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Collective excitation of ' Yb from inelastic a scattering at 36 MeV
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The collective excitation of the natural parity states in ' Yb has been studied with 36 MeV a
particles. An analysis of the ground-state band data through I =6+ gave deformation parameters

p2 ——+0.21+0.01 p4 ———0.028+0.004 and p6=0+0.002. Two K =2+ bands, with band heads at
1465 and 1608 keV, and the p vibrational K =0+ band with a 2+ state at 1118 keV are excited
weakly. Other 2+ states at 2184, 2255, 2367, 2465, 2580, 2650, 2738, 2836, 2890, and 2955 keV are
seen, and their isoscalar strengths are found for the first time. The B(E2) strengths found are

roughly in agreement with interacting boson model predictions close to the SU(3) limit. At 1263
keV, the 4+ state of the K"=3+ band is found to have an isoscalar E4 strength=0. 036 e b (7 sin-

gle particle units) ~ A compilation plus reanalysis of earlier data exhibits unexpectedly strong E4
strength to the 4+ members of the lowest K =2+ and 3+ bands in strongly deformed rare earth
nuclei. The octupole strength in this nucleus lies mainly in four 3 states at 1222, 1710, 1822, and

2030 keV with total isoscalar E3 strength of 0.147 e b'. The results for the negative parity states
are compared with the theory of Neergard and Vogel.

I. INTRODUCTION

The energy spectrum of ' Yb is known from radioac-
tive decay, ' and from (a, 2n) ' and (n, y) experi-
ments. The ground-state band of this nucleus has a well
deformed rotational structure in conformity with its im-
mediate neighbors, yet in some features it differs from
adjacent nuclei. The y vibration in this nucleus occurs
at higher excitation energy than the p vibration in con-
trast to ' Er. Inelastic (d, d') and single particle
transfer studies by Burke and Elbek, using 12 MeV
deuterons, have shown evidence that the 2+ state at
1468 keV is the first member of the K =2+ y vibration-
al band. On the other hand, on the basis of microscopic
calculations, Soloviev' has suggested that this state is
primarily of —,

' [521]-—,
' [512], K =2, two-quasineutron

character. Also there has been debate on the collectivity
of excited 0+ p vibrational bands, since these bands are
excited strongly in two neutron transfer reactions. " The
reduction in the 8 (E2) values between the y and
ground-state bands and also between the p and ground-
state bands in this nucleus, relative to neighboring nu-
clei, has been attributed by Casten et aI. ' to the onset
of an SU(3) symmetry within the interacting boson ap-
proximation (IBA) model. Coulomb excitation stud-
ies' ' have provided 8(E/) values for low lying 2+
and 3 states but these values differ considerably among
themselves and also from the results of inelastic scatter-
ing of 12 MeV deuterons by Burke and Elbek. The
negative-parity K =1 octupole band' is reported to
be strongly perturbed by Coriolis coupling with the
K =0 octupole band, which results in a significant
odd-even shift in the rotational spacing of the K =1
band. The present study exploits the selectivity of in-
elastic alpha scattering in order to study the collective
behavior of 2+, 4+, and 3 states.

II. EXPERIMENTAL DETAILS

The experiment was done with 36 MeV a particles
from the tandem Van de Graaff accelerator at the Nu-
clear Structure Research Laboratory of the University of
Rochester. The experimental method is described in
earlier papers. ' ' The targets in this case were
100—200 pg/cm of 97% enrichment ' Yb evaporated
onto 20 pg/cm carbon foils. During evaporation thori-
um metal was used to reduce enriched Yb203 obtained
from Oak Ridge National Laboratory. The scattered o;

particle spectrum was obtained using an Enge split-pole
spectrometer in conjunction with a position-sensitive
delay-line-readout proportional counter in the focal
plane. The overall energy resolution for cz particles was
better than 18 keV. The beam alignment was adjusted
carefully to minimize slit scattering. The a spectrum
was recorded at scattering angles from 15' to 75' at in-
tervals of 2.5. At angles (30 a 1-mm-wide slit was
used at the entrance to the spectrometer to reduce the
widths of the kinematically broadened elastic back-
ground peaks of light element impurities. A solid state
monitor detector placed at 45' provided relative normali-
zation. Absolute cross sections were determined from
Rutherford scattering at forward angles.

