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A particle-rotor model which incorporates the variable moment of inertia formalism is applied to
the X =88 transitional nuclei, '" Pm, ' 'Eu, and ' Tb. The model with a few adjustable parameters
gives a very good account of the AI =1, "normal" and AI =2 "decoupled" band-like structures ob-

served in these nuclei. The calculated level structure, single-nucleon-transfer spectroscopic factors,
electromagnetic transition strengths, and relative gamma-ray branching are compared with available
experimental data and predictions of other theoretical calculations.

I. INTRODUCTION

The study of the excitation modes of the transitional
nuclei has evoked considerable interest for a long time.
These nuclei are known to exhibit appreciable collectivity
in their level properties. However, the nature of collec-
tivity is not very clear in the sense that some of these
properties correspond to those of "spherical" nuclei and
some correspond to those of "deformed" nuclei. Recent
experimental studies on a number of odd-3 nuclei in the
transitional regions which were normally considered as
spherical have shown the existence of "normal" (EI =1)
and "decoupled*' band (AI =2) like structures in their ex-
citation spectra. The nuclei ' Pm, ' 'Eu, and ' Tb with
88 neutrons are situated in a region of the Periodic Table
where the transition from spherical to permanently de-
formed shape is observed as the neutron number changes
from 88 to 90. While the low-lying levels of the neighbor-
ing heavier isotopes ' 'Pm, ' Eu, and ' Tb were known
to have clear rotational structure, these nuclei were be-
lieved to be predominantly spherical. However, recent ex-
perimental investigations have revealed the existence of
normal (LU =1) positive parity bands based on d5&2 and

g7/p orbitals and a decoupled (b,I =2) negative parity
band based on the h ~ ~ ~2 orbital in these nuclei. A
comprehensive list of experimental work on these isotopes
can be found in Refs. 1 and 2. Of these three-isotones, the
nucleus ' 'Eu has drawn considerable attention from both
experimental and theoretical workers because of the fact
that it is the only stable iV =88 nucleus. The level struc-
ture of this isotope has been studied in the framework of a
quasiparticle-anharmonic-vibration coupling model as
well as in a simple version of the particle-rotor coupling
model. ' Not surprisingly both the models seem to be
partially successful in explaining the observed level prop-
erties; particularly the former model' is found to give a
very good account of the B(E2) values for a large num-
ber of excited levels measured in the Coulomb excitation
experiment. The isotope has also been studied in the
interacting-boson-fermion model (IBFM) and the agree-
ment between the calculated and the observed level ener-

gies is found to be very good. ' The quasiparticle anhar-
monic vibration model referred to above is also found to
reproduce more or less correctly the level energies and
fragmentation of the l =2, 4, and 5 single particle
strengths below 1.5 MeV excitation energies in the iso-
topes ' Pm and ' Tb. However, this model fails to
predict the observed high-spin positive and negative parity
band members as we11 as the antialigned low spin negative
parity states based on the h &&~2 orbital. The ground state
bands of the neighboring even nuclei are well described by
the variable moment of inertia (VMI) formalism of Mar-
iscotti et al. Voklov and also Gregory and Taylor have
shown that, when Coriolis effects can be ignored, a direct
extension of the VMI model from the even-even cores to
their adjacent odd-2 partners gives reasonable results for
the odd-3 band energies. Smith, Rickey, and Simms'
have shown that a Coriolis coupling model which incorp-
orates the VMI approach with suitable modifications for
odd-3 nuclei can explain a wide range of phenomena ob-
served in transitional nuclei. The model is simple with a
small number of adjustable parameters. The aim of the
present work is to see how far this model is able to repro-
duce the wide variety of experimental observations in
these X =88 transitional nuclei in a systematic way. Pre-
liminary results of the calculation on the negative parity
band structure in these isotones have been reported else-
where. " Since this model has been discussed in detail by
Smith, Rickey, and Simms, ' we shall briefly discuss the
formalism and mainly concentrate on the results of the
calculation.

II. THE MODEL
The model is based on the assumption that the nuclei

under consideration are axially symmetric and have a re-
flection symmetry with respect to a plane perpendicular to
the symmetry axis. The calculations are carried out
within the framework of a simple model where the motion
of an unpaired quasiparticle moving in Nilsson s de-
formed orbit is coupled to the rotational motion through
the Coriolis interaction.

The total Hamiltonian is taken as
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a =a~+a„, , H =HP+H, O,

where H~ is the usual single particle deformed shell model
Hamiltonian with energy eigenvalue eK, transformed into
quasiparticle energies according to where

=~0+~Cor ~

EK„——[(eK„—A, ) +b. ]'~ —b. (2) Hp=H~+ (I'+j' 2Ij3—3) (»)

fiH„,= (I —j)
and

H„„=— (I+j +I j+ ) .
2W

(7b)

[I +J 2I3J—3 (I'+j —+I J'+ )] .

i
IMKv) =

The last term is the so-called Coriolis term, and the com-
ponents of j and I are with respect to the nuclear body
fixed axes, the 3-axis being the symmetry axis.

