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Reduced transition probabilities of B{M1)and B (E2) are determined up to spin —", on the basis

of a Coulomb excitation experiment. Strong signature-dependent staggering was observed for
AI =1 M1 transition probabilities. In contrast, there was no significant signature dependence ob-
served for EI = 1 and 6I =2 E2 transition probabilities as well as for level energies. We carried out
a rotating-shell-model calculation with the y degree of freedom. The origin of the unexpected sig-
nature dependence of the B(M1) is shown to be due to the characteristic coherence between the or-
bital and the spin contributions. We also show that the coupling with the y-vibrational phonons
makes it possible to reproduce the absolute values of the B(M1) at high-spin states without using
the phenomenological g&. Both the stretched and nonstretched B (E2)'s are well reproduced in the
rotating shell model without assuming triaxiality.

I. INTRODUCTION

Recently, electromagnetic transition probabilities in
rotational bands have been studied' extensively and
considerable data are being accumulated. Signature
dependence of the reduced transition probabilities which
originates from the Coriolis force has been found to pro-
vide a sensitive test of the wave functions. Such a signa-
ture dependence has drawn much attention to the y de-
grees of freedom in the rotating nuclear system.
Since the Coriolis force strongly acts on particles in
high-spin orbitals, most experimental and theoretical
studies are concerned with rotational bands based on
them.

In contrast, the rotational perturbation to lower-spin
orbitals has not been studied well because the effects are
believed to be rather weak. It is, however, desirable to
study in detail how the Coriolis force affects the rotation-
al bands based on the lower-spin orbitals, such as h9/2 or
f7&2. For this purpose we made an experiment to deter-
mine reduced transition probabilities in ' Dy whose
ground-state rotational band is based on such low-spin
orbitals and reported an unexpected signature depen-
dence of the B(Ml) values. ' A simple rule for the sig-
nature dependence, which has been well established for
the high-spin-orbital bands, ' was found not to hold.

Since the low-spin-orbital bands have a natural parity
in nature, j-mixing is the most distinct property of these
bands. This feature as well as the y degrees of freedom
may be related to the unexpected signature dependence of

the 13 (M 1 ). Therefore, in order to understand the exper-
imental results of ' Dy, we have employed a rotating
shell model within which one can treat the j-mixing,
dynamical y deformation, and also static y deforma-
tion. ' In this paper we shall describe details of the ex-
periment which was not included in the previous paper, '

and of the rotating-shell-model calculation.
The ground-state rotational band of ' Dy has been in-

vestigated so far through Coulomb excitation by light
ions. ' ' From these works the ground band has been
known up to I= —", . ' ' Lifetimes of the ground-band
members were deduced only up to the 2nd excited state

from the Coulomb-excitation experiments. ' '
II. EXPERIMENTAL PROCEDURES AND RESULTS

As was previously reported, ' we made a multiple
Coulomb-excitation experiment on ' Dy: y y coin-
cidences, y-ray angular distributions, and Doppler-
broadened y-ray line shapes were measured. The data
acquisition was controlled by a PDP-11 computer and
list-mode data of 1.4 X 10 coincidence events were
recorded on magnetic tapes for later analysis. The pro-
posed level scheme' of the ground-state rotational band
of ' Dy is shown in Fig. 1.

Figure 2 shows the Compton-suppressed y-ray singles
spectrum measured at 0 to the beam. Since the y-ray
line shape due to the Doppler broadening depends on the
measured angles relative to the beam axis especially at
high energies, special care was taken in analyzing the y-
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FIG. 1. A level scheme of the ground-state rotational band of
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FIG. 2. A Compton-suppressed singles y-ray spectrum mea-

sured at 0 to the beam.

ray angular distributions: y-ray intensity was obtained as
a total area of the stopped and Doppler-broadened part;
the detection efficiency was estimated at the centroid en-

ergy of the line shapes. Derived angular-distribution
coefficients, Az and A4, are summarized in Table I of
Ref. 13.