A spectrum of the 0. particles 55' is shown in Fig. 1.
The centroids of the peaks were located with an accura-
cy of +5 keV. Figure 2 shows the energy level diagram
proposed by Gelletly et al. on the basis of (n, y) studies.
The thick solid lines represent the states observed in the
present experiment. The excited natural-parity states in-
clude all members of the ground-state band through 8+,
the 0+ and 2+ states of the p vibrational band with the
02+ band head at 1042 keV, 2+ states at 1466 and 1608
keV corresponding to two K =2+ bands, the 4+ states
at 1263 and 1658 keV belonging to K =3+ band head at
1172 keV, and the K =2+ band head at 1466 keV, re-
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FIG. 1. Spectrum of scattered a particles at 55 .

spectively. The negative-parity states seen include
1 (1155 keV), 3 (1222 keV), and 5 (1355 keV)
members of the E =1 band, a 3 state at 1710 keV
corresponding to a %=0 band that has the 1 band
head at 1599 keV, a 3 state at 1822 keV belonging to a
E =2 band head at 1757 keV, and a 3 state at 2030

keV corresponding to a K = 3 band. A number of oth-
er states of unkown spin were excited at 2184, 2255,
2367, 2465, and 2738 keV. There is evidence of peaks at
2580, 2650, 2836, 2890, and 2995 keV but these energies
are uncertain to 5 keV or more because of poor statis-
tics.
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III. ANALYSIS B. Octupole vibrational band

A. Ground state band

V(r, 8', P') = —( V +i W)(i +e) '+ Vc,„)
with

e = exp[[r —R(8', P')]/a )

(3.1)

(3.2)

Analysis of the ground-band data was made by use of
the coupled channel code ECIS79 of Raynal' in the
framework of the rotational model. The complex optical
model potential in the body fixed frame of reference has
a Woods-Saxon form with volume absorption to which
the Coulomb potential is added, i.e.,

The analysis of 3 octupole states was done in the
framework of a model of octupole vibration of an axially
symmetric and statically deformed nucleus with the ra-
dius parameter given by

R (O', P') =R o( 1+Pz Yzo +P4 Y4o +P3~ Y3x. ) . (3.4)

Since ECIS79 does not have any built-in provision for
treating such a case, the form factors connecting the
states of the ground-state band to the octupole vibration
band were derived using the prescription of Tamura '

and as described earlier' for ' Er. The final form of
the optical potential used in the present coupled channel
calculations is given by

R (8 P ) =R o( 1 +Pz Yzo +P4Y4o +P6Y6o } (3.3)

The optical potential parameters V (64.28 MeV), W
(29.44 MeV), Ro (1.523 '~ fm), a~ (0.567 fm), and a~
(0.397 fm) were obtained by an automatic search feature
of ECIS79 for the best fit of the elastic scattering data
with inclusion of the first 2+ state in the calculations.
For simplicity, the radius and the deformation parame-
ters for each potential were held constant. The 4+ state
then was introduced and a search was made on pz and p4
simultaneously and so on for the 6+ state. During the
search of the coupled channels the normalization factor
for the elastic scattering cross section was readjusted.

(3.5)

The first term connects the states of the same rotational
band, while the second term connects the ground-state
band to the members of other rotational bands built on
the octupole vibrational states E =0, 1, 2, 3, etc.

The form factors U~'" for the first term were calculated
internally by the program while the form factors for the
second term were calculated externally and fed to ECIS79.
These form factors are given by

v z.K(r)= g p3Kvl (r)—(2) 7(2l +1}
4~(2A, +1}

1/2

[ & /030
~

Ao ) & l03K
~

AK ) —g„& l0lo
~

Ao ) & /01K
~

AK ) ] . (3.6)

The second term within the square brackets is the
correction term for spurious center of mass motion.
However, g„ is not an independent variable but it is
given in terms of p3x by the translational invariance
condition

U',", r r'dr=0.

