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Collective bands based on a low-K ~h»&2 orbital have been populated to high spins in the odd-
proton nuclei "'"Pm following the reactions " Sn(' Mg, p4n)'"Pm and " Cd( A1,4n)' 'Pm, re-

spectively. Both nuclei exhibit a band crossing in the m.Ii»&2 band at a frequency of Ace-0. 42 MeV.
In ' Pm, an upbend is observed, while a weaker interaction backbend is observed in ' Pm.
Cranked-shell model calculations, including triaxiality, imply that this crossing is due to the align-
ment of the second and third valence h &1&2 protons. The systematics of this alignment in the Pm
isotopes will be discussed. In addition, positive parity three-quasiproton states were observed in

both nuclei. These structures also contain a pair of aligned h 11&2 protons, in this case the first and
second valence protons which align at a much lower frequency of fico-0. 28 MeV.

I. INTRODUCTION

In the light rare-earth nuclei around mass 3 =135 the
proton Fermi surface lies near the bottom of the h~~~2
shell. Odd-proton nuclei therefore exhibit rotational
bands built on these low-K hi~~2 intruder levels. Such
bands show a maximal signature splitting; only one signa-
ture component (a = ——,

'
) of the band, consisting of

stretched b J=2 transitions, is observed experimentally.
The magnitude of the signature splitting is known to de-
pend on the nuclear shape parameter y, namely the de-
gree of triaxiality. Although the nuclei in this region ex-
hibit relatively Oat potential energy surfaces ' with
respect to y, the h~~~q quasiproton orbitals stabilize a
near-axial prolate deformation (y-0'). The odd-proton
occupying an h»~2 orbital also blocks the lowest frequen-
cy (fico-0. 3 MeV) alignment of the first pair of valence
httqq protons. The higher frequency alignments (fico—
0.45 MeV) observed in these bands may then be due to
the alignment of the second and third valence h ~ i~2 pro-
tons, maintaining a near-prolate deformation of the nu-
cleus, or alternatively by the alignment of the first pair of
valence hid~2 neutrons. Such an alignment of neutrons in
high-E orbitals from the upper h ~~~2 midshell is expected
to force the nuclear shape towards y ——60' which, in the
Lund convention, represents the collective rotation of an
oblate shape around an axis perpendicular to the symme-
try axis. For near-prolate (y-0 ) shapes, cranked shell-
model (CSM) calculations predict the alignment of the
h ti~q protons (second and third) to occur at a lower fre-
quency than the alignment of the h t & z2 neutrons (first
pair).

Whether the observed alignments in the yrast bands of
odd-proton nuclei in this mass region are caused by pro-
tons or neutrons depends strongly on the ease with
which the nucleus can be changed from a prolate
(@=0') to an oblate (y = —60') shape, i.e. , the prolate-
oblate energy difference. If the oblate shape lies at an
excitation energy of less than 300 keV with respect to
the prolate shape, it is expected that the neutron align-
ment can compete with the proton alignment. Such is
the case 7 in the odd-proton nuclei ' 'La (Z =57),

Pr (Z =59), and more recently ' Pm (Z =61), where
collective oblate (y ——60 ) bands have been observed
built on the srh»zz(vh»&2) configuration. These col-
lective bands coexist with near-prolate rotational bands
built on quasiproton configurations. Similarly there is
increasing evidence for the coexistence of prolate
proton-aligned bands and oblate neutron-aligned bands
in several neighboring even-even nuclei, for example

Nd (Refs. 8 and 9) and ' Sm, which have recently
been studied in this laboratory. Furthermore, other
even-even nuclei in this region are known to possess
isomeric 10+ states built on the (vh»r2 ) configuration,
for example ' Ce (Ref. 10) and the N =78 isotones"

Ce, ' Nd, and ' Sm. However, for the ' ' Pm iso-
topes the prolate-oblate energy difference is estimated to
be somewhat higher, ' thus suppressing the competi-
tion of neutron alignment.

A comparison will be made of the mh»&2 band cross-
ings observed in the Z =61 isotopes ' ' ' ' Pm.
The nucleus ' Pm was studied in this laboratory using
the " Cd( Si,p4n)' Pm reaction, and has also been re-
ported by Lister et aI. ' Preliminary results for

Pm have been presented previously. ' ' The nu-
cleus ' Pm was studied using the " Cd( A1,4n)' Pm
reaction.

