i
topes via thexn channels at the Lawrence Berkeley Nation
Laboratory’s 88 Inch Cyclotron facility. The target consist
of two stacked 400-mg/cm2 enriched124Sn foils. Emittedg
rays were collected using 93 HP Ge detectors of the G
masphere array@9#. Approximately 1.263109 events were
recorded where at least five suppressed detectors fired w
the coincidence window ('500 ns!. Events corresponding to
the a3n channel populating153Gd accounted for,1% of
the total data collected. A coincidence data analysis was
formed using the programLEVIT8R @11#. Only states in bands
4, 6, and 7~see below! were observed in these data. The ne
06432
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transitions added to the153Gd level scheme were assumed
be of E2 character for reasons outlined below.

III. EXPERIMENTAL RESULTS

Previously, high-spin states in153Gd have been studied b
Rezankaet al. @13#, Lo”vho” idenet al. @14#, and Rekstadet al.
@15#. Our results confirm the majority of the previous assig
ments. The deduced level scheme from the present wor
shown in Figs. 1 and 2. The levels are grouped in sequen
having the same parityp and signaturea connected by
stretchedE2 transitions. The ordering of transitions was d
termined from coincidence relationships and intensity ar
ments. Excitation energies~relative to the 3/22 ground-state
level!, g-ray energies,g-ray transition intensities, DCO ra
tios, and spin-parity assignments from thea induced reaction
can be found in Table I. Transition energies assigned
153Gd from the Gammasphere experiment are shown in
level scheme only.

A. Positive-parity states

1. The band based on the 138.8-keV13Õ21 level(band 6)

Band 6 is the lowest-energy positive-parity band and
mains the yrast band over the entire spin region observe
both experiments. Previously observed to spin 33/21 @14#, it
has been extended to 41/21 in the a experiment and to
57/21 in the 36S-induced reaction. A triple coincidence spe
trum from the 36S Gammasphere experiment gated by
668- and 713-keV transitions is shown in Fig. 3~a!. The spec-
trum of transitions in coincidence with the 668-keV 37/21

→ 33/21 transition is shown in Fig. 3~b!. The 9/21 state is
the lowest spin state observed in this band at an excita
energy of 95.1-keV. Early transfer studies@16,17# had placed
the 13/21 level in this band at 13962 keV. This level was
0-2



s.

ROTATIONAL BAND STRUCTURES IN . . . PHYSICAL REVIEW C66, 064320 ~2002!
FIG. 2. Partial level scheme of153Gd ~part b! from thea-induced reaction. Brackets indicate tentative spin and parity assignment
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assigned as 134.7 keV@14# based on tentativeg-ray assign-
ments later shown to be incorrect@15#. The current work~see
Fig. 1! firmly determines that the 13/21 level is placed at
138.8 keV. The most convincing evidence for this assi
ment is the previously unseen electric dipole decays fr
levels in band 8 to levels in band 6, see below. As seen
Fig. 3~a! the highest transitions~755–890 keV! form a natu-
ral extension to this band structure, and anE2 character is
thus justified.

2. The band based on the 615.3-keV 15Õ21 level (band 3)

The states of 15/2 and 19/2 were identified by Reks
et al. @15# in disagreement with previous assignments@14#.
Our assignments confirm the in band coincidence relat
ships of Rekstadet al. and extend this band from 19/21 to
35/21 ~but they add 4.1 keV to the level energies of t
previously seen 15/2 and 19/2 levels!.

3. The band based on the 632.8-keV-13Õ21 level (band 4)

Band 4 is a new sequence observed up to a spin of 371

in thea-induced experiment and extended up to 53/21 in the
36S experiment@Fig. 4~a!#. A spectrum of the transitions in
coincidence with the 650.9-keV 37/21→33/21 transition (a
experiment! is shown in Fig. 4~b!. The spin and parity as
signments for this band are based on the following ar
ments. The transitions connecting the level at 632.8 keV
the levels at 95.1 and 138.8 keV in band 6 have a ratioRDCO
of 1.160.1 and 1.060.1, respectively. These transitions r
strict the possible spins of this level to 9/2, 11/2, and 13
However, intensity considerations strongly favor the 13/2
signment.The eight transitions connecting band 4 to ban
are then ofI→I 22 andI→I character, consistent with mea
suredRDCO values of;1. The positive-parity assignmen
will be discussed further in Sec. IV. The argument giv
above for the highest transitions in band 6 also applies to
E2 asignment for the 676–774 keV lines.