C. Excited X =0+, 2+, 3+, and 4+ bands

The form factors for the p and y vibrational bands
built on a permanent quadrupole deformation were de-

I

rived in a way similar to those described for the 3
states, with the radius parameter given in the body
frame of reference by

R (O', P') =R (1o+P Yz+zoP4 Y4 +oXaxP z Y~x ) . (3.7)

The Pz and P4 are the static deformations and P x.

represents the vibrational amplitude of a=2 (quadru-
pole) or a=4 (hexadecupole) vibration for k =2+, 3+,
or 4+ bands. The form factors connecting the states of
the ground state band to the states of excited K =2+,
3+, and 4+ bands are calculated externally, which are
given by

(2a+ 1)(21+1)
4~(2A, +1)

1/2

[&iOaO
~

XO) &/Our
~

XK) —g~&/OOO
~

XO) &/OOKXK &] . (3.8)

The correction term in this case is added to satisfy the
condition for the conservation of volume; gp is derived in
terms of p x. via the equation

J VP o(r)r dr =0 . (3.9)

The static deformation parameter Pz for the ground state
band and P or y vibrational bands are assumed to be the
same in the present calculations.

IV. RESULTS AND DISCUSSION

A. Ground state band

Figure 3 shows the results of the coupled channel cal-
culations for the ground state band and the experimental
cross sections. The following values of the deformation
parameters,
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p2
——0.21+0.01,

P4 ———0.028+0.004,

P6 ——0.0+0.002,

were obtained by minimizing 7 with all the members of
the ground-state band through 8+ included in the calcu-
lations.

B. Quadrupole vibrational states

The measured and calculated cross sections for the p
vibrational 2+ state at 1118 keV and y vibrational 2+
states at 1466 and 1608 keV are shown in Fig. 4. The
1118 keV 2+ K =0+ state is weakly excited and its cross
section could be measured only at a few angles. This
weak excitation is consistent with the two-quasiparticle
configuration suggested by Soloviev. ' The y vibrational
state at 1466 keV has pzz ——0.014. The ratio between de-

I.O

lX

IO—
b

formation parameters p22 (p2siny) for the y band and
p2o (p2 cosy =0.21) for the 2+ state of the ground-state
band gives a ( y ) value =3.9', representative of weak
collective y vibration as compared to its neighbor ' Er
for which y=9. The p22 ——0.0074 for the 1608 keV
state represents even weaker collective y character, con-
sistent with the particle transfer (d, t) data, ' indicating
that this state contains a large fraction of
[—,
' [512],—,

' [521]]two-neutron configuration.
Table I shows the B (El,0~1) isoscalar transition

strengths for positive parity states obtained in the
present experiment. The isoscalar transition strengths
are derived from the deformation parameters by exploit-
ing the formal similarity between electromagnetic and
inelastic transition strengths outlined by Bernstein and
using the Satchler theorem described earlier. ' ' The
values of the present isoscalar transition strengths are
compared with the results of Coulomb excitation mea-
surements. The B(E2) value for the first excited 2+
state of the ground state band is about 24%%uo higher than
the value obtained from Coulomb excitation by Wol-
lersheim. ' The B(E2) values for the 1466 and 1608
keV states of the y vibrational band are close to the
values obtained by Cresswell et al. but for the 1118 keV
2+ state the Coulomb excitation value is about 5 times
higher than our value.

The B(E2) values for the 2+ states at 2184, 2255,
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FIG. 3. Experimental data and symmetric rotor model cou-
pled channel results for (a,a') reactions at E =36 MeV; (a)
0+g.s.; (b) 2&+ (79 keV) state; (c) 4&+ (260 keV) state; and (d) 6&+

(540 keV) state.

FIG. 4. Experimental data and the coupled channel results
for (a) 22+ (1118 keV, I( =0+) state; (b) 23+ (1466 keV, K =2+)
state; (c) 24+ (1608 keV, K =2+) state.
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H=0. 008 67(L L) —0.021 25(Q Q)

—0.2645[(d td )"' X (d td )"']', (4.1)

where the operators (L L ) and (Q.Q), etc. are as

2367, 2465, 2580, 2650, 2758, 2836, 2890, and 2995 keV
are newly assigned. Because of weak excitation of these
states it is difticult to make unique spin assignments.
However, as shown in Fig. 5, 2+ spin assignments seem
more consistent with the data than 3 for most of these
states. On the basis of (p, t) results, the levels at 2184
and 2254 keV were tentatively assigned 2+ by Oothoudt
and Hintz, " who also identified levels at 2364, 2460,
2580, 2734, and 2832 keV but made no spin assignment.
These levels may be compared with those seen in the
present work at 2367,2465, 2580, 2738, and 2836 keV.