E2/M1 mixing ratios of AI=1 transition have been
extracted from the experimental angular distributions. A
typical example of the mixing-ratio analysis is shown in
Fig. 3. Relatively small uncertainties of the A4 as well as
the Az make it possible to deduce the E2/M1 mixing ra-
tio unambiguously: The candidate of mixing ratio with a
small absolute value is excluded as shown in Fig. 3. It
should be noted that the absolute values are exceptionally
large, ~5~

~ 1.7, reffecting weak Ml components. We
have reanalyzed the data and revised four sets of 2 2 and

A4 values in Table I of Ref. 13: 22=+0.02(4) and

A4 =0.00(5) for the —,'~ —,
' transition; —0.160(21) and

+0.05(6) for the —", ~—', ;
—0.210(20) and +0.047(23) for

0

FIG. 3. A typical example of y-ray angular distribution
analysis for the —", ~—", transition. The reduced g'- is plotted

as a function of F.2,/M1 mixing ratio 6. The uncertainty was es-
timated for a 67% confidence level (1 standard deviation) shown
with a broken line in the figure.

the —", ~ —", ;
—0.39(3) and +0.052(21) for the

The derived mixing ratios are —1.7(3), —2.9(3),—1.65(25), and —1.7(5) for the —", ~—,', —", ~—,', —'~ —", ,

and —", ~—", transitions, respectively: The centroid values

have not changed significantly but the uncertainties were
reevaluated as one standard deviation.

The experimental line shapes were fitted with theoreti-
cal line shapes calculated by a computer program sHAFES
(Ref. 19) which included the eff'ects of angular distribu-
tion of recoiling nuclei, feeding from higher-lying levels,
and the finite size of the germanium detector. The line
shapes are integrated over the degrading projectile energy
because the target was thick enough to stop the recoil.
Up to spin —",- the feedings from unobserved higher-spin
states were taken from the predictions of the Winther —de
Boer code using rotational matrix elements. Analysis
proceeded from the highest-spin transition observed.
This experimental result was then applied in analyzing
the next highest transition, and so on down the bands.
More detailed formulation of the analysis is described in
Ref. 19. The line-shape analyses for the states from the

to the —',-' are shown in Fig. 4. Intruder y rays
which were obviously not part of the line-shape structure
were excluded from the y of the fit. These points are in-
dicated by open circles in Fig. 4. The lifetimes obtained
are summarized in Table I.

The absolute transition probabilities B(Ml;I~I —1),
B (E2;I~I—1), and B(E2;I~I—2) are deduced from
the nuclear lifetimes, the y-ray branching ratios, and the
E2/M1 mixing ratios. They are summarized in Table I
and are plotted in Figs. 5 —7. In the present line-shape
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r the —" state wasmeasurement, the nuclear lifetime for the —, state was
not determined, because it was found too long to be ex-
tracted from the line-shape analysis. The values for
I = —", indicated by open circles in Figs. 5 and 6 were es-
timated as follows. The 8 (E2;I +I —2) valu—es for
I = —', —"——", (Fig. 7) are close to the prediction of theI .. . , sg.

g 20.Bohr-Mottelson strong-coupling model, i.e.,

B(E2'I~I —2)= (I2KOiI —2K) Q,16

where we assume transition quadrupole moments
as Q =7.2 b. We estimated the B(M1;—", ~—', ) an
8 (E2 —"~—') values using the experimental y-ray2 2

branching, mixing ratio, and Q, =7.2 b.

~ ~ ~TABLE I. Summary of reduced transition probab&i&ties.

7

(ps)

8(M1 I~I —1)

(p~ )

8 (E2;I~I —1)
(e2$2)

8 (F.2' I—+I —2)
( e 2Q 2

)

7
2
9
2
11
2
13
2
j5
2

17
2
19
2

21
2

23
2

2180(70)

520( 30)

66(26)

25{5)

16(2)

9.0( 10)

6.0( 10)

4.3(8)

0.0013(7 )

[0.0031(8)]'
0.0013(6 )

0.0039( 12)

0.0009( 5 )

0.0021( 13 )

1.97( 8)'

1.47(17)

[0.98( 10)]'
O.87(35)

0.64(14}
O.33{8)
0.23(11)

0.540( 11 )'

[0.88]'

1.10(44)

1.51(31)
1.32(18}

1.4(4)

1.32(24)

1.23( 35 )

'From Ref. 16.
bFrom Ref. 18.

~7 2) is e ual to the prediction of the Bohr-Mottelson'Obtained by assuming that the 8(E2;11/2~7/2) is equa to e pre i

strong-coupling model (see text).
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FIG. 5. 8 (M l;I~I —l ) values for the ground-state rota-
tional band of ' Dy. The solid (broken) line shows the calcula-

tion with (without) the y vibrations. The experimental value for
I = —" was obtained by assuming Q, =7.2 b (see discussions in

text). The calculated values of gRPA are about 0.34 which is al-

most independent of %co„„because we used the diabatic repre-
sentation [see Fig. 2 of Ref. 9].