4. The band based on the 212.1-keV 3Õ21 level (band 10)

The bandhead level at 212.1 keV has been identified
transfer data@16,17# and assigned spin and parityI p

53/21. Our DCO analysis of the many transitions exitin
this band are consistent with this assignment~see Table I!.
Band 10 had been previously observed tentatively to 151

@15#. With the present data we have now traced this band
to a spin of 31/2.
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B. Negative-parity states

1. The bands based on the 171.4-keV 11Õ22 level (bands 1
and 1a and 2 and 2a)

Bands 1 and 2 are strongly coupled sequences built on
I p511/22, 79-ms isomer. They were previously observed
27/22 @14#. Our results confirm these measurements and
tend the band spin to 35/22. Transitions in coincidence with
the 13/22 → 11/22 192.5- keVg ray can be seen in Fig. 5
Bands 1a and 2a are observed for the first time in the pre
work, and are connected to levels in both bands 1 and 2.
lowest-energy level at 1340 keV, decays via the 975.8-k
(RDCO53.060.6) transition to the 13/22 level in band 1 and
via the 764.3-keV (RDCO50.860.2) transition to the 15/22

level in band 2. TheRDCO values of these transitions, dete
mined from gates on the 192.5-keV (DI 51) transition, sug-
gest a spin assignment of 17/22. The nonobservation of tran
sitions to the 11/22 level rule out lower-spin, negative-parit
assignments. The RDCO values of the linking transitions rule
out 15/21. In band transitions of bothDI 51 and DI 52
character fix the spins of the remaining states in both ba
1a and 2a.

2. The band based on the 1520.2-keV 21Õ22 level (band 7)

The spin and parity of the level at 1520.2 keV can
firmly established as 21/22 with the stretchedE2 transitions
509.6 and 519.2 keV connecting this level to the 17/22 and
25/22 levels of band 8. An RDCO value of 1.060.1 for the
791.5-keV transition connecting the 1520.2-keV level to t
728.6-keV level in band 6 is consistent with that of a tran
tion with an unstretchedE1 character.

3. The bands based on the 110-keV 5Õ22 level (bands 8,9)

Band 8 has been established by Rekstadet al. @15# via the
decays of a 126.5-keV transition to the 93.3-keV 7/22 level
and a 178-keV transition to the 5/22, 41.5-keV level. A mea-
sured ratioRDCO50.560.1 for the 126.5-keV andRDCO
51.160.2 for the 178-keV transitions decaying from th
9/22 level to levels of 7/22 and 5/22, respectively, are con
sistent with previous assignments. An additional weak de
branch from the 9/22 219.7-keV level is observed throug
the 110-keV 5/22 level with the self-coincidence of the 110
keV doublet. The spin and parity of the 216.3-keV level
band 9 were assigned as 7/22 from beta decay studies@19#,
0-3
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TABLE I. Data for 153Gd from thea-induced reaction.

Ex ~keV! Eg ~keV! a I g
rel b DCO ratioc Multi. d I i

p I f
p Bandf

Band 1
363.8 192.5 276 3 0.960.1c M1/E2 13

2
2 11

2
2 2

805.4 229.8 16.16 1 0.960.1c M1/E2 17
2

2 15
2

2 2
441.5 8.76 0.5 2.960.2c E2 17

2
2 13

2
2

1312.7 261.2 6.56 0.4 1.060.1c M1/E2 21
2

2 19
2

2 2
507.4 7.36 0.4 2.860.2c E2 21

2
2 17

2
2

1873.6 286.4 2.46 0.2 1.060.1c M1/E2 25
2

2 23
2

2 2
560.9 4.16 0.3 3.160.2c E2 25

2
2 21

2
2

2476.4 306.0 0.86 0.2 0.860.2c M1/E2 29
2

2 27
2

2 2
602.8 2.66 0.2 2.360.2c E2 29

2
2 25

2
2

3109.9 319.5 ,0.5 M1/E2 33
2

2 31
2

2 2
633.5 0.76 0.2 E2 33

2
2 29

2
2

Band 2
575.6 211.8 24.36 1.5 1.060.1c M1/E2 15

2
2 13

2
2 1

404.2 5.96 0.4 2.260.2c E2 15
2

2 11
2

2

1051.6 246.3 10.56 0.6 0.960.1c M1/E2 19
2

2 17
2

2 1
476.0 8.06 0.5 2.960.2c E2 19

2
2 15

2
2

1587.3 274.5 3.96 0.2 1.060.1c M1/E2 23
2

2 21
2

2 1
535.6 5.66 0.3 2.960.2c E2 23

2
2 19

2
2

2170.5 296.9 1.360.1 0.960.2c M1/E2 27
2

2 25
2

2 1
583.2 3.160.2 3.260.3c E2 27

2
2 23

2
2

2790.3 313.8 0.460.1 M1/E2 31
2

2 29
2

2 1
619.7 1.460.1 3.260.4c E2 31

2
2 27

2
2

3427.5 317.6 ,0.5 M1/E2 35
2

2 33
2

2 1
637.3 0.460.1 E2 35

2
2 31

2
2

Band 1a
1340 764.3 1.060.1 0.860.2c (M1/E2) ( 17

2
2)

15
2

2 2

975.8 1.560.1 3.060.6c (E2) ( 17
2

2)
13
2

2 1

1819 245 0.760.1 M1/E2 ( 21
2

2) ( 19
2

2) 2a

479 ,0.5 E2 ( 21
2

2) ( 17
2

2)
767.8 0.660.1 0.760.2c (M1/E2) ( 21

2
2)

