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The ground-state rotational band of ' 'Dy has been investigated through multiple Coulomb exci-
tation with a beam of 250-MeV "Ni. y-ray branchings and E2/M1 mixing ratios were determined

up to the 2'+ state by measurements of y-ray angular distributions and y-y angular correlations.

Nuclear lifetimes of levels up to I = —,
' have been measured using the Doppler-shift recoil-distance

method. Considerable signature dependence was observed for XI=1 M1 transition probabilities.
AI=1 E2 transition probabilities were found to decrease significantly as a function of spin. The re-

sults are compared with a microscopic model calculation based on the angular momentum projec-
tion method.

I. INTRODUCTION

It is well known that the Coriolis interaction acts most
strongly on particles in high-spin orbitals. This interac-
tion causes a strong perturbation to the rotational band
based on the high-spin orbital. Recent data' on intra-
band transition probabilities for such high-spin rotational
bands of odd-A nuclei have revealed various degrees of
signature dependence. In particular, large signature
dependence of B(M1) values has been observed for
several nuclei and they were interpreted as the rotational
perturbation effect. Those works demonstrated that
the information on transition probabilities plays a crucial
role in understanding the rotational perturbation of the
nuclear system. Moreover, the theoretical works sug-
gested that the 8 (F.2;I~I —1) values are closely related
to deviation of nuclear shape from axial symmetry (in-
cluding static and dynamic y deformations) and are im-
portant in studying the nuclear shape evolution in high-
spin states. In this connection, reliable data are needed
especially on AI = 1 M1 and E2 transitions.

Here we have studied the ground-state rotational band
of ' 'Dy which is based on the i)3/2 neutron single-
particle state. The level structure of the ground-state ro-
tational band is well established up to high-spin states; we
performed a multiple Coulomb excitation experiment to
deduce transition probabilities. We have measured y-ray
branchings, E2/M1 mixing ratios and nuclear lifetimes,
and determined the absolute intraband transition proba-
bilities up to the —", + state. The experimental transition
probabilities are compared with a microscopic model cal-
culation based on the angular momentum projection
method lo

The levels of ' 'Dy have been investigated so far
through (a, 3ny) (Ref. 11), (n, y) (Ref. 12), (d, t) (Refs.

12, 13, and 14), and Coulomb excitation with light ions
(Refs. 15 and 16). From these works the ground band has
been known up to I=—", (Ref. 17). The low-lying levels of
' 'Dy were studied in the P decay of ' 'Tb (Ref. 18) and
in the electron-capture decay of ' 'Ho (Refs. 19 and 20).
Lifetimes of the ground-band members were deduced
only up to the second excited state —', + from the
Coulomb-excitation experiments (Refs. 15 and 16).

II. EXPERIMENTAL PROCEDURES

First, a self-supporting metallic target of ' 'Dy (90.4%
enriched and about 30 mg/cm thick) was bombarded
with a beam of 250-MeV Ni from the tandem accelera-
tor at Japan Atomic Energy Research Institute. The tar-
get nucleus ' 'Dy was multiply Coulomb-excited with the
beam, which was stopped in the target.

Angular distributions of y rays were measured with a
Cornpton-suppression spectrometer at seven angles be-
tween 0' and 90' to the beam direction. The distance be-
tween the target and the spectrometer was 10 cm.

In y-y coincidence measurements, three conventional
germanium detectors were placed at 0', 90', and —90' to
the beam. The distance between the target and the detec-
tors was about 7 cm. Those angles were chosen so as to
obtain angular correlation information from the expres-
sion

R= W(0', 90')+ W(0, —90')
W(90', 0 )+ 8'( —90,0')

where the two angles are for the first and second transi-
tions of a y-ray cascade; the angular correlations,
W(0', —90') and W( —90', 0') are equivalent to
W(0', 90') and W(90', 0 ), respectively. This is referred
to as directional correlation from oriented nuclei (DCQ).
The data acquisition was controlled by a PDP-11 com-
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puter and all events were recorded on magnetic tapes for
later analysis.