In Table I the results are compared with the IBA
model calculations using a Hamiltonian close to the
SU(3) limit, i.e.,

defined by Scholten. In a pure SU(3) limit the P and y
bands are degenerate; therefore the third term in square
brackets is needed to raise the y band above the P band.

The B(E2) values were derived using the IBA model
E2 transition operator:
T(E2)=E2SD(s d+. d s) +1/&5E2DD(d d) . (4.2)

For E2DD/E2SD= —2.0 there is a close agreement
with IBA values for the first six transitions (up to 2255
keV), except for the 1608 keV state, where the experi-
mental value is =50 times larger than the IBA value.

C. Octupole vibrational states

Figure 6 compares the coupled channel cross sections
with data for the 3 states. The form factors were cal-
culated externally using Eq. (3.6) and fed to Ecis79 to
calculate the cross sections. The couplings involved in
the calculations are shown in the inset for each state.

TABLE I. Comparison of the present isoscalar transition strengths for positive parity states with the isoscalar (d, d') strengths,
Coulomb excitation measurements, and IBA predictions.

Transition

r, -i,(z)
0+ ~2j+(0)

0+ ~22+(0)

0+ ~23+(2)

0+ ~24+(2)

Energy

(keV)

79

1118

1466

1608

El

E2

E2

E2

265 7.5(9)

0.05 0.0015(5)

1.4 0.041(9)

0.42 0.012(3)

Present results
B(IS) B(IS)'

(s.p.u. ) (e 'b')

(d, d')
B(IS)
(e'b')

7.55

0.0026

0.041

0.0053

Coulomb
excitation
B (Em)

( 2bl )

6.04(6)'
5.95(48)"
0.0068(5)
0.0066(3)'
O.O35'

0.0373(29)
0.0395(16)'
0.186'
0.0159(17)
0.0101(7)'

IBA
Theory
B(IBA)

( e 2b1 )

7.5g

0.0062

0.030

0.0002

O+-2+
O+ 2+
0+ ~2+
0+ 2+
O+-2+
0+ ~2j+o

O+ 4+(O)
0+~4+(3)
0+ ~45+(2)
0+ 4+(2)
O+-6+(O)

2184
2255
2367
2465
2580
2650
2738
2836
2890
2995

260
1263
1658
1803
540

E2
E2
E2
E2
E2
E2
E2
E2
E2
E2
E4
E4
E4
E4
E6

0.07
0.1

0.18
0.35
0.12
0.13
0.42
0.25
0.6
0.3
0.05
6.9
1.1

& 2.2
4.1

0.0019(4)
0.0029(6)
0.005(1)
0.010(2)
0.0034(7)
0.0038(8)
0.012(3)
0.0072(15)
0.017(4)
0.0087(17)
0.0003(+ )"
0.036(7)
0.006(2)

& 0.012
0 004(+82)h

o.o44(+'„')'

0.000 28
0.0058
0.0009
0.0

'The errors shown in the parentheses include only the statistical error and do not include any systematic error due to model, cross
correlations in deformation parameters, or reaction mechanism dependence.
Reference 9. The authors have calculated B(E2) from the relation B (E2)= 1.18(do /d Q)9O.

'Reference 14.
Reference 13.

'Reference 4.
Reference 15.

gThis value is used to normalize the results of the IBA calculations.
The matrix elements for these transitions are negative assuming positive in-band E2 transition matrix elements.
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The dip in the experimental cross sections at 0=30' is
nicely reproduced for the 2030 and 1822 keV states.
Few data points for the 1222 and 1710 keV states could
be obtained at small angles because of carbon and oxy-
gen impurity scattering. The sensitivity of the calculated
cross sections to parameter variation is shown in Fig. 7.
Changing the Coulomb radius [Fig. 7(b)], changing the
E value of the band [Fig. 7(c)], and assuming a Pz value
for the 3 state band different from the ground-band
value [Fig. 7(d)] have minor effects on the angular distri-
butions. However, the calculated cross sections show
sensitivity to the quadrupole moment of the 3 states
[Fig. 7(a)], which were assumed to be given by the rota-
tional model.