19
2

2 2

1014 0.860.1 2.160.2c (E2) ( 21
2

2)
17
2

2 1

2331 257 0.660.1 M1/E2 ( 25
2

2) ( 23
2

2) 2a

512 ,0.5 E2 ( 25
2

2) ( 21
2

2)
744 ,0.5 (M1/E2) ( 25

2
2)

23
2

2 2

Band 2a
1574 234.6 0.660.1 M1/E2 ( 19

2
2) ( 17

2
2) 1a

769.1 0.860.1 (M1/E2) ( 19
2

2)
17
2

2 1

998.4 0.860.1 2.260.5c (E2) ( 19
2

2)
15
2

2 2

2073 254 0.660.1 M1/E2 ( 23
2

2) ( 21
2

2) 1a

499 ,0.5 E2 ( 23
2

2) ( 19
2

2)
761 ,0.5 (M1/E2) ( 23

2
2)

21
2

2 1

Band 3
~378! 239 0.660.1 (M1/E2) ( 11

2
1)

13
2

1 6

283 ,0.5 (M1/E2) ( 11
2

1)
9
2

1 6

615.3 238 0.960.1 (E2) 15
2

1
( 11

2
1)

249.9e 7.5 60.5 0.860.2 M1/E2 15
2

1 17
2

1 6
476.4 7.460.6 1.160.1 M1/E2 15

2
1 13

2
1 6
064320-4
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TABLE I. ~Continued!.

Ex ~keV! Eg ~keV! a I g
rel b DCO ratioc Multi. d I i

p I f
p Bandf

977.3 248.8e 5.4 60.4 0.860.2 M1/E2 19
2

1 21
2

1 6
361.9e 6.4 60.4 E2 19

2
1 15

2
1

611.9 12.760.8 1.460.2 M1/E2 19
2

1 17
2

1 6
1437.3 241.7 1.760.1 0.660.2 M1/E2 23

2
1 25

2
1 6

460.0 8.160.5 1.160.1 E2 23
2

1 19
2

1

708.7 5.560.4 1.360.2 M1/E2 23
2

1 21
2

1 6
1980.1 234.1 0.660.1 0.560.2 M1/E2 27

2
1 29

2
1 6

543.1 5.660.3 1.060.1 E2 27
2

1 23
2

1

784.5 1.360.1 1.260.2 M1/E2 27
2

1 25
2

1 6
2596.1 616.3 2.360.2 1.060.2 E2 31

2
1 27

2
1

849.7 4.860.2 0.560.1 M1/E2 31
2

1 29
2

1 6
3276.6 680.5 ,0.5 E2 ( 35

2
1)