guasineutron energy splitting E+; E; was—deduced
from the experimental level energies and is plotted as a
function of Are„, in Fig. 8. It should be emphasized that
the energy splitting is very small as compared with the
ones for the vi, 3~2 and ~h „~2 orbital bands. ' On the
other hand, the 8(M1;I~I —1) values show a strong
signature-dependent staggering. The small energy split-
ting and the large signature dependence of the 8(M1)
take place simultaneously in ' By. This is di6'erent from
the case of high-j orbitals, where the signature depen-

FIG. 7. 8(E2;I~I—2) values for the ground-state rota-
tional band of ' Dy. The notations for the solid and broken
lines are the same as in Fig. S. The dotted line indicates the pre-
diction of the Bohr-Mottelson strong-coupling model (Ref. 20)
for g, =7.2 b (see discussions in text).

dence of the 8(M1) values is generally known to be
correlated with the signature-dependent energy split-
ting. ' It should also be noted that so far no significant
signature dependence of the 8 (Ml) has been observed
for bands built on such a natural-parity low-spin orbital
as f7/p or ~9/p

In order to understand the present experimental re-
sults, we made theoretical calculations based on the ro-
tating shell model.

III. THKORETICAI. CAI.CUI.ATION

A. Rotating shell model and y degrees of freedom

We performed a microscopic theoretical calculation
based on the rotating shell model. ' Expansion of the D
functions in 1/I enables us to calculate transition rates

2 I—
OJ

CD
20—

—10—
I

I0 I

0.10

4(t(«t (MeV)

I

0.20
I

0.25 I I

0.~0 0.~5

&at(&t ( MeV )

0.20 0, 25

FIG. 6. 8(E2;I—I —l} values for the ground-state rota-
tional band of ' 'Dy. The theoretical values were obtained us-

ing an aligned angular momentum i„=1.0. The notations for
the solid and broken lines are the same as in Fig. 5. The experi-
mental value for I = —", was obtained by assuming Q, =7.2 b (see

discussions in text).

FIG. g. Quasineutron energy splitting E+; —E; plotted as a
function of Ace„,. The bold line indicates the experimental data.
The solid (broken) lane shows the calculation with (without) the

y vibrations. Here, the solid line is the result of the parabolic
smoothing in order to remove the accidental loss of collectivity
in the y-vibrational RPA phonons.
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where X„'s represent the RPA phonons. The g factor of
the RPA vacuum, gRp~ is calculated as

&Px )RPA
gRPA

&y )
(3)

Since the reference state for the one-quasiparticle states
corresponds to the "rotor, " one can regard the gRp~,
which is slightly A~„, dependent in general, as the "gz."
The electric-quadrupole-transition operator is given by

J(odd)
—.g == —&3n&g ) '—

0
0

-J~(odd) J(odd)

+&g ) 2 ' -+ ' +—g'"""

between high-spin states using the wave functions in the
uniformly rotating frame. ' Furthermore, one can calcu-
late the AI=1 transition rates in odd-mass nuclei by re-
placement of the Nambu-Goldstone modes which
reorient angular momentum of the collective rotation. '

Although this m.odel becomes worse at low-spin states
than the particle rotor model because of the one-
dimensional cranking approximation and the 1/I expan-
sion, it has important merits that the intrinsic model
space is larger than, for example, the single-j particle ro-
tor model: We can treat the many-j mixing effect, which
is crucial when we treat the natural-parity bands, the
quasiparticle-vibration coupling microscopically, and the
many-quasiparticle bands on the same footing as the
one-quasiparticle bands.

In the present paper we consider the coupling between
the odd-quasineutron in natural-parity orbital and the y
vibrational phonons, which gives important effects in the
cases of the unique-parity orbitals. "' ' ' The total-state
vectors are constructed as the direct products of the
internal wave functions and the rotational ones. The
internal wave functions consist of the one-quasiparticle
components, the one-quasiparticle —one-phonon com-
ponents, and so on, with respect to the even-even refer-
ence states, i.e., the random-phase approximation (RPA)
vacua. The effective operators for the transitions between
the signature partners are given as follows. The magnetic
dipole transition operator is given by

1=(@ gR—PA )~ —1 +(g. g RPA )s —1

+ g [ [Xn, 1 1]RPAXn [Xn ~P —1]RPAXn )

where i, is the aligned angular momentum of the odd
quasiparticle.