II. EXPERIMENTAL PROCEDURES AND RESULTS

States in ' Pm were populated using the " Sn( Mg,
p4n)' Pm reaction at a bombarding energy of 144 MeV,
while the " Cd( A1,4n)' Pm reaction at 131 MeV was
used to populate states in ' Pm. The heavy-ion beams
were delivered by the Stony Brook Superconducting
LINAC injected by the tandem Van de Graaff accelera-
tor. The tin target consisted of 2 mg/cm of" Sn rolled
onto a Pb backing of thickness 50 mg/cm which
served to stop the recoils and the beam. The cadium tar-
get consisted of 3.3 mg/cm of " Cd rolled onto a Pb
backing of thickness 110 mg/cm .

The data reported here included y-ray excitation func-
tions, angular distributions, and y-y coincidence mea-
surements. In order to decide on the optimum bombard-
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ing energy for each reaction, y-ray singles spectra were
recorded as a function of bombarding energy. In addi-
tion to ' Pm (p4n), the Mg + " Sn reaction also pro-
duced significant amounts of ' Nd (2p3n) and ' Pm
(p3n); the Al + " Cd reaction also produced ' Nd
(p4n) and ' Pr (a3n) in addition to ' Pm (4n).

The y-y coincidence data were recorded using four n-

type Ge detectors, each having an efficiency of 25% rela-
tive to a 7.6 cm )& 7.6 cm Nal(T1) detector for 1.3 MeV

y rays. The detectors were located at +57' and +136'
with respect to the beam direction, and at a distance of
14 cm from the target. Each of the four detectors uti-
lized bismuth germanate (BGO) anti-Compton shields of
the transverse type. ' The coincidence data were record-
ed onto magnetic tape event-by-event for subsequent
data analysis. A total of approximately 30 million coin-
cidence events were recorded for both the Mg + " Sn
reaction and the Al + " Cd reaction.

The tapes were scanned off-line on a VAX 11-780
computer to produce a symmetrized 2048)&2048 array
of E~ vs E~. Background-subtracted gated spectra were
generated from this array and were used in the construc-
tion of the decay schemes of ' ' Pm shown in Figs. 1

and 2, respectively. Figures 3 and 4 display examples of
gated coincidence spectra from the Mg + " Sn and

Al + " Cd data, respectively.
Separate experiments were performed to obtain angu-

lar distribution information for the transitions assigned
to ' ' Pm; these made use of the reactions " Cd( Al,
4n)' Pm at 141 MeV and " Cd( A1,4n)' Pm at 129
Me V, respectively. In each case, one Cornpton-
suppressed Ge counter was positioned successively at
each of four angles with respect to the beam axis, name-
ly 90', 120', 135, and 152'. A Ge(Li) detector, placed
at —90', was used as a monitor.

In order to obtain information about the rnultipolarity
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qf the transitions observed in the two nuclei ' ' Prn, the
formula

W(8) = Ap+ ApP2(8)+ A4P4(8)

was At ted to the empirical y-ray intensity function
W(8), where 8 is the angle of the detector relative to the
beam axis; Ao, A2, and A4 are adjustable parameters;
while Pz(8) and P4(8) are Legendre polynomials. The
results for ' ' Pm are listed in Tables I and II, respec-
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FIG. 2. The proposed level scheme of ' Pm deduced from
this work. The transition energies are given in keV and the
widths of the arrows indicate their intensities.
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FIG. 1. The proposed level scheme of "Pm deduced from
this work. The transition energies are given in keV and the
widths of the arrows indicate their intensities.

FIG. 3. A sum of gated coincidence spectra set on the 658.4
and 749.1 keV transitions in ' Pm. The energies of the labeled
peaks are given in keV.



C. W. BEAUSANG et al. 36

Iooo

800—

the —", —", transitions at the bottom of the ~h»&2
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of the bands observed in ' ' Pm are shown in Fig. 5
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FIG. 4. A gated coincidence spectrum set on the 966.8 keV
transition in " Pm. The energies of the labeled peaks are given
in keV.