In the absence of the Coriolis coupling, the total wave
function

~

IMK) is given by'
' 1/2I+1 r

[DM,KXK,
16m

The diagonal element of the Hamiltonian (6) is expressed
as

$2
( H )„,.=EK.+ [I(I + 1)+(j') 2K'—

2W

+4, i n& ( —)'+""'(I+ 2 )]

where the decoupling parameter a and (j ) are given by

(9a)

where

+( )+ DM—
,

KJt' K,v]— —(4) and

(5)

&j'& = g CJ'KJ(j +1)
J

(9b)

The total Hamiltonian can be rewritten as

The off-diagonal matrix elements of the Coriolis interac-
tion (7b) between the states of different rotational bands
with

~

hK
~

= 1 are given by

2
(IMK+1 ' iH„, iIMK ) = — (U „U,+V „V,)[(I+K)(I+K+.1)]'

X pe, n, Cj,n+), '[(j+Q)(j+Q+1)] ~ (10)

The diagonalization leads to the Coriolis-mixed eigen-
functions

I
IM &

= gftK[DM, K~K+( ) DM, —K~ —K]

where ftK's are determined through the diagonalization
procedure. Instead of using a constant moment of inertia
W, an approach similar to that of Smith and Rickey' has
been adopted to impose a realistic core behavior on the
unperturbed odd-particle state based on the variable mo-
ment of inertia model of Mariscotti et al. As a conse-
quence, an "elastic energy" term

& C(WtK —WpK) has
been added to the diagonal term defined in Eq. (8) and the
moment of inertia WtK is calculated from the following
expression:

~tK= [(,C)[I(I+1)—2K +(j )

+& u ( —)'+""'(I+ —,
'

)]j '", (12)

where C has been treated as a free parameter and WpK is
calculated from the expression (12) by putting WpK =WtK
(I =jp), where jp is the angular momentum of the sPheri-
cal shell model state to which the state

~

IMK) degen-
erates at zero deformation. The moment of inertia pa-

rameter, AtK (=1/2JrtK), which appears as the energy
scale factor in the Coriolis matrix element [Eq. (10)], was
set equal to the average value of AtK and AtK .

The single nucleon-transfer spectroscopic factors for
stripping reactions and the fraction of the state

~

IM ) which contains the core angular moment
R =Rp, P(IM, Rp) are calculated in the standard way. '

The static and dynamic moments of the electromagnetic
transition operators (E2 and M 1) between different states
have been calculated following the procedure described by
Bohr and Mottelson. '

III. PARAMETERS OF THE CALCULATION

The Nilsson single-particle levels appropriate for odd-
proton nuclei in this mass region were calculated by ad-
justing the shell model parameters ~ and p in a way so
that the d5/2 g'7/2 s]/2 d3/2 and h~&/2 level energies at
zero deformation corresponded to those determined by
Reehal and Sorensen. ' The values of p and K thus ob-
tained were 0.59 and 0.05, respectively. It was found that
however accurately we tried to determine these parameters
through the above-mentioned procedure, some adjustment
in the single-particle energies of one or two levels (of the
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order of a few hundred keV) were necessary to reproduce
the low energy part of the spectrum in each isotone.
These adjustments in the single-particle energies were
found to be minimal if the values of p and I~ were taken as
0.50 and 0.05, respectively. Therefore, we proceeded with
these values of p and i~ for all the isotones under con-
sideration. Similar adjustments were found necessary by
other workers also. ' ' The deformation parameter 5 was
taken to be 5=0.14 for all the nuclei. In the quasirota-
tional picture, the deformation parameter can be deter-
min'ed from the measured 8(E2 0+~2+) values in the
neighboring even-even isotopes. The values of 5 deter-
mined for &48Nd, rsoSm, and ' 2Gd lie in the range
6=0.14—0. 18. The pairing gap and the Fermi level pa-
rameters b, and A, were determined through the solution of
the gap equation in each case with a value of strength pa-
rameter 6 =27/A. All the Nilsson orbitals arising from
the 1g9/2 1g7/2 2d5/2 2d3~2, 3s~&2, and 1h~~~2 shell
model states were used in the calculation. The variable
moment of inertia parameter C was taken to be 1.0&(10
and 0.3&&10 keV for the negative and positive parity
states, respectively. Finally the Coriolis matrix e1ements
(including the decoupling term) had to be reduced to 80%%uo

and 85% of its theoretical value for the calculation of the
positive and negative parity states, respectively. This
latter adjustment is usually necessary in the rare-earth re-
gion where Coriolis matrix elements are found to be sig-
nificantly smaller than their theoretical estimate. '

The M 1 moments and transition rates were calculated
with gf

——1.0, (g, ),ff—3.5, and gz ——Z/A. We tried to re-
strict the adjustment of different parameters to the
minimum as our main motive was to see how far this
model could explain the observed properties of these nu-
clei in a systematic way with a parameter set common to
all of them except, of course, the values of A'co0(5), A, , and
b, which vary with mass number. Plots of the effective
moment of inertia parameters Alx. 's for different values
of the spins and band quantum numbers are presented in
Figs. 1 and 2. The spin dependence of Wf is seen to be
monotonic in all bands except the K = —, bands, where the
presence of the diagonal Coriolis term [Eq. (12)] induces
oscillations in W with spin. This oscillation is not prom-
inent for the K = —,

' band arising from the dq~2 orbital be-

cause of the small value of the decoupling coefficient pa-
rameter for this band. This oscillation is essential to the
success of the present calculation in correctly reproducing
the excitation energies of the high spin negative parity
states; a constant or monotonically increasing W in the

bands does not reproduce the AI =2 decoupled
bandlike structure observed in these isotones.
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FIG. 1. Semiempirical moment of inertia parameters for the

odd-proton Nilsson states whose parentage is the d5&2 and g7/2
spherical shell-model states. These states are listed in the figure
according to the asymptotic quantum numbers.