Lifetime measurements were made by the Doppler-
shift recoil-distance method using the 250-MeV Ni
beam. In this case, the target thickness was 1.3 mg/cm .
Back-scattered projectiles were measured with a plastic
annular scintillator which subtended an angle range of
O~,b ——150'- 175' to the beam direction. Gamma-ray
spectra in coincidence with the back-scattered projectiles
were measured with a Compton-suppression spectrome-
ter placed at 0' to the beam. The distance between the
target and the spectrometer was 13 cm. The average
value of the recoil velocity that was determined from the
positions of shifted and unshifted y-ray peaks was
11.4+0.6 pm/psec, which corresponds to (0.038
+0.002)c. The coincidence spectra were measured for
seven recoil distances ranging from 50 pm to 1.3 mm.
The electric pulse height, which rejects capacitance be-
tween the target and stopper, was monitored during the
measurements.

III. DATA ANALYSES AND RESULTS

A Compton-suppressed single y-ray spectrum is shown
in Fig. 1. Levels up to —",

+ are confirmed in the coin-
cidence spectra. The angular distributions were fitted
with Legendre polynomials

W(8) = Ap[1+ A2QzPz(cosO)+ A4Q4P~(cosO)] .

Q2 and Q4 are the geometrical attenuation factors, and

Pz and P4 are the Legendre polynomials. For the detec-
tor configuration used, Qz and Q4 were estimated for
each y-ray energy from Ref. 21. The derived coeScients
A 2 and A4 are presented in Table I for the stretched E2
and mixed M1+E2 transitions. The y-ray branching be-
tween the EI=1 and El=2 transitions depopulating a
level was obtained from a spectrum gated by a transition
just above the level; the effect of angular correlation was
taken into account. The y-ray branchings are presented
in Table I in the form of relative intensities.

The experimental A2 values of the AI =2 transitions
give the degree of nuclear alignment for the decaying
states because these transitions are pure E2. We evalu-
ated the degree of alignment for each state, i.e., align-
ment attenuation factors, a2 and a4. These attenuation
factors are also presented in Table I.

In order to extract E2/M1 mixing ratios for the
AI =1 transitions, we have analyzed the y-ray angular
distribution and the y-y angular correlation data. The
AI =1 transitions from the states of —"+ —"+ —"+ —"+
—", +, and —", + have so close energies to others that their
angular distribution analyses were not possible. For
these transitions, however, the analyses of y-y angular
correlation were possible because the intruder y-ray
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FIG. 1. A Compton-suppressed singles y-ray spectrum measured at 0' to the beam. Energies are from Ref. 11.
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TABLE I. Summary of y transitions in the ground-state rotational band of ' 'Dy. E~ is y-ray ener-

gy given in Ref. 11. I~ denotes the relative y-ray intensity normalized to the stronger transition de-

populating the state concerned: It was corrected for angular distributions. A2 and A4 are angular dis-
tribution coefficients. a2 and u4 are alignment attenuation factors determined from the stretched E2
transitions; e4 is estimated from a2 by assuming Gaussian distributions of nuclear alignment (Ref. 22).
Figures in parentheses denote uncertainties.

9+
2

11+
2

13+
2

15+
2

17+
2

19+
2

21+
2

23 +
2

25+
2

27+
2

E
(keV)

56.64(30)

100.64(10)

83.83(30)

140.38(30)

83.2(3)

167.0(3)
139.5(3)

222.8(3)

101.1(3)

240.7(3)

210.3(3)

311.6(3)

107.6(3)

318.1(3)

292.1(3)

399.6(3)

103.6(3)

395.9(3)

380.0(3)

482.9(3)

100

29(4)
100

74(10)
75(10)

100

78(11)

100

21.4(8)

100

25.8(14)

100

6.1(14)

100

23(5)

100

1.7(2)

100

42(4)

100

+0.127(8)

+0.215(8)

+0.238(10)
—0.58(10)

+0.259(8)

+0.283(14)
—0.40(6)

+0.40(14)

+0.55(20)

+0.60(35)

+0.008(11)

—0.032(5)

—0.035(8)

+0.06(10)
—0.079(10)

—0.006(20)

+0.07(8)

—0.04(4)

—0.05(18)

—0.09(9)

CX2

0.289(18)

0.502(19)

0.567(24)

0.626(19)

0.69(4)

0.76'

0.82'

0.87'

0.04

0.14

0.18

0.22

0.31

0.40

0.51

0.57

'Estimated by a Coulomb-excitation calculation code (Ref. 23), because the experimental A2 values
have large uncertainties.
From Ref. 11. The uncertainty of 10% was assumed.

peaks could be eliminated by gating on appropriate tran-
sitions. We calculated first the DCO ratios for the spin
sequence of I +2(E2)I(E2)I —2 to check validity of the
DCO analyses. Corrections for detection efficiencies of
the germanium detectors were made in obtaining the
DCO ratios. The ratios are shown in Table II and are

13 9 5
2 2 2

15 11 7
2 2 2
17 13 9
2 2 2

19 15 11
2 2 2

21 17 13
2 2 2

23 19 15
2 2 2

25 21 17
2 2 2

27 23 19
2 2 2

29 25 21
2 2 2

1.29(25)

0.99(5)

1.03(5)

1.04(9)

0.97(5)

1.02(5)

0.96(9)

0.91(5)

1.18(10)

TABLE II. DCO ratios (R ) for the spin sequence of
I+2~I—+I —2.