0.4

tively, where a small correction has been made to each
2 2 / 3 o and 3 4 / 3 o ratio for the finite detector size.
Because of numerous unresolved doublets and weak
transition intensities, most of the intensities listed in
Tables I and II were determined from the y-y coin-
cidence data. These intensity values have been corrected
for the efficiency of the Ge detectors and normalized to

and I „q is a reference based on a frequency-dependent
moment of inertia, i.e.,

x ref= ref — ( 0+ (4)

The Harris' parameters were taken as So——12.5A
MeV ' and J ~

——168 MeV
Figures 6 and 7 show CSM calculations for one- and

three-quasiparticle Routhians plotted as a function of the
y deformation and at a fixed rotational frequency of
Ace=250 keV. The deformation parameters were taken as
E2 =0.2 and e4 ——0.0; the proton and neutron pairing
strengths were set equal at 6~=6„=1.2 MeV; and the
proton and neutron Fermi energies, A.z and A,„, were
chosen to reproduce the particle numbers Z =61 and
%=74. Cranked shell-model calculations are relatively
insensitive to the exact values of these parameters. As

TABLE I. Gamma-ray energies, intensities, angular distribution data, and tentative spin and parity
assignments for '"Pm. Except where indicated, the intensities were obtained from coincidence data.

E~ (keV)

286.8 (1)

385(1)

403.5(1)

513.7(1)

556.8(1)

563 ~ 7(2)

597(1)

658.4(2)

735.5(2)

740.0(3)

749.1(1)

805.2(2)

836(1)

844. 1{9)

847. 1(4)

854.4(6)

938.4(3)

1193.1(2)

= 100'

5.7(4)

83.7(1.2)

3.1(5)

7.5(6)

62.8(1.1)'

3.8(5)

3.8(6)

27.5(9)

17.7(9)

5.8(1.3)

1 1.7(9)

5.5(7)

4.9(7)'

A2/Ap

+0.140(14)

+0.501(65)

+0.223(20)

+0.151(31)

—0.071(73)

A4/Ap

—0.053(20)

—0.150(91)

—0.050(27)

—0.025(44)

—0.13(10)

Assignment

15 — 11—
2 2

23 + 19 +
2 2

25 + 21 +
2 2

19 — 15—
2 2

27 + 23 +
2 2

29+ 25 +
2 2

23 + 23—
2 2

23 — 19—
2 2

31 + 27 +
2 2

33 + 29 +
2 2

27 — 23—
2 2

31 — 27—
2 2

37 + 33 +
2 2

39 — 35—
2 2

35 — 31—
2 2

35 + 31 +
2 2

25 + 23—
2 2

21 + 19—
2 2

'Intensity obtained from angular distribution data.
Unresolved doublet.
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seen, the results are very sensitive to the value of the
shape asymmetry y. The definition of y is taken to be
consistent with the Lund convention. The shape of the
nucleus and sense of rotation are shown at the top of Fig.
6 for specific values of y that correspond to axially sym-
metric shapes. These calculations will be discussed in
more detail in the following sections.

A. The trh11g2 yrast bands of ' ' Pm

In both ' Pm and ' Pm the yrast bands are based on
the signature a= —

—,
' component of the [541]—,

' Nilsson
orbital derived from the h» &2 shell. Nilsson single-
particle systematics at a quadrupole deformation e2 ——0.2
were used to assign this level in both nuclei. The odd

proton in the hI~~2 orbital favors a triaxial shape for the
nucleus with y ——15', as shown in Fig. 6. An upbend is
evident in the alignment plot for the yrast band of ' Pm,
shown in Fig. 5, at a rotational frequency of Ace=0. 42
MeV, while a backbend is observed at the same frequency
in the corresponding plot for ' Pm. Similarly, band
crossings are also observed at Ace-0. 42 MeV in the corre-
sponding bands of the ' Pm and ' Pm isotopes; the
alignment plots for these nuclei are also included in Fig. 5
(dashed lines). The crossing in ' Pm is seen as a smooth
upbend, whereas that seen in ' Pm is a sharp upbend,
and finally backbends are observed in both ' Pm and"Pm. The progression of the band crossing from an up-
bend to a backbend in the ' ' ' ' Pm isotopes is due
to a decreasing interaction between the one- and three-

TABLE II. Cxarnma-ray energies, intensities, angular distribution data, and tentative spin and parity
assignments for "Pm. Except where indicated, the intensities were obtained from coincidence data.