IV. NEGATIVE PARITY STATES

The nuclei ' 'Eu and ' Tb show a definite AI =2 band
of "favored" states based on an —, state and the char-
acter of this band in these nuclei is essentially the
same. ' ' In ' Pm, this band structure has not been es-
tablished in detail. Moreover, several low spin states ( —,

, and —, ) have been observed in the low energy spectra
of these nuclei. ' ' In ' Tb, negative parity states hav-
ing spin values from —,

' to —", have been observed. Thus
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I
FIG. 2. Semiernpirical moment of inertia parameters for the

odd-proton Nilsson states whose parentage is the h I &z2 spherical
shell-madel states. These states are listed in the figure accord-
ing to the asymptotic quantum numbers.
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the negative parity states in these nuclei provide a very
good test for the rotational description of these nuclei.
The negative parity state calculations were carried out in-
cluding in the basis all the Nilsson states arising from the
h» &2 orbital. The negative-parity calculations agree quite
well with experiment (Figs. 3—5). The angular momenta
.of the states forming the b,I =2 decoupled band based on
the h»&2 orbital appear to be the result of an alignment of
the particle (j) and the core (R) angular momentum
(I =j+R). This simple picture is consistent with the de-
tailed calculation as is evident from the calculated wave
functions and the P(IM, RO) factors of the states in ' Tb
listed in Tables I and II, respectively. First, it is seen that
the states identified as rotation aligned ( —,

etc.) are mainly based on the E = —, and —, bands (i.e., the
projection of j on the nuclear symmetry axis is minimal,

so j and R are maximally aligned). The dominant R com-
ponents of these states also show this rotation alignment
nature, i.e., the band head, (

—", ) is calculated to be pri-
marily R =0, the first rotational state ( '~' ), R =2, etc.
So far as the electromagnetic properties of these states are
co~cerned, the present calculation predicts an enhance-
ment of the 8(E2) rates by a factor of 30—35 times the
single particle estimates. Since the dominant components
of these states come from the same Nilsson bands
(K = —,', —,

'
), transitions between these states are "intra-

b'and" and they are expected to be enhanced. This seems
to be consistent with the decay modes of these levels
(Table III).

The identification of the antialigned states ( —,

etc.) is also evident from Tables I and II. These states
also predominantly arise from the K = —, and —, orbitals
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FKJ. 3. Calculated and experimental (Refs. 17 and 18) energy spectra in ' Pm.
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FIG. 4. Summary of the experimental (Refs. 3—5 and
16—18) and theoretical results for the negative-parity states in
' 'Eu. Also shown for comparison are the ground state bands of
the adjacent even-even ' Sm core. The excitation energies of
the negative parity states are relative to the 2 state at 0.196ll

MeV. The states forming the decoupled band are shown
separately.

Expt. Theo,

FIG. 5. Summary of the experimental (Ref. 2) and theoretical
results for the negative-parity states in ' Tb. Also shown for
comparison are the ground-state bands of the adjacent even-even"Gd core. The excitation energies of the negative parity states
are relative to the 2 state at 0.163 MeV. The states forming

ll

the decoupled band are shown separately.

and have the expected major 8 components, except in this
case I =

~ j—R ~. The low spin negative parity states —,

and —, have been experimentally observed in ' Pm at
462 and 538 keV, respectively. ' The present calculation
is successful in reproducing these states. Although the
calculated —, and —, states lie at higher energy than
their experimental values, the agreement becomes much
better if we use a value of C =0.5)&107 keV . Since not
many negative parity states have been experimentally
identified in ' Pm and our main interest was to study the
overall systematics in these isotones, the calculations were
carried out with the same value of C, viz. , 1.0)&10, for
all the isotones. In ' Tb also, several low-spin negative
parity states ( —, , —, , and —', ) have been identified. 2

From energy consideration the 537, 624, and 707 or 800
keV states can be identified with the calculated —, state
at 581, —; state at 680, and —, state at 822 keV, respec-
tively (Fig. 5). No such low-spin negative parity states
have so far been identified in ' 'Eu. The present calcula-
tion is also equally successful in reproducing the excita-
tion energies of several other "unfavored" high spin states
( —;,—", , =,', and —', states). From the present calcu-
lation it appears that the rotation alignment becomes
more and more complete as the proton number decreases

from Z =65 (Tb isotope) to Z =61 (Pm isotope). This
becomes evident if one compares the relative excitation
energies of the rotation aligned states in the odd-mass iso-
topes with those of the corresponding even-even core
states (Figs. 3—5). This feature is reflected in the compo-
sitions of the favored states in these nuclei. The low E
orbitals, E = —, and —, , contribute about 80%%uo, 70%%uo, and
60% to the wave functions of these states in ' Pm, ' 'Eu,
and ' Tb, respectively. A search for the location of the
high spin negative parity states in ' Pm through heavy
ion reaction studies would be useful in testing this theoret-
ical prediction.

The spectroscopic factors for the stripping reaction to
the —", states in ' Pm, ' 'Eu, and ' Tb have been calcu-
lated and they are found to be in good agreement with the
experimental results (Table IV). However, the magnetic
moment of the 270 keV —, state in ' Pm is not correctly
reproduced (Table V). In view of the large fluctuations in
the results of different experimental measurements' on
the magnetic moments of both positive and negative pari-
ty states in ' Pm, it is difficult to make a useful comment
on this disagreement. Since the magnetic moments pro-
vide a stringent test of the correctness of calculated wave
functions, it would be worthwhile to undertake more ac-
curate measurements of the magnetic moments of these
levels in ' Pm. In summary, the present calculation is
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TABLE I. Experimental and calculated energies and wave functions for the negative parity states in "Tb.

1031

States

Rotation
aligned

11
2

15
2

19
2

23
2

27
2

163

511.4

978.9

1532.9

2155.6

163

926

1572

2345

E (keV)
Expt. ' Calc. —,[550]

0.520

0.532

0.544

0.552

0.557

2 [541]

0.593

0.595

0.599

0.602

0.604

—,[532]

0.513

0.503

0.495

0.489

0.485

—,[523]

0.315

0.307

0.295

0.285

0.278

—,[514]

0.124

0.124

0.116

0.110

0.105

2 [505]

0.029

0.029

0.026

0.024

0.022

Rotation
antialigned

7
2

3
2

213.8

625'

207

680

0.551

0.757

0.620

0.653

0.504 0.242

Other
states

11
2

9
2

13
2

17
2

21
2

25
2

883

263

535.6

966.9

1495.0

2095.1

845

326

504

945

1560

2309

—0.510

0.208

0.199

0.203

0.208

0.211

—0.248

0.525

0.509

0.520

0.532

0.541

0.318

0.654

0.639

0.639

0.639

0.639

0.611

0.470

0.487

0.478

0.468

0.459

0.426

0.18,0

0.227

0.220

0.210

0.201

0.149

0.060

0.056

0.051

0.048

' Reference 2.
"This level is tentatively given an I = 1,2 assignment in ( He, d) and (d, t) experiments (Ref. 18)..

successful in reproducing the observed excitation energies
of the negative parity states having spin values from —,

' to
as well as the spectroscopic strengths of the —", levels.