Spin sequence

TABLE III. Summary of E2!M1 mixing ratios 5 for the
AI=1 transitions. They are obtained from the y-y angular
correlation data unless otherwise noted.

I~I —1

7 5

2 2

9 7
2 2

11 9
2 2

13 11
2 2

15 13
2 2

17 15
2 2

19 17
2 2

21 19
2 2

23 21
2 2

25 23
2 2

R(A)

2.26(5)

2.86(18)

1.96(8)

4.3(6)

2.30(35)

R (B)

0.46(3)

0.48(2)

0.51(2)

0.34(3)

0.47(5)

0.2'

0.22'

—0.25(7)

—0.14(2)

—0.27(3)

—0.05(2)

—0.27(4)"

—0.05(2)'

—0.23(7)"

—0.03(3)

'Absolute value derived from Ref. 17.
Obtained from a combined analysis of the y-ray angular distri-

bution and the y-y angular correlation data.
'Obtained from a combined analysis of the y-y angular correla-
tion data [R ( A) and R (B)].
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1500

very close to unity within the experimental uncertainties.
This shows that the present DCO measurement is reliable
because the theoretical ratios for the spin sequence of
I+2(E2)I(E2)I —2 are equal to unity in the present
geometry. 24

The DCO data for the EI= 1 transitions were analyzed
in the method described in Refs. 3 and 24. Two types of
DCO analyses have been made: One is for the spin se-
quence of I(M1+E2)I —1(E2)I—3 and the other for
I+2(E2)I(M1+E2)I —1, where M 1+E2 indicates the
transition of interest. The former type of the DCO ratios
is denoted by R ( A ) and the latter by R (B) in Table III.
The alignment attenuation factors a2 and a4 determined
by the angular distributions for the stretched E2 transi-
tions (see Table I) were used in this analysis. For the

and —'-' —" transitions, for which more
than two of the quantities [R ( A ), R (B), or A z( A4)] are
available, combined analyses have been made as shown in
Fig. 2. In other cases, the mixing ratio 5 is determined
directly from the DCO ratio. The uncertainty was es-
timated by taking 1.6 times the standard deviation (90%
confidence). The derived mixing ratios together with the
DCO ratios are summarized in Table III.

The Doppler-shift recoil-distance method was used to
determine nuclear lifetimes. In Fig. 3 we show particle-
gated spectra taken at four of the target-stopper separa-
tions. Decay curves derived from the spectra were ana-
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TABLE IV. Summary of lifetimes and reduced transition probabilities.

7
2

9
2

ll
2

13
2

15

17
2

19
2

21
2

23
2

25
2

7

(ps)

1130(90)'

300(3)b

225(20)

144(13)

60(7)

47(5)

16.2(18)

14.9(14)

5.1{6)

4.3(8)

B(E2;I~I —2)
(e2$2)

0.48(2)'

0.78(12)

0.82(11)

0.93(12)

1.16(12)

1.25(14)

1.36(14)

1.22(13)

1.80(35)

8 (M1;I~I —1)
(p~)

0.061(18)'

0.063(19)'

0.064(19)

0.094(18)

0.095(18)

0.134(14)

0.066{8)

0.149(37)

0.076(19)

0.185(40)

B(E2;I~I—1)
(e2$2)

1.82(5)

1.36(41)'

0.82(45)

0.38(13)

0.51(14)

0.047(38)

0.16(5)

0.047(39)

0.068(43)

0.02(5)

'From Ref. 17.
From Ref. 15.

lyzed by a computer program LIFETIME. The
Coulomb excitation process does not cause any serious
side-feeding contribution to the decay curves which often
brings considerable uncertainty of the final result in com-
pound nuclear residues. This feature enables the lifetimes
of excited states to be determined accurately.