In Table II the present isoscalar B (E3) values and the
Coulomb excitation values are given along with the
Neergard and Vogel predictions. Our values are in
better agreement with the (d,d') results than the values
obtained by Cresswell. The predictions from Neergard
and Vogel's calculations (random phase approximation)
agree fairly well only for the transition strength to the
3 state at 1822 keV (K =2 ), while the theory overes-
timates, by a factor of 3.5, excitation of the 1710 keV
(K =0 ) state and underestimates, by an order of mag-

nitude, for the 2030 keV state (E =3 ). The total iso-
scalar sum B(E3) strength (BE3,0~3 ) observed in
this nucleus in 0.147 e b with an energy centroid at
1832 keV, which can be compared with the total sum
B (E3,0~3) strength =0.235 e b, with centroid at
1907 keV, found for Er and the value

B (E3,0~3)=0.33+0.04 e b

for the single 3 state at 1579 keV in the nearby dou-
bly closed shell nucleus ' Gd.

D. Hexadecupole vibrational states

In contrast to the weak excitation of the ground band
4+ state (0.05 s.p.u. ), a comparatively strong excitation
(6.3 s.p.u) to the 4+ state of the E =3+ band was ob-
served in the present experiment. The $43 value for this
state has been obtained with the form factor given by
Eq. (3.8) and the angular distribution shown in Fig. 8.

Figure 9 summarizes experimental E4 matrix ele-
ments coupling the ground state to the 4+ states of
the K =0+, 2+, 3+, and 4+ bands, in the strongly de-
formed rare earth nuclei (150& 2 &200). The systemat-
ics of the E4 matrix elements between the 0+ and the
4+ states of the K =0 ground band is well known. The
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FICs. 5. Experimental data and the coupled channel results
in the framework of octupole (dotted curve) and quadrupole
(solid curve) vibration of an axially symmetric and statically
deformed nucleus with p2 ——0.21 for (a) 2255 keV state; (b) 2367
keV state; (c) 2738 keV state.

FICr. 6. Experimental data and coupled channel results for
the 3 states (a) 3 (1222 keV, K = 1 ) state; (b) 3 (1710 keV,
K =0 ) state; (c) 3 (1822 keV, K =2 ) state; (d) 3 (2030
keV, K =3 ) state.
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small B(E4) values obtained for the ground state K =0
band in ' Yb from the present measurement and for

Er, from our earlier measurement, ' are consistent
with the systematics and the known change in sign at

3 =176.
Prior to the present work, data on the E4 matrix ele-

ments coupling the ground state to the 4+ states of the
lowest E =2+, 3+, and 4+ bands were sparse. The
present work determined the magnitudes and signs of
the E4 matrix elements to the E =2+ band and 3+
bands to be positive in ' Yb; a positive value for the
K =2+ matrix element in ' Er was obtained earlier. '

The relative phases of the wave functions are defined by
assuming that the signs of the appropriate transition E2
matrix elements are positive. An earlier inelastic alpha
scattering experiment by Todd Baker et al. has sug-
gested that the E4 matrix element to the K =2+ band in

Os is positive while for the K =4+ band it is either
positive or negative. In the present work, E4 matrix ele-
ments were extracted from earlier inelastic deuteron
scattering data via distorted-wave Born approxima-
tion (DWBA) calculations, using the global optical mod-
el parameters of Daehnick et al. , and the more exten-
sive spin assignments now available. Interference with
multistep E2 excitation was neglected; even though in
some cases these effects are estimated to be unimpor-
tant, the results of this analysis should be treated with
caution. The sign of the E4 matrix element to the
K =2+, 3+, and 4+ bands could not be determined by
this simple analysis since interference effects were not in-
cluded. Consequently only the magnitudes of the matrix
elements to the K =2+, 3+, and 4+ bands are shown in
Fig. 9. After completion of the present work we have
noted that the B(E4) values for the K =2+ band for a
few nuclei obtained recently by Ichihara et al. agree
fairly well with the values obtained in the present compi-
lation.