V. POSITIVE PARITY STATES

Positive parity states having spin values from I = —, to
have been identified in ' Tb through decay and (a,xn)

reaction studies. In ' 'Eu, although the highest spin

17' +
value for the positive parity states identified so far is —',
the B(E2)t transition rates for a large number of low-

lying states is known through Coulomb excitation work.
In ' Pm, several low spin positive parity states (I & —, )

are known through decay work. ' Although some of the
positive parity states in ' 'Eu and ' Tb have been identi-
fied with —,

' [402], —,
' [413],and —,[404] Nilsson states, the

band structures are not so well developed. 'The high-spin
positive parity states appear to form a b.I =1 normal

TABLE II. Calculated rotational compositions for the negative parity states in "Tb.

State

Rotation
aligned

Rotation
antialigned

11
2

15
2

19
2

23
2

27
2

7
2

3
2

E (keV)c1.

163

437

926

1572

2345

207

Rp ——0

0.692

0.0

0.0

0.0

0.0

0.046

0.002

0.289

0.874

0.0

0.0

0.0

0.94

0.073

I'(IM, R p)
4

0.005

0.110

0.906

0.0

0.0

0.0

0.912

0.011

0.006

0.078

0.916

0.0

0.012

0.013

0.003

0.008

0.008

0.067

0.920

0.001

0.0

Others 9
2

13
2

21
2

25
2.

326

504

945

1560

2309

0.003

0.0

0.0

0.0

0.0

0.775

0.597

0.0

0.0

0.0

0.219

0.370

0.749

0.0

0.0

0.002

0.033

0.239

0.808

0.0

0.0

0.0

0.012

0.184

0.838
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TABLE III. Calculated and experimental decay modes and partial y half-lives of a few levels in ' Pm, ' 'Eu, and ' 'Tb. Excita-
tion energies are given in keV. The numbers listed under T(E2) and T(M1) are to be multiplied by powers of ten given in the
parentheses.

Initial

state

Final

state T(E2) sec ' T(M 1) sec Calc. Expt. '
Branching ratio

Cale. Expt. '
Half-life (nsec)

Calc. Expt.

'4'Pm 114(—', ')
211(— )

188( ~ )

360(— )

0( —, )

0( —, )

114( ~ )

0( —, )

114( ~ )

0( —, )

].14( —,'+)

1.91(7)

3.63(8)

2.44(5)

3.55(7)

5.73(6)

3.87(8)

1.26(9)

9.2(7)

4.14(9)

8.46(7)

7.8(7)

6.69(7)

1.02(10)

0.208

0.088

0.003

0.075

5.78

0..123

0.02

2.3

0.033

1.0

0.05

0.65

0.16

1.0

6.25

5.85

5.0b

009

4.0'

151E 22(- )

196( ~ )

0( —,
'

)

0( —, )

3.3(3)

1.56(8)

4.8(5)

4.51(9)

0.007

0.034

0.001 1400

0.15

241b

0.33"

81(—', +)

147( — )

263( ~ )

254( —,'+)

325( — )

o( —, )

0(q )

163(—, )

0( —, )

81( ~ )

254( —,'')
o( —, )

6.0(6)

1.09(6)

2.1(7)

2.45(9)

1.69(8)

5.0(3)

2.79{9)

3.13(8)

3.95(9)

2.55(9)

4.69(10)

1.22(10)

1.42(8)

0.008

0.052

0.014

0.025

0.019 0.012

0.0003 0.20

4.0

1.0

1.0

19.6

23.8

1.0

1.0

9.0

2.2

0.18

0.27

1.8'

1.25'

0 57'

529(—) 325('— )

81( ~ )

1.1(9)

3.03(10)

1.3(10) 0.085 1.0

2.15

1.0

3.71

631(—) 445( ~ )

325( — )

254( — )

6.51(8)

1.46(8)

1.34(10)

2.19(10)

3.03(10)

0.03

0.005

1.0

1.38

1.61

1.0

1.67

2.2

755{—) 325( — )

445( — )

529( —)

3.78(10)

1.23(8)

2.59{9) 2.1(10) 0.123

1.0

0.003

0.55

0.069

0.425

1495(—) 967(—)

979( ~ )

1.74(11)

2.2(10) 8.0(8) 27.5

7.7

1.0

1.6

1.0

967(—) 535(—)

511(—", )

5.9(10)

1.73(10) 6.94(9) 2.49

2.44

1.0

1.50

1.0

'References 2 and 17.
Partial gamma half-lives are calculated from the measured half-lives and the conversion coefficients (Ref. 17)~

Partial gamma half-lives are calculated from the measured half-lives and the conversion coefficients (Ref. 2).

band structure based most probably on g7~q and d5&z or-
bitals. In the negative parity calculation, j is an extremely
good quantum number since all the six Nilsson states have
almost 100%%uo h»&z parentage, whereas, in the positive

parity case, there is a significant amount of j mixing in
the basis states. Because of the j mixing, the j is less
prominent as a constant of motion of the odd particle
than in the negative parity case. The positive-parity cal-
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TABLE IV. Calculated and experimental spectroscopic fac-
tors.