E~ (keV)

199.0(5)

205.5(5)

236.0(5}

315(1}
326.0(5)

337,5(1)

404.5(1)

454.4(1)

474.7(1)

489.0(6)

532.0(1)

562.6(1)

638.7(1)

659.6(1)

724.8(2)

759.6(2)

762.6(2)

804.2(2)

835.7(1)

855.5(1)

879.7(4)

884.8(4)

897.3(2)

920.6(3)

962.5(5)

966.8(1)

1043.5(2)

1047.0(5}

1110.6(1)

1236(1)

=100.0'

6.1(4}

7.4(3)'

8.4(5)

13.0(5)

12.7(5)

72.4(8)

8.4(5)

6.4(6)

4.4(6)

3.4(3)

6.0(5)

11.4(6)

46.3(5)'

1.5(5)

1.8(6)

8.8(3)'

2.3(5)

1.7(5)

17.0(5)'

3.0(7)

2.2(8)

6.4(7)

A2/AP

+0.314(30)

+0.386(82)

+0.480(98)

+0.130(47)

+0.229(5 1)

—0.028(74)

+0.33(12)

+0.338(22)

+0.22(10)

+0.192(63)

—0.227(48)

A4/Ap

—0.005(30}

0.00(12)
—0.05(10)
—0.094(66)

+0.582(68)

+0.09(10)

+0.18(18)

+0.025(34)

0.00(13)

j0.017(98)

+0.126(72)

Assignment

17—
2

33 +
2

15—
2

29+
2

19 + 19
2 2

23 — 19—
2 2

39 — 35—
2 2

35 + 31 +
2 2

31 — 27—
2 2

21 — 19—
2 2

43 — 39—
2 2

27 — 23—
2 2

31 — 27—
2 2

37 +
2

21 +
2

35—
2

33 +
2

19—
2
31—
2

23 + 21 +
2 2

25 + 23 +
2 2

29 + 27 +
2 2

33 + 31 +
2 2

27 + 25 +
2 2

15 — 11—
2 2

25 + 21 +
2 2

23 + 23—
2 2

23 + 19 +
2 2

31 + 29 +
2 2

27+ 23+
2 2

29 + 25 +
2 2

19 — 15—
2 2

25 + 23—
2 2

31 + 27 +
2

35 — 31—
2 2

'Intensity obtained from angular distribution data.
Doublet with 4+~2+ transition in ' Ce.
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quasiparticle bands as the neutron number increases. The
transitions of energies 1043 and 1236 keV, shown above
the —", state in the level scheme of ' Pm, may be the
continuation of the one-quasiproton ~h ~~~q band. These
states are observed due to the weak interaction between
the one- and three-quasiproton bands. The decreasing
quadrupole deformation e~ with increasing mass number
may contribute towards this observed difference in the in, -

teraction strengths in the promethium isotopes.
The valence quasiparticle orbitals from a high-j shell

exert strong y-driving forces on the nuclear core. The y
deformation for which the orbital Routhian is minimized
changes smoothly from @=+60' (oblate noncollective) to
y= —120' (prolate noncollective) as the Fermi surface
rises through the shell. ' For the proton Fermi surface
appropriate to the promethium isotopes, the valence
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FIG. 6. Calculated proton and neutron h l l q~ single-
quasiparticle level energies as a function of the y deformation.
The shape of the nucleus and sense of rotation are shown at the
top of the figure for specific values of y that correspond to axial-
ly symmetric shapes.
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FIG. 5. The experimental alignment i of the bands in ' 'Pm
(full circles), '"Pm (full triangles), '"Pm (open circles), and

Pm (open triangles) shown as a function of rotational frequen-
cy.
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FIG. 7. Total Routhians of single and multiquasiparticle
states calculated as a function of the y deformation. The calcu-
lations were performed at Ace=250 keV and assume that the en-
ergies of the axially symmetric prolate ( y =0') and oblate
(y= —60 ) shapes are degenerate, i.e., V~o=0.

quasiproton orbitals favor a triaxial shape with y ——15',
as can be seen in Fig. 6. Therefore, although the nuclei in
this region are y soft, the odd proton occupying such a
quasiparticle orbital will stabilize the nucleus at this de-
formation.