31
2

1

Band 4
632.8 493.9 5.460.4 1.160.1 M1/E2 13

2
1 13

2
1 6

537.6 6.660.5 1.060.1 E2 13
2

1 9
2

1 6
874.0 241.1 3.060.2 1.160.1 E2 17

2
1 13

2
1

258.7 0.960.1 0.360.1 M1/E2 17
2

1 15
2

1 3
508.8 5.860.4 1.160.1 M1/E2 17

2
1 17

2
1 6

734.9 8.660.6 1.060.1 E2 17
2

1 13
2

1 6
1208.9 231.2 0.960.1 !1 M1/E2 17

2
1 15

2
1 3

335.0 13.460.8 1.060.1 E2 21
2

1 17
2

1

480.5 3.060.2 0.960.1 M1/E2 21
2

1 21
2

1 6
843.3 8.460.5 0.960.1 E2 21

2
1 17

2
1 6

1628.8 420.0 15.260.9 1.160.1 E2 25
2

1 21
2

1

900.0 3.060.2 0.960.1 E2 25
2

1 21
2

1 6
2132.4 503.5 9.260.6 1.060.1 E2 29

2
1 25

2
1

937 0.560.1 E2 29
2

1 25
2

1 6
2717.6 585.2 3.960.3 1.060.1 E2 33

2
1 29

2
1

3368.5 650.9 1.160.1 0.960.2 E2 37
2

1 33
2

1

4044.8 676.3 ,0.5 (E2) ( 41
2

1)
37
2

1

Band 6
365.3 226.5 — 1.160.1 E2 17

2
1 13

2
1

728.5 363.2e [133 1.060.1 E2 21
2

1 17
2

1

1195.7 467.2 676 8 1.060.1 E2 25
2

1 21
2

1

1746.2 550.3 28.461.7 1.060.1 E2 29
2

1 25
2

1

2362.8 616.6 10.060.6 1.060.1 E2 33
2

1 29
2

1

3031.2 668.4 2.160.2 1.060.1 E2 37
2

1 33
2

1

3743.9 712.6 0.460.1 0.860.2 E2 41
2

1 37
2

1

Band 7
1520.2 ~379! (E2) 21

2
2 17

2
2 12

509.6 1.36 0.1 1.060.1 E2 21
2

2 17
2

2 8
791.5 2.56 0.2 1.060.1 E1 21

2
2 21

2
1 6

1902.7 382.7 ,0.5 E2 25
2

2 21
2

2

398.9 ,0.5 1.560.4 E2 25
2

2 21
2

2 8
465.2 1.66 0.2 E1 25

2
2 23

2
1 3

707.1 4.56 0.3 1.160.1 E1 25
2

2 25
2

1 6
2361.2 381.2 0.66 0.1 E1 29

2
2 27

2
1 3

458.5 2.16 0.2 1.260.2 E2 29
2

2 25
2

2

614.8 2.26 0.2 E1 29
2

2 29
2

1 6
258.1 ,0.5 (M1! 29

2
2

( 27
2

2) 2103.3

2884.7 522.4 0.76 0.2 1.060.2 E1 33
2

2 33
2

1 6
064320-5
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TABLE I. ~Continued!.

Ex ~keV! Eg ~keV! a I g
rel b DCO ratioc Multi. d I i

p I f
p Bandf

523.2 1.96 0.2 1.060.1 E2 33
2

2 29
2

2

3471.0 586.3 0.76 0.1 1.360.2 (E2) ( 37
2

2)
33
2

2

Band 8
219.7 110 ,0.5 (E2) 9

2
2 5

2
2 109.8

126.5 4.661.3 0.560.1 M1/E2 9
2

2 7
2

2 93.3
178.2 1.460.4 1.160.2 E2 9

2
2 5

2
2

565.2 135 ,0.5 0.560.2 M1/E2 13
2

2 11
2

2 9
345.5 7.460.5 1.060.1 E2 13

2
2 9

2
2

426.1 0.660.1 1.360.2 E1 13
2

2 13
2

1 6
1010.8 445.7 5.560.4 1.060.1 E2 17

2
2 13

2
2

645.7 1.560.2 E1 17
2

2 17
2

1 6
1504.1 493.4 1.560.1 0.960.1 E2 21

2
2 17

2
2

526.8 0.860.1 0.460.2 E1 21
2

2 19
2

1 3
775.3 3.860.3 1.060.1 E1 21

2
2 21

2
1 6

2039.4 519.2 1.160.1 1.360.2 E2 25
2

2 21
2

2 7
535.3 2.560.2 0.960.2 E2 25

2
2 21

2
2

843.7 1.660.1 0.860.2 E1 25
2

2 25
2

1 6
2580.9 541.4 1.660.2 1.060.1 E2 29

2
2 25

2
2

834.8 0.960.1 0.960.2 E1 29
2

2 29
2

1 6
3126.4 545.4 0.660.1 (E2) ( 33

2
2)

29
2

2

763.7 ,0.5 (E1) ( 33
2

2)
33
2

1 6

Band 9
430.1 97 0.460.1 M1/E2 11

2
2 9

2
2 12

291.7 1.160.2 E1 11
2

2 13
2

1 6
335 361 E1 11

2
2 9

2
1 6

337 7.860.9 1.360.2 E2 11
2

2 7
2

2

852.2 422.1 2.960.2 1.060.1 E2 15
2

2 11
2

2

713.2 2.760.3 0.660.1 E1 15
2

2 13
2

1 6
1357.2 458.3 0.860.1 0.960.1 E2 19

2
2 15

2
2 11

505.2 2.360.2 1.160.1 E2 19
2

2 15
2

2

1892 534.3 1.360.1 1.260.2 E2 23
2

2 19
2

2

2459 567.3 0.760.1 0.960.1 E2 27
2

2 23
2

2

3050 591 ,0.5 E2 ( 31
2

2)
27
2

2

Band 10
212.1 212.1 1.060.5 0.660.1 E1 ( 3

2
1)

3
2

2 ~0!

395.5 146.0 ,0.5 0.560.2 E1 7
2

1 5
2

2 249.6
176 ,0.5 !1 E1 7

2
1 9

2
2 8

183.4 ,0.5 0.960.1 E2 7
2

1
( 3

2
1)

285.6 0.660.1 0.660.1 E1 7
2

1 5
2

2 109.8
302.0 0.460.1 1.160.2 E1 7

2
1 7

2
2 93.3

353.9 0.460.1 0.660.1 E1 7
2

1 5
2

2 8
674.8 279.4 1.860.1 1.060.1 E2 11

2
1 7

2
1

341.5 0.760.1 0.860.2 E1 11
2

1 9
2

2 12
455 0.660.2 E1 11

2
1 9

2
2 8

1036.6 320 ,0.5 E1 15
2

1
( 13

2
2) 10

361.8 2.060.2 1.160.1 E2 15
2

1 11
2

1

471 0.560.1 E1 15
2

1 13
2

2 8
1464.0 427.4 2.260.2 1.160.1 E2 19

2
1 15

2
1

453.1 0.360.1 0.660.1 E1 19
2

1 17
2

2 8
1945 481.1 1.260.1 1.260.3 E2 23

2
1 19

2
1
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TABLE I. ~Continued!.