E (keV)
(2I + 1)S

Calc. Expt. '

149p 7 +
2

7 +
2
5'+
2

5+
2

3+
2

3 +
2

3+
2

3 +
2

11
2

11
2

789

114

211

188

414

750

871

240

1043

2.90

0.21

1.60

0.74

0.82

0.10

0.06

4.74

2.18

2.20

0.74

2.40

0.06

0.04

0.78

0.52

0.44

4.30

0.69

151Eu 7+
2

5+
2

5+
2

5 +
2

3 +
2

11
2

11
2

22

262

307.2

335

197

2.41

1.80

0.09

0.21

0.71

4.39

2.06

2.70

2.40

0.03

0.47

2.20

6.40

2.40

153Tb 7+
2

5+
2

5 +
2

11
2

11
2

80

543

163

883

1.68

1.54

0.02

5.42

1.66

1.40

1.90

0.63

6.20

1.60

' Reference 18.

culations were performed including in the basis the
Nilsson states —,[431], —,[420], —,[411], —,[422], —,[411],
—,[413], —,[402], and —,[404]. The spherical shell model
state admixtures for these Nilsson states are presented in
Table VI. The variation of the moment of inertia parame-
ters Aix. with spin values, calculated using expression (12)
and C=0.3&10" keV in the case of ' Tb, is shown in
Fig. 1.

As mentioned earlier, the single-particle energies of one
or two levels had to be adjusted in each individual case by
a few hundred keV in order to reproduce the low energy
part of the spectrum. Otherwise, the only change made in
going from ' Pm to ' Tb was in the mass number. Since
the band structure is not so well developed, it is difficult
to assign unambiguously most of the positive parity states
to any particular band. The calculated wave functions
(listed in Table VII for ' Tb) show that the Coriolis in-
teraction has introduced a significant amount of band
mixing in the positive parity states. However, in some
cases it is still possible to identify the states as members of
a band based on a particular Nilsson orbital.

A. The nucleus ' Pm

This isotope has been studied mainly through the decay
of ' Nd (Ref. 17) and the particle transfer reaction. ' ''
Available experimental data do not indicate the existence
of any well defined band structure. The calculations were
done by adjusting the single-particle energies of the
—,[404] and —,[402] Nilsson orbitals by about 600 and 400
keV, respectively. The calculated level spectrum is found
to be in good agreement with the experimental spectrum
observed in the ' Nd P-decay study (Fig. 3). The calcu-
lated —, state at 165 keV is identified with the 188 keV
positive parity state in the experimental spectrum. The
calculated lifetime and magnetic moment of the 165 keV
state agree very well with the observed lifetime and mag-
netic moment of the 188 keV state (Tables III and V). On
the basis of the similarity of the calculated and experi-
mental decay modes and/or spectroscopic strengths, the
181 keV ( —, ), 407 keV ( —, ), 696 keV ( —, ), 400 keV
( —, ), 777 keV ( —, ), and 976 keV ( —, ) states in the
theoretical spectrum are identified with the observed
levels at 211, 360, 789, 414, 750, and 871 keV, respec-
tively (Fig. 3). The calculated lifetimes of the5+ 3+ 5+», », and» states are in very good agreement with
the corresponding experimental value (Table III). The

5 + +
predicted magnetic moments of the» and» states
differ by about 0.5 to 0.7 pN from their experimental
values. There are four different measurements of the
magnetic moment of the —,', state and they differ consid-
erably from each other. The measured magnetic moment
of the» state is also much higher than that of the»
state in ' 'Eu (Table V). More accurate measurements of
the magnetic moments of these states would be interest-
ing. The calculated and experimental magnetic moments

5 +
of the —, state at 211 keV agree quite well. The calculat-
ed spectroscopic strengths of some of the states are listed
in Table IV along with their experimental values as ob-
tained for the stripping reaction results of Straume
et a/. ' The agreement can be considered to be reason-
able.

B. The nucleus ' 'Eu
In the calculation of the positive parity spectrum, the

single particle energies of the —,
' [402] and the —,[404]

bands had been adjusted by about 300 keV so that the
quasiparticle energies of these two bands come down by
about 150 keV. Four bands based on the —', [402), —,

' [404),
—', [411],and —', [413] Nilsson orbitals can be identified in

5 + 7 +
the calculated spectrum. The —, ground and the —, first
excited states can be considered as the band heads based
on the —,[402] and —', [404] Nilsson orbitals, respectively.
The static electromagnetic moments of these states are
known experimentally. ' ' The calculated quadrupole
moments for these states are in good agreement (Table V)
with recent muonic x-ray results of Tanaka et al. The
magnetic moments of both the states can be reproduced
accurately using an effective value of spin gyromagnetic
ratio (g,),rr=3. 5 and gz ——Z/A. The 8 (E2) T value
of the»» transition deduced by Tanaka et al. has5 7 +

also been reproduced (Table VIII). The present calcula-
tion has reproduced quite closely the experimental spec-
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TABLE V. Calculated and experimental quadrupole and magnetic moments.

Q (eb)

'"'Pm 7 +
2

5 +
2

3+
2

11
2

5 +
2

7
2

Z (keV)

114

240

211

270

Calc.

+ 2.54

.+ 3.07

+235
+ 6.83

+ 2.37

+ 5.89

Expt. '

3.3(5)

+ 2.13(15),

+ 2.40(30)
2.0(2),2.57( 33 )

2.25(6)

+ 2.20(35)

+ 2.19(11),3.6(2)

Calc.