The E4 matrix elements to the K =2+ y band show a
strong dependence on nuclear species, peaking for ' Er
and then dropping dramatically at ' Yb: the B(E4) is
16.5 s.p.u. in Er and only 1.1 s.p.u. in Yb. The E4
matrix elements to the K =3+ band are unexpectedly
strong in ' Yb and ' Er: i.e., the B (E4) values in

Yb and ' Er are 6.9 and 3.5 s.p.u. respectively. The
strong excitation to this band is not understood. It

0
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60 80
I.O

Yb (a, a') Yb
E,=36 MeV

FIG. 7. Experimental data and the effect of the various cou-
plings and potential parameters for the 1822 keV 3 state; (a)
the complete coupling as shown in the inset of the diagram
(solid curve), 3 ~3 coupling (reorientation or quadrupole
moment) has been set to zero (dotted curve) and one step
DWBA prediction (dashed curve); (b) the effect of the Coulomb
radius when R, =8.453 fm (solid curve) and R, =9.453 fm
(dotted curve); (c) the effect of the variations of the K value of
the band, X =0 (solid curve), K =1 (dotted curve), K =2
(dashed curve), and K =3 (dot-dashed curve); (d) the effect of
the quadrupole deformation of the K =2 band belonging to
the 1822 keV 3 state, Pz (K =2 )=0.15, which is lower than
the Pq value (0.21) of the ground state band (solid curve), Pq
(%=2 )=0.27, which is higher than the Pz value of the g.s.
band (dotted curve).
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FIG. 8. Experimental data and the coupled channel results

for the 1263 keV 4+ state of the K =3+ band.
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TABLE II ~ Comparison of the present isoscalar transition strength for negative parity states with the isoscalar (d, d ) strengths,
Coulomb excitation results, and Neergard and Vogel predictions.

Present results

Transition Energy
(keV)

El B(IS)
(s.p.u. )

B(IS)'
(e'b')

(d, d')
B(IS)
( 2bI)

Coulomb
excitation
B (EM)'

(e b')

Neer gard-Vogel
{theory)
(e b')

RPA

0~3 (1 )

0~3 (0 )

0~3 (2 )

0~3 (3 )

1222
1710
1822
2030

E3
E3
E3
E3

1.3
0.63
5.2
4.7

0.016(3)
0.0078(16)
0.065(13)
0.058(12)

0.026
0.015
0.053
0.022

0.045
0.025
0.033

0.016
0.027
0.048
0.001

0.06
0.026
0.017
0.001

'The errors shown in the parentheses include only the statistical error and do not include any systematic error due to model depen-
dence.
Reference 9.

'Reference 4.
Reference 27. Random phase approximation (RPA).
Reference 27. Random phase approximation perturbed with Coriolis coupling (CC).
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FIG. 9. The experimental matrix element ME4 (0~4+) for transitions from the ground state to 4+ states of the K =0, 2+, 3+,
and 4+ bands in rare earth nuclei as a function of their mass number.
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21+1
4~

1

Yxo p dp (4.3)

when the valence particles are filled from the z axis to
p= cos8; i.e., the Fermi surface lies around p. The tran-
sition density from the K =0 ground state to the 4+
states of K =2+, 3+, and 4+ bands can be understood as
originating from the superposition of particle-hole exci-
tations within Ap of the Fermi surface. The A. moments
to these bands are proportional to

—1/2
2A. + 1

4' Y.K pdp
—1/2

would be interesting to measure these matrix elements in
adjacent mass nuclei. No 4+ state of the K =4+ band is
known in ' Yb while this state in ' Er is excited weakly
with a B (E4) value slightly less than one single particle
unit.

The summed E4 strength to the lowest four 4+ states
is strong in rare earth nuclei, e.g. , it is 24 s.p.u. in ' Er
and about 10 s.p.u. in ' Yb. The well studied E4 transi-
tion to the 4+ member of the K =0+ ground band con-
tributes only 16% of the summed strength for ' Er and
0.5%%uo for Yb.

The systematic behavior of the experimental ME4
values as a function of mass number (Fig. 9) may be un-

derstood qualitatively in terms of the polar cap model of
Bertsch. In this model the transition strengths are re-
lated to the shell filling of the valence nucleons. The re-
sidual interactions tend to correlate the particles spatial-
ly, and the position of the cluster defines a z axis. The
added particles are placed in orbitals as close to the z
axis as possible. The k moment of a shell filled to an an-

gle cosO=p is given by
—1/2

member, with deformation parameters

p2= +0.21+0.01,
f34 = —0.028+0.004,

P6 ——0.0+0.002 .