Ex ~keV! Eg ~keV! a I g
rel b DCO ratioc Multi. d I i

p I f
p Bandf

2464 519.2 0.660.1 0.960.2 E2 27
2

1 23
2

1

3019 555 ,0.5 E2 ( 31
2

1)
27
2

1

Band 11
216.3 174.8 .2 0.660.2 M1/E2 7

2
2 5

2
2 41.5

514.9 295.3 0.660.1 !1 M1/E2 11
2

2 9
2

2

298.6 1.560.2 1.160.2 E2 11
2

2 7
2

2 93.3
419.6 0.660.1 E1 11

2
2 9

2
1 6

422.0 0.660.1 E2 11
2

2 7
2

2 9
899.2 384.5 0.660.1 1.260.3 E2 15

2
2 11

2
2

760.2 2.160.5 1.260.3 E1 15
2

2 13
2

1

Band 12
333.3 240.1 2.060.3 0.460.1 M1/E2 9

2
2 7

2
2 93.3

291.9 1.760.2 1.060.1 E2 9
2

2 5
2

2 41.5
716.6 286.5 0.760.1 0.460.2 M1/E2 13

2
2 11

2
2 9

383.3 2.060.2 1.060.1 E2 13
2

2 9
2

2

577.8 0.960.2 E1 13
2

2 13
2

1 6
1141.5 289.6 ,0.5 M1/E2 17

2
2 15

2
2 9

424.9 0.960.1 1.260.2 E2 17
2

2 13
2

2

~776! 3.7 60.1 E1 17
2

2 17
2

1 6
~1704! ~562! 0.5 60.1 (E2) ( 21

2
2)

17
2

2

Other levels
110 110 0.560.1 M1/E2 5

2
2 3

2
2 0.0

249.6 249.6 0.360.1 M1/E2 5
2

2 3
2

2 0.0
2103.3 907.5 4.360.3 0.560.1 (E1) ( 27

2
2)

25
2

1 6

aAccurate to 0.2 keV for most transitions. For weak or contaminated transitions, accurate to 0.5 keV or 1 keV.
bRelative gamma-ray intensities@ I g ~363.0 of band 6![133#.
cAngular correlation ratioI (90°,35°)/I (35°,90°), whereI (90°,35°) @or I (35°,90°)] is the intensity measured by the detectors at 35°~or
90°) which are in coincidence with the 90°~or 35°) detectors. Ratios for bands 1, 1a, 2, and 2a are determined from gates onDI 51
transitions.
dDeduced gamma-ray multipolarity.
eUnresolved gamma-ray doublet in the angular correlation spectra. Angular correlation ratio given for sum of unresolved transition
e
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consistent with a measured ratioRDCO50.660.2 for the
174.8-keV transition populating the 41.5-keV, 5/22 level.
The 11/22 and 15/22 levels at 514.8, and 898.7 keV hav
been established by Rekstadet al. @15#. While we agree on
the location of these levels~514.9 and 899.2 keV!, we find
no evidence for a;334-keV g ray linking the 898.7-keV,
15/22 level to the 565.2-keV, 13/22 level of band 8. A 419.4-
keV g ray was assigned@15# as the 19/22→15/22 transition
based on a coincidence with the 384.4-keV 15/22→11/22

transition, however, it decays from the 11/22 level and does
not populate the 15/22 level. The 19/22 level is now located
at 1357.2 keV and decays via the 505.2- and 458.3-keVE2
transitions to 15/22 levels in both bands 9 and 11, respe
tively.

4. The bands based on the 3Õ2À ground-state level (bands 11,12

The 3/22, 5/22, and 7/22 levels are known members o
this ground-state band. Two new states have been adde
band 11 with spin and parity 11/22 and 15/22. Similar 11/22

levels~with M1/E2 linking transitions! are seen in the neigh
06432
-

to

boring N589 nuclei 155Dy, at 425 keV~current work!, and
151Sm at 423.5 keV@18#. The 337- and 422-keV coinciden
g rays, previously assigned as depopulating the 887.6-
(9/22) and 550.9 keV (5/22) levels @15#, are now assigned
to the 430.1-keV and 852.2-keV levels in band 9. Band
has been observed previously@15# and only the 1141.5-keV
level at 17/22 has been added in the present work toget
with one tentative 21/22 level at 1704 keV. A spin and parity
assignment of 9/22 for the level at 333.2 keV is based on th
RDCO ratio of the depopulating transition of 239.9 ke
(RDCO50.460.1) feeding the 93.3-keV 7/22 level, and the
291.7-keVg ray (RDCO51.060.1) feeding the 5/22, 41.5-
keV level. ConnectingM1/E2 transitions are now estab
lished between bands 11 and 12. Additionally, the levels w
spin 9/22 and above in both bands decay byE1 transitions to
levels in band 6.