+ 0.86

+ 0.46

+ 0.56

—1.0

+ 0.98

—0.69

Expt. b

151F 5 +
2

7 +
2

11
2

22

196

+ 3.52

+ 2.60

+ 6.85

+ 3.474(1)

+ 2.591(2)

+ 0.88

+ 0.99

—0.93

+ 0.90(1)

+ 1.28(1)

153Tb 5 +
2

7 +
2

11
2

80.7

163

+ 3.55

+ 2.91

+ 6.86

+ 0.89

+ 0.72

—0.83

' Reference 17.
Reference 20.

troscopic factors' for these two states as well as for two
other —, states at 260 and 310 keV (Table IV). The
correspondence between individual members in the calcu-
lated and experimental spectra (Fig. 6) can be made on the
basis of their excitation energies and electromagnetic
properties. The B(E2)t values for a number of levels
have been measured in the Coulomb excitation experi-
ments. It can be seen from Table VIII that the present
work reproduces very closely the observed B(E2)t values
for most of the levels below 600 keV excitation energy.7+ 9+
The notable exceptions are the observed —, and —, levels

at 499 and 600 keV, respectively. The 600 keV ( —, ) level

has been identified by Taketani et al. ' as a member of
the rotational band based on the —,[413] Nilsson level. In

5 + 7 + 9 + 11 +
fact, the observed —, , —, , —, , and —, levels at 260,
416, 600, and 845 keV, respectively, have been identified
by them as the members of this band with the 260 keV
( —, ) state forming the band head. In the Coulomb exci-
tation work, the 260 keV ( —,

'
) and the 414 keV ( —, ) lev-

els have not been excited. In the calculated spectrum, the
5 + 7 + 9 + 11+

, and —, levels at 250, 443, 658, and 877
keV, respectively, receive appreciable contribution from
the —,[413]band in their wave functions. These levels can
be identified with the corresponding members of the band
proposed by Taketani et al. The calculated B(E2) &

strengths for these levels are found to be very small. One
explanation for the observed appreciable B(E2)t value'9 +
for the 600 keV ( —, ) level may be the mixed nature of

TABLE VI. Spherical shell model state admixtures for the Nilsson states included in the positive
parity calculations. Also listed are the (j') terms as calculated from Eq. (9b).

Nilsson j
state

1

2
3
2

5
2

7
2

2 [431]
—,
' [420]

—,[411]
—,
' [422]

2 [411]
—', [413]

2 [402]

2 [404]

0.09

0.09

0.17

0.19

0.005

0.54

0.07

0.01

0.20

0.50

0.15

0.14

0.76

0.06

0.91

0.48

0.36

0.13

0.75

0.20

0.07

0.99

0.04

0.05

0.01

0.03

0.03

0.02

0.01

0.01

11.48

11.34

5.73

14.13

10.61

15.43

9.46

15.80
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TABLE VII. Experimental and calculated energies and wave functions for the positive parity states in '"Tb; contributions from
the —,

' [431], z [420], and the —,
' [411]Nilsson states were found to be very small except for the 743 keV ( z ) state and are omitted.

E (keV)

5 +
2

5 +
2

5 +
2
7+
2

7 +
2

7+
2

7 +
2

3 +
2

9 +
2

9+
2

9 +
2

11 +
2

11+
2

13 +
2

13 +
2

15 +
2

15 +
2

17+
2

19 +
2

21 +
2

23 +
2

25 +
2

27 +
2

Expt. '

240.5

543.2

80.7

254.2

510b

740.7

147.5

325.0

444.7

571.9

529.4

630.6

755.4

848.6

968.1

1067.1

1199.4

1422.6

1681.6

1923.8

2211.2

2467.4

Calc.

359

474

90

221

543

701

238

277

436

743

493

668

730

924

991

1193

1266

1563

1871

2198

2535

2889

2[422]

0.008

—0.147

0.125

0.069

—0.060

0.184

0.193

0.013

0.098

0.088

—0.259

0.125

—0.132

0.147

0.142

0.173

—0.184

0.186

—0.212

0.221

—0.246

0.249

—0.275

2[411]

0.431

—0.610
—0.627

0.338

0.409

0.596

—0.556

0.985

0.403

—0.442

—0.398

0.436

0.464

0.467

—0.486

0.475

0.500

0.496

—0.490

0.507

—0.493

0.509

—0.489

—,
' [413]

0.060

—0.679

0.683

0.337

—0.246

0.572

0.641

0.398

0.328

—0.478

0.444

—0.376

0.471

0.414

0.502

—0.422

0.517

—0.542

0.548

—0.571

0.571

—0.592

2[402]

0.897

0.351

0.259

0.542

0.639

—0.422

0.333

0.530

—0.583

0.316

0.505

0.546

0.482

—0.524

0.454

0.503

0.435

—0.410

0.396

—0.372

0.314

—0.341

—,[404]

0.685

—0.587

—0.276

—0.318

0.616

0.579

0.364

0.575

—0.526

0.536

0.521

0.515

—0.449

0.485

—0.474

0.451

—0.445

0.426

—0.422

' Reference 2.
No definite spin assignment is available from experimental data. These assignments have been made on the basis of the agreement

between calculated and experimental excitation energies.

this state compared to that of the 260 keV ( —, ) and 414
7+

keV ( —, ) members of the band. Another possibility is
that the —, level at 600 keV observed by Taketani et al. '

in their ' Sm(2p, 2ny)' 'Eu work and by Dracoulis et al.
in their Coulomb excitation work are not identical. The

11 + 13 + 15 +
observed high spin positive parity levels ( —,

and —", ) have also been reproduced in the present work.
The calculated wave functions show these levels to be
mainly based on the 2 [404] and 2 [413] Nilsson orbitals.
The present calculation fails to reproduce the observed3+
spectroscopic factors of the —, levels. It is observed that
the —,[402] Nilsson level wh'ich has a large contribution
from the spherical d3/2 shell model state lies at a very
high excitation energy and has been excluded in the3+
present calculation. Therefore the calculated —, levels re-
ceive contribution mainly from the dz&2 and g7/p orbitals
(Table VI) resulting in low spectroscopic strengths. From
the Coulomb excitation experiment, it is seen that the —,

'
state at 307.5 keV and the —, state at 503 keV have large

B (E2) t values. The calculated —', and —', state at 198
and 407 keV, respectively, have large admixture of the
—,
' [402] band in their wave functions and the calculated
B(E2)t values are also very close to the experimental7+ 9 +
values for the —, and —, levels at 307.8 and 503 keV,
respectively. These states have, therefoie, been identified
as high spin members of the band based on the —,[402) or-

bital. On similar considerations, the observed 307.8 keV
9 + ~ ~ 9 +

( —, ) level and its theoretical counterpart, the —, level at
198 keV, can be considered as the member of a band based
on the —', [404] level.