The isoscalar E2 transition strengths to the members of
the K' =2+ bands at 1466 and 1608 keV are found to
be 0.041+0.009 e b (1.4 s.p.u. ) and 0.012+0.003 e b
(0.42 s.p.u. ), respectively, weaker than the value = 5

s.p.u. for 821 keV state in the neighboring nucleus ' Er.
A notable feature of the present work is the excitation of
several 2+ states at 2184, 2255, 2367, 2465, 2580, 2650,
2738, 2836, 2890, and 2995 keV. The isoscalar transi-
tion strengths to these states are found to be larger than
the transition strength to the known 2 P vibrational
state at 1118 keV. The B(E2) strengths found are in
reasonable agreement with IBA predictions close to the
SU(3) limit.

The 3 negative parity states at 1222, 1710, 1822, and
2030 keV are excited with a summed isoscalar strength
B (IS; 0~3 ) =0.147 e b (12 s.p.u. ), with an energy
centroid at 1832 keV. For the nucleus ' Er the summed
strength =0.235 e b (20 s.p.u. ) and the centroid is at
1907 keV; in the nearby doubly closed nucleus ' Gd a
single 3 state at 1579 keV yields B (E3;0~3 )

=0.33+0.04 e b (27 s.p.u. ). Compared with the
theoretical predictions of Neergard and Vogel, the re-
sults show a marked discrepancy, indicating that these
states are not of simple two-quasiparticle RPA character
unperturbed or perturbed by Coriolis interaction.

A compilation of the present work with the results of
a reanalysis of earlier data from ' Er shows an intrigu-

2k+1
4' (2~V) I'I.~(V ) (4.4) I ~ 5 I I I I

l
I I & I

t
I I I I

(
I I I I

]
I I I I

Figure 10 shows the qualitative features for the Y&K mo-
ments. It is interesting to note that this simple model
predicts the mass dependence of the experimental data
fairly well. However, a detailed microscopic model is
needed to estimate the relative transition strengths.
Matsuo made random-phase approximation (RPA) cal-
culations to understand the observed behavior of B (E4)
to the K =2+ y band in terms of the microscopic struc-
ture of the Nilsson single particle orbits near the Fermi
surface. His calculations reproduce the mass depen-
dence but underestimate the measured strengths by a
factor of 2. Including hexadecupole terms in the residu-
al two-body interaction does not appreciably inhuence
the results of these calculations. Further experimental
and theoretical work on the systematics and the model
implications of the hexadecupole properties of these nu-
clei is needed.

V. CONCLUSION

O

I.O

/'

/
K=2

0.5

0.0

-0.5

—I.O

5 I I I I I I I 1

0.8 0.6 OA 0.2 0
cos 8 =@.

The present study of 36 MeV o, scattering displays the
collective structure of the low-lying nuclear states in

Yb. The ground state band is excited up to the 6+

FIG. 10. The intrinsic F4~ moments for K =0, 2+, 3, and
4+ bands according to the Bertsch model of a uniform density
covering the polar caps of an aligned nucleus (see text).
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ing distribution of the B (E4) values for excitation of the
4+ members of the lowest E =2+, 3+, and 4+ bands in

Yb, ' Er, and other strongly deformed rare earth nu-
clei. Strong E4 collective strength has been observed to
the K =2+ and 3+ bands. The E4 transition strength to
the K =2+ band shows a strong dependence on nuclear
species peaking at 16.5 s.p.u. in ' Er and dropping to
1.1 s.p.u. in ' Yb. The 4+ state of the K =3+ band in

Er is excited with a collective strength of 0.018+0.005
e b (3.5 s.p.u. ), while the corresponding state in ' Yb is
excited with the strength of 0.036+0.007 e b (7 s.p.u. ).
The summed E4 strength in these nuclei exceeds 10
s.p.u. and most of this strength is concentrated in the
K =2+ and 3+ bands. These results are not understood.

The simple picture of the polar cap model by
Bertsch reproduces surprisingly well the observed mass

dependence of the Y4z moments from the ground state
to the 4+ states of K =2+, 3+, and 4+ bands. Howev-
er, a detailed microscopic theory is needed to explain the
relative strengths of these transitions.
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