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The changes in the nuclear structure of '*~!**Sm isotopes have been studied in the dynamic
pairing-plus-quadrupole model. The overall variation in the energy of levels of g-, B-, and y-
vibrational bands; shape parameters; absolute B(E2) values; EO0 moments; and E 2 branching ratios
is given correctly. The effect of the change in the nature of the 2, (2;) state at N <86 on various
transition moments is discussed. Increased asymmetry in lighter Sm isotopes is placed in the proper
perspective. Comparison is made with other nuclear models.

NUCLEAR STRUCTURE Dynamic pairing-plus-quadrupole model, '46~!*Sm,
calculated level energies, static moments, B(E2) values, and EO moments.
Triaxiality.

I. INTRODUCTION

The shape transitional region of rare earth elements
continues to provide a challenge for nuclear theory. The
Sm isotopes have been studied extensively experimental-
ly'~¢ and theoretically.”~!' The pairing-plus-quadrupole
model was used to predict the equilibrium shapes of nuclei
and to study the transitional region of W-Os-Pt isotopes.'?
Later Kumar studied the transition at N=88—-90 in Sm
but reported divergence of certain B(E 2) ratios in 3-g and
y-g transitions in °°Sm and noted the apparent breakdown
of the PPQ model,’ as is also cited in Refs. 4 and 8—11.

The interacting boson model (IBM) provides an alterna-
tive approach in terms of s and d bosons. Scholten et al.®
studied the 46—1%Sm isotopes in the IBM and simulated
the transition from the SU(5) to SU(3) limits of SU(6) by
using symmetry breaking terms. Tamura et al.’ ques-
tioned the justification of the order-of-magnitude varia-
tion,® with even a change of sign, of the parameters ¢, k,
and k’ of the IBA-1 for Sm isotopes. They applied the bo-
son expansion model (BEM) for *°~1*Sm and used sixth
order expansion to improve the agreement of B(E2)
values with experiment.” Recently, Casten compared
PPQ, BEM, and IBM results for Sm isotopesw and again
noted the inconsistent results’ of the PPQ for *°Sm.

Since the dynamic PPQ model had succeeded well for
transitional nuclei W-Os-Pt,'>!3 and the B(E2) ratios for
y-g and B-g transitions in the N =88 isotone **Gd showed
no such divergence,!'* we restudied *°Sm in the DPPQ
model and noted!® a delicate balance between pairing and
quadrupole forces of Hppq in '°Sm. However, even the
rigid asymmetric rotor model (ARM) values were recently
cited'! to be better than the DPPQ ones.” As the B(E2)
values for y-g and f3-g transitions in Sm show some sys-
tematic variations with the neutron number N, we extend
our study to the 1“6—154Sm isotopes and test how far the
DPPQ model succeeds in reproducing these variations.

In Sec. II we briefly discuss the DPPQ model and the
input parameters of the calculation. The DPPQ results
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are presented in Sec. III and compared with other models.
In Sec. IV we discuss the conclusions from this study.

II. THE DPPQ MODEL

In the dynamic pairing-plus-quadrupole model'® used
here, the seven parameters [V (B,y), £, By,] of the col-
lective Hamiltonian

3 .
H.=VB1++ S £1(B 1o’ ++BgsB,7)B
k=1

+3B,,(B,y)B**+Bg, BBy 1

are derived from the time-dependent Hartree-Bogolyubov
(TDHB) treatment of Hppg. Limiting ourselves to small
amplitude, quadrupole motion of the nucleus, a general-
ized rotational basis (GRB)

Varm =3 At (B Vb1 ($09) @)
K

(¢’s are the symmetrized sum of rotational matrices D)
is employed. The GRB is valid in both the rotational and
vibrational limits of H,, corresponding to SU(3) and SU(S)
limits of the SU(6) group. Complete freedom in f3, ¥ space
is allowed not only for the potential ¥ (j3,7), but also for
the moments of inertia .#; and the mass coefficients By,
so that the oblate, prolate, triaxial, and y-unstable [ =0(6)
symmetry] shapes are allowed in a natural way.

Limiting ourselves to only J =2, T =0 types of p-h
coherent admixtures and J =0, T =1 types of p-p and h-h
pairs treated by quadrupole and pairing forces, respective-
ly, a large configuration space of 36 single particle orbits
for protons, and 49 for neutrons, each spread over two os-
cillator shells, is used. The Z =40, N =70 inert core con-
tribution is taken into account through a core renormali-
zation factor Fp for the mass coefficients (see Table I).
Slight variation has been allowed also in the quadrupole
force constant X,. The nucleon effective charge e, (e)
was kept constant. ‘
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TABLE 1. Parameters of the DPPQ model calculation for Sm
isotopes.