The measured crossing frequencies in these nuclei are
in good agreement with CSM calculations for the align-
ment of the second and third valence h ~ ~~q protons, with
y= —15'. The low frequency alignment (fm-0. 3 MeV)
of the first pair of valence h~~~q protons is blocked in
these bands due to the presence of the odd proton. The
two transitions of energies 763 and 921 keV feeding into
the yrast band of ' Pm at the levels of spin —", and —",

respectively, may connect the yrast band (signature
a= —

—,') with the band built on the unfavored signature
(a=+ —,') component of the wh~~~q orbital. The signature
splitting between the two components, extracted from ex-
perimental Routhians, is approximately 500 keV; this
value is consistent with the maximal splitting that occurs
at y ——15, as can be seen from Fig. 6. The alignment
of the additional h»~z quasiprotons will provide an addi-
tional driving force stabilizing the nuclear shape at this
value of y.

At this value of y = —15, the alignment of the first
pair of valence h~~~q neutrons is also calculated to occur
at a frequency similar to that of the protons. However, an
alignment of the neutrons would tend to drive the nuclear
shape towards y- —60, which represents a collectively
rotating oblate shape. For this shape the signature split-
ting of the h ~~~q proton orbital is small (see Fig. 6) leading
to the observation of a 6J = 1 band based on the
mh~~~qg (vh~~~q) configuration. Such bands have been
observed ' in ' 'La and ' Pr. If the nucleus is
sufTiciently "stiff" with respect to this shape change in the

y plane, the neutron alignment will be hindered.
Hence, whereas the alignment of h ~ ~~q protons favors a

near-prolate triaxial shape (y ——15'), the alignment of
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hi]/2 neutrons favors a collectively rotating oblate shape
(y ——60'). This results because the neutron Fermi sur-
face lies in the upper h~]/q midshell. Whether the ob-
served band crossings are due to the alignment of protons
or neutrons will thus depend on the degree of y softness
of the nuclei. This may be expressed by the parameter
Vp, which is the energy difference between a prolate and
an oblate shape. In the mass A = 130 region,

~
V~,

~

( 1

MeV, and is calculated to decrease in magnitude as the
neutron Fermi surface rises. ' ' This indicates that the
heavier isotopes are more y soft. However, for ' ' Pm,
the magnitude of Vp, is still large enough to hinder the
neutron alignment.

Calculated energy levels e„' (Routhians) of the single-
quasiparticle states in the rotating frame are shown in
Fig. 6. In order to investigate the total energy of the nu-
cleus, a y-dependent reference has been added to the
single-quasiparticle Routhians in accordance to the
methods proposed by Frauendorf and May, ' i.e. ,

E„f(pi,y) = —,
' V~, cos3y

——3' (Jp+ —,'a) Ji) cos (y+30 ) .

The Harris parameters are those used in constructing the
experimental alignments of Fig. 5. The total Routhian E'
for a multiquasiparticle configuration is then given by

E'(co, y ) = get, (pi, y)+E'„t-(pi, y) . (6)

Figure 7 shows such total Routhians plotted vs y for
both one-quasiparticle states and three-quasiparticle
states. The calculations were performed at a fixed fre-
quency of %&@=250 keV, and Vp was set to zero. The
minimum in the Routhian containing the aligned neu-
trons occurs at y ——60' and is —300 keV lower in ener-