IV. DISCUSSION

The phenomenon of identical bands~IB’s! in nuclei has
attracted a great deal of attention~see Ref.@20# for a com-
0-7
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FIG. 3. ~a! Spectrum of transitions in triple
coincidence with the 668, 713-keV 37/21

→33/21, 41/21→37/21 transitions of band 6
( i 13/2 @660#1/2! from the 36S-beam experiment
~b! Spectrum of transitions in coincidence wit
the 668-keV 37/21→33/21 transition in band 6
from thea-beam measurement.
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prehensive review!. In normal-deformed nuclei, IB’s hav
been found at low spin in adjacent even-even and odd-m
nuclei, in pairs of even-even nuclei, and also in single a
multiphonon vibrational states@21–26#. Whether these re
markable degeneracies are caused by subtle cancella
among the many parameters which can affect the momen
inertia or by some new physics is still an open question. T
said, there is increasing evidence, at least for norm
deformed nuclei at low spins, that the IB’s between adjac
even-even and odd-mass nuclei occur because of canc
tions between pairing and deformation parameters. A pr
ously unrecognized occurrence of IB’s appears for153Gd and
155Dy where the yrast lines (n i 13/2 bands! of the N589,
even-Z nuclei seem to converge to identical transiti
energies ~in keV! ~e.g., 151Sm5 235, 374, 478, 561;
153Gd5 227, 363, 467, 550 ;155Dy 5 227, 363, 464, 544;
157Er5 266, 415, 527, 622 ;159Yb 5 300, 448, 550, 633,
etc.!.
06432
ss
d

ns
of
at
l-
nt
lla-
i-

The comparison of153Gd and 155Dy seems particularly
interesting for several reasons. First, the similarity of the
two nuclei is somewhat surprising considering that these
transitional nuclei and, supposedly, rather soft to polariz
influences, although theoretical calculations, see, for
ample, Ref.@27#, predict the neighboringN588 cores (152Gd
and 154Dy! to have very similar deformations. Second, t
level structure of155Dy is known extremely well from our
previous and present work with numerous bands built
different Nilsson orbitals that have been delineated toge
with various vibrational structures built on these orbita
Thus, it is of interest to compare the correlation of IB’s in t
two nuclei with regard to the different occupied Nilsson o
bitals ~instead of just thei 13/2 yrast bands! and, hence, to
learn more about the microscopic details of this phenome
from the various polarizing tendencies of the different orb
als. In the following sections, the comparison between ba
in theseN589 nuclei is explored and discussed.
e

FIG. 4. ~a! Spectrum of transitions in triple
coincidence with the 419.8-keV 25/21 → 21/21

transition and other member transitions~* ! in
band 4 from the 36S-beam measurement.~b!
Spectrum of transitions in coincidence with th
650.9-keV 37/21 → 33/21 transition in band 4
from thea-beam experiment.
0-8
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FIG. 5. Spectrum of transitions in bands 1 an
2 (h11/2@505#11/2) in coincidence with the 192.5
keV 13/22 → 11/22 transition from thea-beam
experiment.
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Configuration assignments will be discussed within
framework of the cranked shell model@28–30#. The ex-
pected band crossings in the frequency range accesse
these experiments are the first, second, and thirdi 13/2 neutron
alignments~AB @31#, BC @32,33#, andAD!, and the firsth11/2
proton alignmentApBp @4#. As mentioned previously, it is
important to note the existence of low-energy (, 2 MeV!
vibrational states in the neighboring even-even nuc
@34,35#. Additional rotational sequences may be observ
which correspond to the coupling of these vibrations with
one-quasiparticle states.

A. Positive-parity levels

1. Bands 3 and 6

These bands are interpreted as the unfavored and fav
signatures of thei 13/2 @660#1/2 orbital, respectively. Thes
assignments are consistent with the expected large sign
splitting characteristic of this low-K orbital. As seen in Fig.
6, band 6 shows a smooth gain in alignment starting at\v
;0.37 MeV which is interpreted as theBC neutron crossing
@36#. Note that the observed interaction strength in the b
crossing region has been used as a deformation indicat
06432
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the neighboring nuclei@32#. In contrast, a plot of theg-ray
energy differences of thei 13/2 favored signature bands i
157Er–155Dy in Fig. 7 shows that the level spacing is ve
much greater in157Er than in 155Dy or 153Gd. This is a
consequence of a smaller deformation in157Er. The similar-
ity of 155Dy and 153Gd is seen in Fig. 7 for all bands, exce
band 4 above spinI 515\, with DEg < 15 keV over a 20\
spin range and a transition-energy range ofEg . 2002900
keV. It is perhaps interesting to note that while it is the lo
K @660#1/2 orbital which is most similar at low spins, it is th
high-K @505#11/2 orbital that is most different.