A

Parameter 146 148 150 152 154
Quadrupole 75.5 70 70 70 69

force X, in

X=X OA —14
Inertial 3.0 3.0 2.0 2.2 2.25

renormalization

factor Fp
Effective 1.65Z/4

charge

€n

(ep=1+e,)

III. RESULTS AND DISCUSSION

A. Potential energy surface parameters

The potential energy surface (PES) V(B,y) and its
V(B,y=0) cuts for Sm isotopes (Fig. 1) exhibit the change
in nuclear shape with N. The equilibrium deformation S,
for V =Vpin(B,y=0) falls to zero at N =86, but B, %0
(Table II), even at N =84 in *Sm, which has a tendency
towards prolate deformation [e.g., see the V=2 MeV
curve in Fig. 1(a)], as does 8Sm. Similarly, ¥,=0 for all
N, but not ¥y, which increases to almost 30° for lighter
isotopes. Symmetry of equipotential lines in the y direc-
tion about By=0 in the (B3,¥) plane causes y softness and
leads to large yms's for lighter isotopes. This asymmetry
is also reflected in the moments of inertia 7 at B= .
While #1~#, (for .#3; small) for deformed isotopes,
S 1> F,~F; (all #7’s being small) for light anharmonic
vibrators (see Table II).

The values of 7, used!! in the ARM for "°~154Sm de-
rived from E, /E;, or Q(2%)ey, are close tO OUT Yims
values, but these are not B-rigid asymmetric rotors at all,
as assumed in ARM, and taking ¥y="y, is rather a sim-
plification. The asymmetry is not in the equilibrium
shapes, but instead is due to y vibration about small or
zero By.

The energy of deformation (Egy), the prolate-oblate
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1.

FIG.
(B,0< ¥ <60°) plane. The cuts V(j3,y=0) are also given.

V(B,y) in MeV for '%-1528m isotopes in the

difference Vpg, and the zero point energy W, (Table II)
also reflect the shape changes with neutron number N.

B. The level energies and K structure

The fast decrease of the energy of 2 and 4 states at
N=88—-90 representing a spherical-deformed shape
change is reproduced here (Table III). Even at N=284, the
second excited state is 47, followed by 0" and 2*+. This
feature of the rotation model is also reproduced. On the
other hand, the energy of the 07 B bandhead first falls
with an increase in neutron number, is minimum at
N=88-90, and then rises again. This variation is also
given from theory, though not the full lowering at
N=288—-90.

The K-component structure [see Eq. (2)] for the lowest
2+ states shows the increased band mixing for softer light
isotopes, and a change in the nature of 27 states (Table:
IV). The 2, (23) state is B- (y)-vibrational K"=0% in
150-1545m, but in *8Sm the 2, state becomes predominant-

TABLE II. Potential energy surface parameters, and moments of inertia at 8= .

A
Quantity 146 148 150 152 154
Bunin 0.0 0.0 0.205 0.236 0.267
Bems (g.5.) 0.142 0.146 0.20 0.258 0.283
Bims 27) 0.171 0.173 0.22 0.265 0.285
Vems (8-5.) 28° 26° 20° 15° 13°
Eg* (MeV) 0 0 1.0 3.4 5.4
PO difference (MeV) 0 0 0.85 2.8 3.8
Zero point energy (MeV) 2.35 1.77 1.92 2.0 2.0
S at Vi, (MeV™) 0.97 1.9 23.1 40 44
5 0.27 0.5 19 33 37
5 0.24 0.44 0.32 0.44 0.43

*Values for '**~'%*Sm of E;=0.8, 2.5, and 4.3 MeV obtained by Ragnarsson et al. (Ref. 27) using the
improved Nilsson model are close to ours, as are also their values of 0.6, 1.4, and 2.6 MeV, respectively,

for Vpo .
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TABLE III. The energy (keV) of low lying states of Sm isotopes.