B. Details of the calculation

The parameters used in the numerical calculations are
determined as follows. We used the single-particle space
such as the X„,=4—6 shells for neutrons and the
Ã„,=3—S shells for protons explicitly, while the contri-
butions from the lower X„, shells are incorporated
analytically by assuming the anisotropic-harmonic-
oscillator wave functions. Taking into account the
isotropic-velocity-distribution condition and the
pairing-force strength given in Ref. 9, we obtained
P' "'=0.258, y'P"'=0' 6 =107 MeV, b, =1.10 MeV,
and also the chemical potentials which gave the correct
particle number at A~„„=0. The doubly-stretched-
quadrupole-force strength is fixed at A~„„=O so as to
reproduce the excitation energies of the lowest K=O and
2 vibrational states in the neighboring even-even nuclei
and to restore the broken rotational invariance. These
parameters are used for each spin value, i.e., each fre-
quency Ace„,. The y-vibrational modes are constructed
by the RPA at each frequency„and then the couplings be-
tween the odd quasineutron and the y vibrations are di-
agonalized. This diagonalization was carried out in the
space including up to two-phonon states. We adopted
the effective spin g factor g,.

'" '=0.7g,' '"'.
Taking account of the driving force due to the odd

quasineutron, we calculated equilibrium triaxial defor-
mation for the odd-mass system using the method of Ref.
22. The resulting deformation is 0'&y &3 in the fre-
quency range covering the experimental data. Note that
the sign of y is defined opposite to the Lund conven-
tion. We used the equilibrium shape of the even-even
core; the effects of the odd quasiparticle show up through
the particle-vibration coupling. The resulting y for the
even-even core is as small as that for the odd-mass sys-
tem. These values of y are smaller than the typical value
of the zero-point amplitude in this mass region,
yo-10'. Actually the effects of such small y values on
transition probabilities and signature splitting of quasi-
particle energy are small. So we take into account only
the effects of the dynamical triaxial deformation. The re-
sults of the calculations with and without the y vibra-
tions are shown in Figs. 5 —8.

IV. DISCUSSI(ON

+g t[X. —,. Q-1]RPAX. —[X. —,. Q-1]RPAX. I
11

(4)

where Q 1 and &QA. ) (K=0,2) are quantized along the
rotation axis and the z axis, respectively. The quantity Io
is the angular momentum of the reference state, which is
assumed to be related to the odd-mass-system quantities
as

A. Characteristic features of 8 (MI)
and quasiparticle energy

The ground-state rotational band of Dy is based on
the neutron —,'[523] orbital and the main components
come from th h9/z and f7iz states. The experimental
B (Ml) values are about 2 orders of magnitude smaller
than those in the i]3/2 and the h»&2 orbital bands. '
This indicates a predominant j =l —

—,
' character for the

band in ' Dy. Furthermore, while the experimental en-
ergy splitting is small (Fig. 8), the sign of this splitting is
consistent with the single-j model for j —

—,
' =-even. "' '
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These experimental results suggest that the main com-
ponent of the ground-state rotational band is h9/2 Note
that although the neutron —,'[523] Nilsson orbital is adia-
batically connected to the f7&2 shell-model state in the
low-deformation region as stated in a previous paper, '

the h 9/2 component becomes dominant in the well-
deformed region after an avoided crossing happens.

In the single-j model, signature dependence of the
8 (M 1 ) and the signature splitting of the quasiparticle en-
ergy, hE, are correlated'" in such a way that 8(M1)
from favored states are enhanced. This selection rule
comes from the fact that the M1 operator p is propor-
tional to the angular-momentum operator J. Actually it
holds well in the case of the unique-parity orbitals such as
vi&3/2 and ~h»/2.

Figure 5 shows that the experimental B(Ml) values
have a relatively strong signature dependence. The
single-j model predicts that the 8(M1) values of the
transitions I; =j +2n —+If =j +2n —1, where n is an in-
teger, become larger than those of the transitions
I; =j+2n +1~If=j+2n. This model, however, has
turned out to break down when applied to the present
main component, i.e., j =

—,'.

B. Microscopic analysis of 8 {M1)
and quasiparticle energy

Our rotating-shell-model calculation reproduces not
only the unexpected signature dependence of the 8 (M 1)
observed but also the sign of signature splitting of the
quasiparticle energy simultaneously. The matrix ele-
ments of J, and iJ between the lowest-energy natural-
parity signature-partner states [we denote them as J,(11)
and iJ (11) hereafter] have the same sign, which is con-
sistent with the h9/2 character. Since the M1-transition
rates in the rotating shell model are given by

8 (M 1;r = + i~+i) = —,
' l+i p»(11)+p, (11)l (6)

the observed signature dependence of the 8(M1) cannot
be reproduced if p is simply proportional to J. Actually
ip»(11) and p, (11), which includes the j-mixing effects,
have the opposite sign in our calculation. To see the de-
tailed mechanism we decompose the matrix elements into
orbital and spin contributions. As is shown in Table II,
the orbital contribution is larger than the spin contribu-
tion in the z component while the latter is larger in the y
component; and both contributions have the destructive
coherence due to the O, =A —