2. Band 4

The interpretation for band 4 is not that of a simple on
quasiparticle configuration. The initial alignment (i x55.1)
of this band~Fig. 6! is similar to that of the@660#1/2 band,
however, the@660#1/2 orbit is the only one available near th
Fermi surface with such high initial alignment. The excit
tion energy~Fig. 8! of band 4 is approximately 500 keV
above the yrast@660#1/2 configuration. This is similar to the
excitation energy of beta vibrations in the neighboring ev
N Gd isotopes~see Fig. 9!. The initial levels of band 4 are
in
FIG. 6. Experimental alignments for bands
153Gd. The Harris parameters chosen areJ0

522 MeV21\2 andJ1590 MeV23\4.
0-9
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FIG. 7. Energy differences (155Dy-153Gd) be-
tween g-ray transitions for similar structures in
153Gd and155Dy. Also shown are the energy dif
ferences (157Er-155Dy) for the i 13/2 @660#1/2 yrast
band.
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then best interpreted as a beta vibration coupled to thei 13/2
@660#1/2 neutron. Beyond spin 29/21, band 4 experiences a
a rotational frequency of\v50.32 MeV ~see Fig. 6! a
sharper gain in alignment than the@660#1/2 band . This sharp
gain in alignment is possibly associated with the energ
proximity to the alignedABC configuration leading to a
mixed three-quasiparticle configuration. This behavior
pears to be similar to the ‘‘twin backbending’’ in154Gd @32#
and 156Dy @4#, where the alignedAB band crosses both th
ground-state band and the beta-vibrational sequence.

FIG. 8. Excitation energies of levels in153Gd with a rigid rotor
reference subtracted.
06432
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present observation in153Gd is the first case of this kind
found in an odd nucleus. Compared with a rigid rotor in F
8, at the highest spins, band 4 approaches and appea
though it may cross the@660#1/2 band beyond the observe
levels. What happens at spins higher than those obse
here is an intriguing question for future experiments.

3. Band 10

The 212 keV level of band 10 has been assigned to
d3/2 @402#3/2 orbital @16,17#. To understand the appearan
of this orbital near the Fermi level it must be consider
predominantly as a hole state with the extra neutron p
moted to one of theh9/2/ f 7/2 negative-parity orbitals. The
addition of a neutron in these orbitals causes the nucleu
increase its deformation@1#, thus bringing the strongly up
sloping@402#3/2 orbital closer to the Fermi level. As for th
@505#11/2 bands~1 and 2!, band 10 shows a significan
smooth gain in alignment near\v50.3 MeV which is at-
tributed to the firsti 13/2 ~AB! crossing.

FIG. 9. Excitation energies of the 01 (b), 21 (g), and lowest
32 states inN588, 90 nuclei.
0-10
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B. Negative-parity levels

1. Bands 1 and 2

Bands 1 and 2 are based on theh11/2 @505#11/22 orbital
~labeledX and Y using the convention of Rileyet al. @4#!.
The ratio of theB(M1)/B(E2) transition strengths can b
deduced from the measurement of the (I→I 21) to (I→I
22) branching ratios within the signature partner bands
using the expression

B~M1; I→I 21!

B~E2; I→I 22!

50.697
Eg

5 ~ I→I 22!

Eg
3 ~ I→I 21!

1

l~11d2!
S mN

ebD 2

, ~1!

where the transition energies are in MeV. Figure 10 co
pares the experimental and calculatedB(M1)/B(E2) values
for bands 1 and 2, 1a and 2a, and 11 and 12. The theore
values were obtained using the prescription and standard
rameters, of Do¨nau @37# and Frauendorf@38# ~with d50).
Excellent agreement between the calculations and exp
ment is found.

2. Bands 1a and 2a

The levels in these bands, like bands 1 and 2, disp
essentially no signature splitting and are connected by b
DI 51 and DI 52 transitions. Similar excited bands hav
been observed in151Sm @18# but no interpretation was pro
posed. However, these levels~in both nuclei! are too low in
excitation energy to correspond to three-quasiparticle ba
The similarity of decay structure and relative energy (;500
keV! of bands 1a and 2a to bands 1 and 2 suggest that
are most likely associated with a beta vibration coupled
the X and Y @505#11/2 neutrons. The alignment of thes

FIG. 10. Experimental and calculated B(M1)DI
5 1/B(E2)DI 52 ratios for the@505#11/2 ~bands 1 and 2, and 1
and 2a! and thef 7/2 ~bands 11 and 12! configurations.
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bands,;1\ greater than the@505#11/2 bands as seen in Fig
6, is similar to that of band 4 compared with band 6~see
above discussion for band 4!. Furthermore, the
B(M1)/B(E2) ratios are similar to those of bands 1 and 2
can be seen in Fig. 10.