A
State 146 148 150 152 154
2{" exp® 0.747 0.550 0.334 0.122 0.082
th 0.756 0.564 0.338 0.121 0.086
4t exp 1.381 1.180 0.773 0.366 0.267
th 1.375 1.134 0.747 0.361 0.270
0" exp 1.452 (1.120) 0.740 0.685 1.100
th 1.430 1.242 1.049 1.00 1.096
25 exp 1.648 1.454 1.046 0.811 1.178
th 1.725 1.487 1.460 1.211 1.198
27§ exp (2.156) 1.663 1.194 1.084 1.440
th 2.310 2.13 1.782 1.556 1.537

2The energies are from a compilation in Ref. 16.

ly K™=2%, and 2; is K"=0%. This is in contrast to Ref.
8 but agrees with Ref. 16. The K structure is less relevant
in '%Sm. Although K"=0% is 66% in 2,, 2; is also
~50% K™=0%, consistent with Ref. 16.

The 4, (4;) state is K"=0% (2%) in all five isotopes,
with the largest mixing in *¥Sm. The nature of the fourth
4 state changes substantially with n° number. While it is
2P vibrational in *#13*sm, it is K"=2% By in *°Sm and a
K7™=4% 2y state in '*®Sm, again reflecting a change from
a B-soft to y-soft nuclear core.

C. The deformation parameters

The quadrupole moment
172

16m (2|M(E2)|2) ,

o@t)=

which is a good measure of deformation, varies smoothly
with n° number [see Fig. 2(a)], and is given correctly from
the calculation. The gyromagnetic ratio g; =pu; /I is equal
to Z/A in the rotational model. The small variation of
g(2%) from Z /A is a measure of the relative density dis-
tribution of protons and neutrons. The g(2%) in Sm
seems to increase as N increases. This is also indicated
roughly in our calculation.
The isomer shift

(I1S)=8(r?) /{+?)

between Of and 27 states is indicated to be constant up to
N =88 and falls at N=90 and 92, showing rigidity to cen-
trifugal stretching in deformed nuclei. This trend agrees
with' experiment and IBA results, although numerically
DPPQ values are almost twice, and IBA values half, of
the experiment.

The monopole matrix element p;r (EQ) (I;=I) is pro-
portional to off-diagonal matrix elements of r2. In the vi-
brational limit SU(5) p(E0)=0, but is allowed in the rota-
tional limit SU(3), and increases as n!/? (n is the number
of boson pairs).® Without normalization our results agree
with the available data and reproduce the smooth increase
with N for 0,-0, and 2,-2, transitions [Fig. 2(b)]. For
(y-g) 23—2; EO is expected. to be small, and predicted
variation with N agrees with the IBA (Ref. 8) except in
the position of maximum at N =86 in the DPPQ, which
reflects the change to the 3 state in '*Sm.

D. Absolute B(E2) values

The Coulomb excitation and lifetime measurements
provide accurate B(E2) values of collective states at low
energy. The sharp increase of B(E2;2;—0,) and
B(E?2;4,—2,) with increasing neutron number, reflecting
increased deformation, is given correctly without varying

TABLE IV. The relative contribution (in %) of the K"=0% component in 2* and 4% states of Sm.
The K™=2"* percentage is given in parentheses. The balance is K"=4",

A

State 146 148 150 152 154
2 91.1 93.7 99.2 99.9 99.96

2; 66.3 40.4 65.4 98.0 99.5

23 50.0 55.7 37.0 3.1 0.6

4, 89.4 93.3 98.9 99.7 99.9

(8.4) (5.8 (1.0) 0.3) 0.1

4, 81.2 48.6 80.4 97.5 98.8

(13.2) (40.9) (17.9) (2.5) (1.2)

4, 42.7 41.0 234 5.0 1.7

(49.3) (57.8) (73.0) (94.4) (98.1)

4, 38.4 22.5 23.3 92.7 91.1

(57.2) (21.2) (38.8) (6.9 (8.4)
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FIG. 2. (a) Calculated DPPQ values (full lines) are compared with IBM values (dashed lines) and experiment (data points). Quad-
rupole moments Q(2*), gyromagnetic ratio g(2%), and isomer shift data are from Refs. 17, 18, and 19, respectively. Q(2+,'**Sm) is
deduced from B(E2,0-2); g(2+) values are weighted averages (Ref. 18). (b) Data points are from Ref. 20.
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FIG. 3. Comparison between calculated (full line) and experi-  and 22. The full line represents DPPQ values, the broken line

mental (points) (Refs. 21 and 22) B(E2) values in the Sm iso-  the IBM (Ref. 8), and the dashed-dotted line the TWK (Ref. 9)
topes. BEM values.
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TABLE V. Absolute B(E2) values (e?b?) for 2, and 4, states to g-band transitions in Sm isotopes.