—,
' character. This is the

reason why the signature dependence of the B(M1) is in-

verted. More detailed investigation about the 8(M1) in
natural-parity rotational band will be published separate-
ly 27

The absolute values of the 8 (M 1 ) in the rotating shell
model are determined by the quantity ~g,

—
gRP~ ~, where

g is the Schmidt value for the main component j. The
theoretical 8(M1) values without the vibrational effects
(broken line in Fig. 5) are somewhat larger than the ex-
perimental ones. The y-vibrational effects apparently im-
prove the result (solid line in Fig. 5) at high spins without
using the phenomenological gz. This improvement is
mainly due to the second-order perturbation because the
M1-transition amplitudes associated with the @-
vibrational phonon, ~[O,X&]RP&~ where O=ip» and p„
in the first-order contribution, are very small. The
second-order perturbation brings other single-particle
states, which generally have different 0, into the zeroth-
order wave function. It should be pointed out that the
calculated gRPA (about 0.34) is larger than the phenome-
nological value gz =0.27, that is simply determined
from experimental values of (gx —gz )/Qo combined with
experimental values of the magnetic moment of the
ground state and Qo of the first excited state from
Coulomb excitation.

The signature splitting of the quasiparticle energy is
improved at the same time when the y vibrations are tak-
en into account (see Fig. 8). This holds also for high-j or-
bitals.

C. Electric quadrupole transitions

Measured and calculated B(E2)'s are presented in
Figs. 6 and 7. Measured 8 (E2)'s show almost no signa-
ture dependence and their absolute values are well repro-
duced in the rotating shell model (broken lines). This in-
dicates that the adopted shape parameters, /3 and y
( =0'), are appropriate.

Signature dependence of the 8 (E2;I~I —1) has been
discussed as the most sensitive probe of the triaxiality in
high-j cases. The effect of dynamic triaxial deformation
on the 8(E2;I~I —1) appears in the first-order cou-
pling with the r = —1 phonon. The coupling strength is
determined by the product of the single-particle
matrix element and the RPA transition amplitude
Q2 '( 11).[Q2 +I, ]RpA' Since Qz ( 1) i»«y sm» in
this nucleus [for example, Q~z I(11)/Q', I(ll)=1/60 at
A'co„„=0.183 MeV], the coupling with the y vibration has
almost no effects on the 8 (E2;I~I —1).

Gamma-vibrational effects on the B(E2;I~I—2) are
usually small except for the case of very soft nuclei be-

TABLE II. Orbital and spin contributions to angular momentum and magnetic-dipole matrix elements between ground-state
signature-partner states at fico„„=0.183 MeV.

il
Esy

0.110
—0.0185

y component

{gl gRPA )Ely

(g.' "-g--)'..
—0.038

0.056
I,
sz

2.51
—0.23

z component

{gE—gRPA)l,
(g gRPA )S

—0.86
0.69

iJy
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cause the contribution from the expectation value (Qo )
is dominant. The one-phonon contribution to the
8 (E2;I~I —2) is only about 1 percent in this case.

V. SUMMARY

We studied electromagnetic properties of the ground-
state rotational band of ' Dy based on the —', [523]
Nilsson orbital. A significant signature dependence was
observed in the 8 (M 1;I~I—1) values but not in the ex-
citation energies nor in the 8 (E2) values. The signature
splitting of quasiparticle energy and the absolute values
of the B(Ml) indicate predominant h9&~ character for
the ground-state rotational band. On the other hand, sig-
nature dependence (zigzag) of the 8 (Ml ) shows an unex-
pected pattern such that transitions from unfavored
states are enhanced. We have clarified the microscopic
origin of this phenomenon on the basis of the rotating
shell model: The phase of the signature dependence of
the 8(M1) depends on the relative signs of the orbital
and the spin contributions.

Coupling with the y-vibrational excitations improves
the absolute values of the 8 (M 1 ) and AE simultaneously.

Especially the particle-vibration coupling makes it possi-
ble to reproduce the experimental 8 (Ml) at high-spin
states without using the phenomenological gz. Electric-
quadrupole-transition probabilities do not show any sig-
nature dependence and their absolute values are well
reproduced already in the rotating shell model without
assuming triaxiality. Coupling with the y-vibrational
phonons does not affect the 8 (E2)'s significantly.
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