C. The nucleus ' Tb

Available experimental data on the level properties of
Tb have recently been compiled by Lee. A number of

high spin states (both positive and negative parity) have
been identified in this nucleus through (a,xn) reaction
studies. Three normal positive parity band structures
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TABLE VIIE. Calculated and experimental 8(E2) g values for ' 'Eu.

E (keV)

22

196

307.2

307.5

307.8

503

580

600

719

7 +
2

3+
2

5 +
2

7+
2

9 +
2

7 +
2

9 +
2

5 + c
2

9+
2
+ C

2

Expt. '

0.045

0.095

0.072

0.39

0.039

0.06

0.22

0.015

0.021

0.028

Present
work

0.069

0.053

0.047

0.34

0.04

0.003

0.15

0.018

0.001

0.015

g(E2)y (e b )

Particle vibration
coupling model

0.05

0.11

0.12

0.40

0.056

0.10

0.50

0.021

0.009

Rotational
model'

0.03

0.057

0.131

0.375

0.009

. Very small

0.42

0.002

' Experimental results and the theoretical values calculated in a rotation particle coupling model are tak-
en from Ref. 4 except for the measured 8(E2)g value for the 22 keV 2 state which is taken from7+

Ref. 20.
Reference 1.
No definite spin assignment is available from experimental data. These assignments have been made

on the basis of the agreement between the calculated and experimental excitation energies and 8(E2)g
values.

based on the —,[402], —,[404], and —,[411] Nilsson orbi-
tals and one Coriolis-decoupled h»&2 related band have
been tentatively proposed in this nucleus. The positive
parity calculatioris were carried out with some adjustment

of the single particle energies of the —,[404] and —,[411]
orbitals to reproduce the low-energy part of the spectrum.
The single-particle energies of these two states were ad-
justed by 200 and 400 keV, respectively. From the calcu-

1200 -15(2+
lVI2

13(2 lBII2

l000 "
13(2 15(2

15(2

'11(2
11(2

800—

11(2
600—

LLI

400 — 9(2

200- ~t2

St2

7(2

ll)2---+

'l3(2

lf t2

SI2

7(2
7(2

L

S12+

7(2

5(2 5(2

0- 5(2
5(2 [.4023 7I2 L4041 312 t4»l S(2 L413l

Theory Expt. Theory Expt, Theo r y Ex pt. Theor y Expt.
FIG. 6. Comparison of the experimental (Refs. 3—5, 16—18, and 21) and theoretical results for the positive parity bands based on

2 [402], T~[404], T~[411],and 2 [413]Nilsson orbitals in ' 'Eu.
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lated wave functions of the positive parity states (Table
VII), it is seen that except for a few low-lying states, there
is a significant amount of band mixing so that it is not
easy to identify these states with particular bands. How-
ever, considering the largest components of their wave
functions, two bands based on the —,

' [402] and —', [404]
Nilsson orbitals can be identified in the calculated spec-
trum and the excitation energies of the band members are
in close agreement with their experimental counterpart
(Fig. 7). The band based on the —,[404] orbital is shown

up to J= —", because the calculated wave functions of the
higher spin states (J & —", ) indicate that they are highly
mixed, the largest contribution coming from the —', [413]
orbital. In the compilation of Lee, these states have been
shown as members of the band based on the —,[404] orbi-
tal. However, so far as the excitation energies of these
states are concerned, agreement between the calculated

3 + 5 +
and. expeiimental data is not bad. The calculated —,

and —, states at 238, 359, arid 543 keV can be identi-
fied with the corresponding members of the proposed
band based on the —', [411] orbital. The calculated excita-
tion energies are systematically higher by about 100 keV
than their experimental values.

The calculated spectroscopic strengths of some of the
5 + 7 + 3 +

states ( —, , —, , and —, ) are listed in Table IV and they

are found to be in good agreement with corresponding ex-3+
perimental values, except for the —, states. Single-
particle energies of Nilsson orbitals receiving large contri-
bution from the spherical d3/2 state come out to be very
high except for the —,

' [411] orbital, and hence they have
been excluded from our calculation. Therefore, the calcu-

3 +
lated spectroscopic factors for the —, states come out to
be low.

Lifetimes of some of the levels and their decay modes
have been calculated and compared with the experimental
values (Table 111). It appears that the present calculation
is also successful in reproducing the electromagnetic prop-
erties of these levels.