gy than that of the aligned-proton configuration; this is
neglecting V„„the energy required to drive the core to
an oblate y= —60 shape. The calculation thus indi-
cates that if the magnitude of Vp is less than 300 keV,
the neutron alignment can compete with the proton
alignment with an associated shape change to y ——60
(oblate collective). However, the magnitude of V, is
calculated to be somewhat larger' ( V, —800 keV) than
this value for ' ' Pm, and hence the neutron alignment
is suppressed. For the heavier ' Pm nucleus, the magni-
tude of Vp, is indeed predicted' to be less than 300 keV
and recent experiments have found a AJ=1 sideband
built on the irh»&2(vh ii&2) configuration at y ——60.
In addition, a simultaneous alignment of both h»/2 pro-
tons and h»/2 neutrons is observed in the yrast band.
The five-quasiparticle band built on the
(nh»&2) (vh»zz) configuration has a similar shape to
the one-quasiproton mh»/2 band because the presence of
the three h ]i/z quasiprotons overcomes the driving force
of the two h» /z neutrons, thus maintaining a near-
prolate shape for the nucleus. The double alignment in

Pm is evident in Fig. 5, where the increase in align-
ment observed in this nucleus (b, i —14iri) is compared to
that observed in the neighboring ' Pm nucleus

( hi —8iri).

B. The sidebands of ' '' Pm

In addition to the decoupled ~h]i/2 band observed in
Pm, two sidebands are seen feeding into the —", and

levels. These two bands are believed to be the oppo-
site signatures of a three-quasiparticle structure
m'[413]—', +(irh~~q2) as seen in the neighboring odd-
proton nuclei ' 'La, ' Pr, and ' Pr. In these nuclei, pos-
itive parity sidebands built on a mg7/p orbital exhibit a low
frequency alignment due to the first pair of valence h»/z
protons. Such an alignment is not blocked in the positive
parity sidebands as is the case in the ~h]]/2 yrast bands.
One difference for ' Pm is that the one-quasiparticle
bands below the band crossing were not observed experi-
mentally. A precise crossing frequency for the alignment
of the first pair of valence hii/2 protons thus cannot be
obtained but can be estimated as Ace, &0.30 MeV. This
value is consistent with the value of 0.28 MeV predicted
by CSM calculations for y-0'.

The sidebands in ' Pm were populated only weakly.
The band built on the —", '+' state is based on the signature
a = + —,

' component of the m[413]—', + (irh ~ i ~q ) con-
figuration similar to that seen in ' Pm. The band built
on the ( —", +) state may be the a= ——,

' component of this
three-quasiproton configuration. However, unlike ' Pm,
no connecting M1 transitions were observed, and the E2
transition energies are similar in both sidebands. The two
positive-parity Nilsson levels that lie near the Fermi sur-
face are derived from g7/2 and d5/2 shell-model states.
These levels are near degenerate and thus may mix.
Indeed measured E2/M 1 mixing ratios and
B(MI)IB(E2) ratios in the case of ' 'La imply an ad-
mixture of g7/2 and d5/2 in the sidebands built on the
[413]—',

+ Nilsson level. The corresponding sidebands ob-
served in the ' Pm nucleus also show this feature of
similar transition energies within the bands, unlike ' Pm.

IV. CONCLUSIONS

The systematics of the particle alignments observed in
the ah]i/2 bands of the odd-proton ' ' ' ' Pm iso-
topes have been discussed. The smooth upbend seen in

Pm becomes sharper in ' Pm, and finally a backbend
is observed in ' Pm. All the nuclei show similar crossing
frequencies. This alignment is attributed to a pair of pro-
tons from the lower hi]/2 midshell, and the change from
upbend to backbend is due to the changing interaction
strength between one- and three-quasiproton states as a
function of the position of the neutron Fermi surface.
The structure of the positive-parity sidebands of the
promethium isotopes is also seen to change as a function
of the neutron Fermi surface. Competition from the
alignment of a pair of neutrons from the upper h i]/2 rnid-
shell was not observed in the ' ' Pm nuclei. An align-
ment of neutrons would tend to drive the nucleus to an
oblate shape. That such neutron alignments are not ob-
served for these isotopes suggests that the prolate-oblate
potential energy difference is sufficiently large for these
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nuclei to suppress such an alignment, and is in agreement
with theoretical predictions. Finally, there is recent evi-
dence for both proton and neutron alignments in the
heavier ' Pm isotope, which is predicted to be softer with
respect to the y deformation. A AJ = 1 band is observed

built on the trh
~ ~ rq (vh ~ ~ ~2 ) configuration with

y ——60'.
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