A
r I, 146 148 150 152 154
0, 2, exp? 0.26 (3) 0.176(11)
th 0.34 0.38 0.43 0.166 0.094
BEM 0.42 0.120 0.054
2, 0, exp 0.010(2)° 0.004(2) 0.0046(3) 0.0060(14)
th 0.0073 0.009 0.0074 0.0022 0.0055
BEM 0.020 0.007 0.001
2, 2, exp 0.16(4)° 0.043(20) 0.026(3) 0.012
0.27(15)°
th 0.143 0.192 0.108 0.029 0.021
BEM 0.181 0.025 0.010
2, 4, exp 0.17(10) 0.091(11) 0.024
0.55(30)°
th 0.083 0.074 0.10 0.089 0.062
BEM 0.077 0.07 0.008
4, 2 exp 0.0053(35)
th 0.0017 0.006 0.00035 0.0006 0.003
BEM 0.007 0.005 0.018
4, 4, exp 0.037(23)
th 0.078 0.123 0.063 0.026 0.020
BEM 0.105 0.016 0.003

“Experimental values are taken from Ref. 9.
"Reference 4.
‘Reference 22.

the effective charge of the nucleons (see Fig. 3).

The B(E2;2,-0,) value decreases slowly with neutron
number up to N =90, but is enhanced in 1485m. (Note the
effect of the change of the nature of the 2, state to y vi-
bration.) While the IBM values® are generally smaller and
the BEM values® diverge at N =88, the DPPQ values give
the required variation (see Fig. 4).

The B(E2;25-0,) value shows a maximum at N =90 in
152Sm (see Fig. 4). In !'**Sm, the value is smaller due to
less B-g mixing, while in '*Sm the natures of the 2, and 2;
states interchange (see Sec. III B). The DPPQ values vary
as in experiment, while BEM again diverges at N =90.
IBM values are somewhat smaller. Note that in the IBM
a f3) parameter of the symmetry breaking term was used

for obtaining the small B(E2;2,-0,) values,® while no fit-
ting is resorted to in the present approach. Also note the
factor of 100 variation between 2,-0; and 2,(2;)-0; B(E2)
values reproduced here. Further comparison of B(E2)
values for other B-g and y-g transitions is made in Tables
V and VI. There is a fair overall agreement of the theoret-
ical values.

E. Reduced interband B (E 2) ratios

Interband B (E2) ratios are sensitive to band mixing ef-
fects, deviating widely from rotation model values, and
thus provide stringent tests of the wave functions and
their relative phases and also of E2 operators used in the
model.

TABLE VI. Absolute B(E?2) values (e?b?) for 2; and 4; states to g-band transitions in Sm isotopes.

A

r I, 146 148 150 152 154
2 0 exp® 0.006° 0.009(2) 0.016(1) 0.013(3)

th 0.0009 0.00045 0.014 0.023 0.022
2 2 exp 0.039(14) 0.042(4) 0.02

th 0.059 0.010 0.027 0.048 0.039

BEM 0.024 0.053 0.047
2 4 exp 0.019(10) 0.004(3) 0.0008

th 0.023 0.110 0.054 0.006 0.0046

BEM 0.087 0.006 10—3
4 2 exp 0.0035(1)

th 0.0005 3x 10~ 0.009 0.009 0.0093

BEM 0.022 0.026 0.021
4 4 exp 0.037(1)

th 0.057 0.010 0.035 0.047 0.043

BEM 0.032 0.076 0.040

*The experimental data values are taken from Ref. 9.
*Reference 22.
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FIG. 5. B(E?2) ratios for 2, g-band transitions. Filled circle
data points are calculated values using branching ratios (Ref.
23), unfilled circles are from Ref. 8, and squares are from Ref. 4.
Also see the caption to Fig. 4.

The variations in the B (E 2) ratios for B-g and y-g tran-
sitions with neutron number are given correctly in the
present calculation. The order of magnitude deviation ob-
served previously*’~!!'  for B(E2;2,-0,/2;) and
B(E2;2,-4,/2;) ratios for N =88 is now removed, and the
decreasing values right up to N =84 are reproduced (see
Fig. 5). Note the wrong maximum in B(E2;2,-0,/2;) of
the boson expansion model calculation.” Similarly the
variations in the B(E2;2;-0,/2,), B(E2;2;-2,/4;), and
B(E2;3,-2,/4;) with neutron number are reproduced
closest in the DPPQ model in comparison to the BEM or
the IBM (see Fig. 6).