3. Bands 8, 9, 11, and 12

Several problems occur when attempting to assign c
figurations to the negative-parity bands in theN589 nuclei
using the Nilsson model. Weak deformation and the prese
of such a large number of low-K orbitals near the Ferm
surface result in heavily mixed Nilsson configurations th
are in turn influenced by Coriolis mixing. Early particle
transfer studies of151Sm @39#, 153Gd @17,40#, and 155Dy @41#
noted these difficulties. Subsequent application of
particle-rotor model to the nucleus151Sm @42–44# provided
for the first time a consistent description of the observ
negative-parity states. A later experiment on153Gd was per-
formed@15# and good agreement was found between exp
ment and theory as for151Sm. Comparison of the experimen
tal data on level spins, energies, and spectroscopic fac
showed that the two observed rotational bands~including
both signatures! could both be described asK53/2, with one
arising fromf 7/2 parentage and the other fromh9/2 parentage.
Two important points came from the calculation. First, t
ground-state band is of mainly fromf 7/2 parentage. Second
the lowest 9/22 state is not a member of the ground-sta
band, but is a member of theh9/2 band that is partly decou
pled. At that time, a complete level scheme existed
151Sm, but the data for153Gd was missing the higher-spi
members of thef 7/2 favored signature. The current data ha
revealed these missing states at 430.1 keV (11/22) and 852
keV (15/22) and excellent agreement is found with the pr
dicted states of Rekstadet al. @15# for all bands. Therefore
we will refer to bands 8 and 9 simply ash9/2 and bands 11
and 12 asf 7/2.

4. Band 7

Bands similar to band 7 are seen in otherN589 nuclei
151Sm, 155Dy and 157Er. In 155Dy and 157Er these bands
have been interpreted@3,45,7# as the three-quasiparticle ban
EAB. However, as shown in Fig. 11, the initial alignments
these bands in all four nuclei are;7\. Such an initial align-
ment is not consistent with a configuration involving align
AB quasiparticles which contribute; 10\, but no one-
quasiparticle configuration exists near the Fermi surface w
such large alignment. It has been suggested that this ano
lous alignment is caused by mixing with a low-lyin
octupole-vibrational band@45#. A simple solution is to as-
sume that the lowest-spin members of band 7 are create
the coupling of an octupole phonon to thei 13/2 band. Such
states would have negative parity and, therefore, mix w
the aligning three-quasiparticle states in band 8~see Fig. 2!.
However, with increasing spin the dominant charac
changes through mixing with three-quasiparticle states
eventually band 7 is better characterized as theEAB band.
Similar arguments have been used to explain the evolutio
0-11
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the octupole band in152Gd with increasing spin@34# and a
theoretical discussion of this evolution can be found
Ref. @46#.

Looking at the low-spin members of these ‘‘octupole’’ an
h9/2 bands in more detail, we see a perturbation of the 212

level energy occurs in the one-quasiparticleh9/2 band in each
of the four nuclei 151Sm, 153Gd, 155Dy, and 157Er, which
stems from the energetic proximity of the 21/22 states in the
two bands. In fact, this perturbation induces a weak deca
the rotational members of theh9/2 band in 153Gd and 151Sm
to the@660#1/2 band viaE1 transitions. While compiling the
systematics for theseh9/2 bands in theseN589 nuclei, a
discrepancy between157Er and the otherN589 nuclei was
noticed, namely, the assignment of a 157-keV transition
the 13/22→9/22 transition @7,45# in 157Er. In the other
N589 nuclei the energy of the transition between these
els is, 340 keV. To solve this problem in157Er, data from
a Eurogam114Cd(48Ca,xn) at a 210 MeV experiment wer
examined@7#. A solution was found since a new 512-ke
17/22→13/22 transition, previously masked by a stron
513-keV transition, was added to theh9/2 band in 157Er. Us-
ing previously published DCO ratios@7,45#, theN589 level
systematics, and the multipleE2 decay branches, a revise
level scheme for these negative-parity bands in157Er is
shown in Fig. 12. The 157-keV transition is reassigned as
9/22→7/22 M1/E2 and a new 182-keV transition is a
signed as the 9/22→5/22 E2 transition. These transition
are analogous to the 127- (M1/E2) and 178- (E2) keV tran-
sitions in 153Gd, and the 139- (M1/E2) and 186- (E2) keV
transitions in155Dy.

V. CONCLUSION

In conclusion, two experiments have been performed
extend considerably the experimental knowledge of exc
states in theN589 nucleus153Gd. Corrections have bee
made to the previously published level scheme, and n

FIG. 11. Experimental alignments of band 7 in153Gd and its
analog in otherN589 nuclei.
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band structures have been observed. The present rotat
structures in153Gd have been interpreted using the crank
shell model. Strong similarities to155Dy in terms of isospec-
tral bands have been observed and arguments have bee
forth indicating that these two nuclei, in contrast to oth
N589 nuclei, have similar deformations. The alignment
the second alignable pair ofi 13/2 neutrons~BC! is observed
near \v50.38 MeV. Evidence is also found, for the firs
time in an odd-A nucleus in this region, that the align
three-quasiparticleABC configuration crosses theA ^ beta-
vibration band in an analogous manner to that of the ‘‘tw
backbending’’ observed in neighboring even-even nuclei.
addition, this systematic study of severalN589 nuclei has
led to a correction to the low-spin level scheme of157Er.
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FIG. 12. Revised partial level scheme for157Er showing the new
addition of the 512-keVg ray (17/22 → 13/22) to theh9/2 band.
The excitation energies of the levels are unknown. Note that
13/21 level is now at an excitation energy1153 keV relative to the
proposed (7/22) level. See text for details.
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