VI. COMPARISON %'ITH
OTHER THEORETICAL %'GRK

The level structures of these isotones have been studied
by us previously in a version of the unified vibrational
model incorporating both paring effects and anharmonici-
ty in the core vibrations. ' Pakkenen et a/. have reported
briefly the results of their calculation of the level spec-
trum of ' Pm in an axial particle rotor model where they
could reproduce the majority of the levels below 600 keV.
The ' 'Eu has been studied by Dracoulis et a/. ' within
the framework of a rotation-particle coupling model and

)300—

'l200-

1)00-

l000-

900- 13/2

800-

&00-

600-
4J

15/2

13/2

1'1/2

17/2

13I2

17/2

15/2

13/2

500—

400-

300-

200 7/2

)00—

11/2
9/2

+
+ 9/2

7/2

5/2
9/2

3/2

7/2

7/2

5/2

3I2

0 — 5I2
S/2 $402)

5I2
7/2 $404j 3/2 [41'lj

Theo . Kx pt. Theo. Kxpt. Theo. Expt.
FIG. 7. Comparison of the experimental (Ref. 2) and theoretical results for the positive parity bands based on 2 [402], T~[404],

and 2 [411]Nilsson orbitals in '53Tb.
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by Lo Bianco et al. and Scholten and Blasi in the
interacting-boson-fermion model. The ' Tb has been
studied previously by Devous and Sugihara in a particle
plus rotor model with Coriolis mixing. However, so far
no worker has reported any detailed and systematic study
of these isotones within the framework of the same cou-
pling scheme encompassing the high as well as low spin
states and the electromagnetic properties of these levels.
In ' 'Eu and ' Tb, it is found that the incorporation of
the VMI approach has led to a much better agreement
with the experimental spectra, especially for the high spin
states compared to that obtained in conventional particle-
rotor coupling model adopted by Dracoulis et al. and De-
vous and Sugihara. In ' 'Eu, so far as the excitation ener-
gies of the members of different bands are concerned the
present model and the interacting-boson-fermion model
give comparable results. Since Scholten and Blasi and Lo
Bianco did not report the results of their calculation of
the electromagnetic properties of the excited levels, com-
parative study of these two approaches on this important
structure property cannot be done. In ' 'Eu, the B(E2)&
values for a number of levels are experimentally known
and these can be used as a crucial test of the success of
any theoretical model applied to this isotope. In ' Pm,
due to lack of sufficient experimental data, the results of
the present as well as other calculations cannot be tested
so rigorously. The quasiparticle anharmonic coupling ap-
proach adopted by us previously was successful in repro-
ducing the majority of the experimentally observed levels
in the low energy region in all the three isotones. Howev-
er, the model failed to predict the observed high spin posi-
tive and negative parity states. Another remarkable suc-
cess of that model was its ability to reproduce the ob-
served spectroscopic strengths in the three isotones and al-
most all the observed B(E2)& values in ' 'Eu except for
the 600 keV —, state. This is not surprising since these
isotones lie in a transitional region and they, therefore, ex-
hibit some characteristic features of both a vibrational
and a rotational nucleus.

VII. CONCLUSION

A simple axially symmetric rotational model incor-
porating the ideas of the VMI approach was found to be
successful in reproducing the properties of a number of
transitional nuclei in the mass 70, 100, and 120 regions. '

A similar approach has also been applied very recently to
understand the properties of the odd mass Sm isotopes.
The present work shows that a large variety of experimen-
tal data on the level properties of the N =88 isotones

Pm, ' 'Eu, and ' Tb can be reproduced successfully
within the framework of a similar approach. It is also
found by comparing the results of the present work as
well as that obtained in the interacting-boson-fermion
model in ' 'Eu that a symmetric rotor interpretation of
this transitional nucleus is equally good, if not better than

that of the latter approach. Obviously there are several
shortcomings in the present approach. There are several
parameters in this calculation and to some of them, prop-
er physical significance cannot be assigned. The parame-
ters C and Woz used in this calculation cannot be con-
sidered as an elastic constant and a minimum moment of
inertia as they are in the even-even case. These two quan-
tities should be viewed simply as parameters which simu-
late the increasing trend of the moment of inertia with in-
creasing nuclear spin as observed in the even-even nucleus.
The calculations are done under the assumptions of a con-
stant deformation 5 (=0.14) which do not properly reflect
the dynamic relationship of the deformation with increas-
ing spin of a rotating nucleus. The most disturbing
feature of the present calculation is the somewhat arbi-
trary choice of the parameters ]M and ]~. A sensible ap-
proach was to fix these parameters by imposing the condi-
tion that for zero deformation, the single particle energies
of the orbitals d5/2 d3/2 g7/2 s]/p a]ld A]]/2 should
correspond to those determined experimentally or other-
wise in this region. It is found that p =0.59 and ~=0.05
give a reasonable agreement with the single-particle ener-
gies deduced by the fits of Reehal and Sorensen' to the
energies and B(Z2)t values of the levels of the single-
particle shell model nuclei in this mass region. However,
the proton single particle energies deduced from the
prescription of Reehal and Sorensen do not fully agree
with those experimentally determined for the ' Gd nu-
cleus where the existence of Z =64 subshell closure has
been experimentally demonstrated. It is found that the
energies of the Nilsson orbitals calculated with these
values of p and ~ when used as input parameters fail to
reproduce the low energy part of the experimental spectra
in these isotones. The relative spacings of the relevant
Nilsson orbitals also depend on the choice of 5. More-
over, although a value of hexadecapole deformation
54——0.04 is suggested for well deformed nuclei in this
region, for simplicity we have considered only the quad-
rupole deformation. All these factors introduce some
amount of uncertainty in the choice of p and a values.
However, it is gratifying to note that this simple model
with minor adjustments of a few parameters can repro-
duce the excitation energies, the spectroscopic strengths,
and electromagnetic properties of a majority of the ob-
served levels in these transitional nuclei. Since it has been
found earlier that a quasiparticle anharmonic vibration
coupling as well as boson-fermion coupling models are
also able to reproduce a large amount of experimental
data in these nuclei. , it would be interesting to study the
relationship, if there is any, between the Coriolis force and
the particle vibration (or fermion-boson) coupling. ' On
the one hand the particle-vibration coupling plays an im-
portant role as one departs from sphericity, on the other,
the Coriolis interaction assumes a dominant role as the
deformation decreases towards sphericity. Study of this
relationship may help to understand the nature of the
transition from spherical to deformed shapes.
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