Calculated B (E2) ratios for several other 3-g, y-g tran-
sitions are presented in Tables VII and VIII. The decreas-
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FIG. 6. B(E2) ratios for 2; and 3, g-band transitions. See
the captions to Figs. 4 and 5.

ing or increasing trends of individual ratios with #° num-
ber are in most cases best reproduced in the DPPQ com-
pared to the BEM or IBM. The maximum deviations,
occur for those ratios in which one or both transitions are
weak. Slight variation of input parameters (X, or Fg)
produces a large increase or decrease (by a factor of 10? or
more) in these cases, especially in softly deformed nuclei.

IV. CONCLUSIONS

The validity of the dynamic pairing-plus-quadrupole
model®? is tested for the full range of Sm isotopes with a
single set of parameters, except the X, and Fp factors,
which were varied slightly (see Table I). The large value

TABLE VII. The B(E?2) ratios for 3-g transitions in Sm.

A
I I/ 146 148 150 152 154
2, 0'/0 exp? 181(56)
28(4)° <4300°
PPQ 30 150 41 291 159
BEM 9.5 69 616
4, 2/4 exp <0.25(5)¢  >0.03(1) 0.0024(5) 0.13(5)° 0.9(5)
PPQ 0.02 0.05 0.0056 0.023 0.16
BEM 0.056 0.32 6.48
4, 2,/4 exp 5.9(9)° 45(3)°
PPQ 5.4 2.5 9.1 43 66
BEM 3.36 39 318
4, 2,/3 exp 2470(850)° 350(170)
PPQ 256 51 1622 1831 415
BEM 60 123 49

*Experimental values deduced using branching ratios from Table of Isotopes (Ref. 23), assuming pure

E2.
YReference 9.
°Konijn et al. (Ref. 24).

dLarge M 1 is indicated in the 4,-2, transition (Ref. 23).

“Corrected for 16% M 1.
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TABLE VIII. The B(E?2) ratios for 23, 3, and 4, states to g-band transitions in Sm isotopes.

A
I; Ip/Ip 146 148 150 152 154
2, 0'/0 exp® 4.1(10)
PPQ 77 371 6.4 0.024 0.001
BEM 4.9 0.42 0.80
2,/2 exp 12(6)° 1.2(1)
PPQ 3.6 22 19 2.50 1.11
BEM 12 2.64 0.70
3 25/2 exp 17(6)
PPQ 22 16 13 25 33
BEM 4.34 8.9 34
2,/2 exp > 5.5(28) 3.6(14) <0.06
PPQ 10 15 3.5 0.026 0.003
BEM 1.8 0.40 0.63
4, 2/4 exp <0.10(2) 0.060(7) 0.10(5) 0.055°
PPQ 0.1009 0.0003 0.26 0.18 0.22
BEM 0.69 0.34 0.51
2,72 exp <2.95(59)>¢ 0.8(4)
PPQ 5.3 10° 0.02 0.2 0.18
BEM 0.08 1.65 2.77
2See note for Table VII.

YReference 9.

“Only an upper limit for I,(43-2,) is given (Ref. 23) (also see text).

of 3—5 for the core renormalization factor Fp used previ-
ously’ is now reduced to only 2—3. Furthermore, it is in-
teresting to observe that the value of the quadrupole force
parameter X, is critical only for the N =88 isotopes of Sm
and Nd (Ref. 25), reflecting the softness of these nuclei to
shape deformation, but is not critical for the isotone
152Gd. This is clearly a shell effect and provides indepen-
dent evidence for a Z =64 magic number.2¢

The calculated values of the PES parameters (B, 7o;
Brms> Vrms; Eaets Vro, Wo) and Q(2%), g(21), isomer shift,
p(EQ), and energy values present a coherent and varied
picture of the changes in nuclear equilibrium shapes and
nuclear dynamics with n° number in Sm isotopes. The
observed maxima/minima or monotonic variations with N
of the absolute B(E2) values and B(E2) ratios are also
fairly well reproduced.

The use of (By,7o) and (Bems,¥rms) in distinguishing be-

tween the B-rigid triaxial and y-soft vibration is illustrated
here; it can be of general utility. Thus we have illustrated
the P + Q residual interaction to be a good approximation
when the average nuclear potential is also treated properly
as was done here, and the time-dependent HB technique is
utilized in treating the pairing and quadrupole forces ade-
quately. A wide range of nuclear structure characteristics
can be predicted without the need of a detailed fit to ex-
perimental data in individual nuclei.
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