The results of the recoil-distance analysis are shown in
Fig. 4. The lifetimes obtained for the states from —", + to
—", + are summarized in Table IV.

IV. MICROSCOPIC MODEL CALCULATION

We carried out a microscopic calculation using the
Nilsson plus BCS (deformed quasiparticle) representa-
tion. Since we are interested in the transition probabili-
ties, we need to construct microscopic wave functions
with definite angular mornenta. For this purpose, we em-
ployed the angular momentum projection (AMP)
method. ' The AMP method has been successfully ap-
plied to the description of the energy spectra of odd-mass
rare-earth nuclei. ' Since the details of the calculation
method are given in Ref. 10, we present here the outline
of the method only. The Hamiltonian employed is the
sum of the spherical single-particle Hamiltonian, the
monopole pairing force, the QQ force and the quadrupole
pairing force:

A=h GMP P —
—,'X—g Q„Q„—Gg gP„P„.

For the monopole force strength we take the values
G~ = [20. 124+13.131(N —Z) /3 ] MeV for neutrons
( —) and protons (+ ). The quadrupole-force strength X
is determined so that the Hartree-Bogoliubov approxima-
tion for the pairing plus QQ part of the Hamiltonian is
equal to the Nilsson plus pairing-force model with the ax-
ially symmetric quadrupole deformation e2 ——0.251. The
strength of the quadrupole pairing force G& is assumed to
be proportional to the monopole pairing force strength as
G& ——0.2G~. Note that the quadrupole pairing force of
this strength is needed to obtain reasonable values of the

moment of inertia for the rare-earth nuclei and to proper-
ly attenuate the Coriolis coupling in odd-mass nuclei. '

In the present calculation three shells are taken into ac-
count for each nucleon, i.e., N=4, 5, 6 for neutrons and
N =3,4, 5 for protons.

To treat the effects of rotation fully quantum mechani-
cally, we diagonalize the Hamiltonian within the space
spanned by a set of an~ular momentum projected one-
quasiparticle states PMlr, a,

~
0), where

~

0) is the
axially-symmetric Nilsson plus BCS vacuum. The result-
ing equation of motion is

I
+.I & =E.I I +.s &

where

I
+.y&=gf;PMK, a Io& .

Since we use the angular momentum projected basis, we
can easily evaluate the matrix elements of an observable
0„, ( 4„1 ~ 0„~ %„1), using the following formula:

(O~,P,' oP„', ,
', ~o)

=(I'A,M'p
i
IM)

Xg ( I'A,E; —vv
~

IEC, ) (0
~
a;O„P,a, ,

~

0 ) .
t l

In Ref. 10 a detailed explanation is
driven

for the evalua-
tion of the matrix element (0

~
a,.O„P,a,t

~

0).
I

V. DISCUSSION

From the lifetimes, the y-ray branchings and the
E2/M1 mixing ratios, the reduced transition probabili-
ties of 8 (E2;I~I —2), 8 (M 1;I~I—1), and
8 (E2;I~I —1) have been derived as presented in Table
IV. The 8 (E2;I~I —2) and 8 (M 1;I~I —1) are also
shown in Figs. 5 and 6, and are compared with the
present AMP calculations. As shown in Fig. 5, the calcu-
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We define the AI =1 and AI =2 transition quadrupole
moments by

Q (AI )

1/2

5
B(E2;I I bI—)/(I2KO

i
I HAIK—)

1.0—

0.0
9 11 13 15
2 2 2 2

17 19 21 23 25
2 2 2 2 2

FIG. 5. The B(E2;I~I—2) values for the ground-state ro-
tational band of ' 'Dy. The experimental value for I= —, is from

Ref. 17, and others are the present data. The dashed line
denotes a strong coupling estimate (Ref. 26): B(E2;I~I—2)
=(5/167')QO (I2KO

~

I 2K )~, w—here Q0=6. 5b is adopted to
fit the experimental values. The solid line denotes the present
AMP calculation.

lation of the B(E2;I~I—2) shows no significant signa-
ture dependence and has turned out to be very close to
the prediction of the Bohr-Mottelson strong coupling
model. Both calculations are in good agreement with
the experimental B(E2;I~I—2) values. This suggests
that the B (E2;I~I —2) values are determined essential-
ly by the deformed core.

In Fig. 6, the experimental B(M1;I~I—1) values
show an apparent oscillation above I = —", . The
B (M 1;I; =j +2n ~If ——j+2n —1) values, where j is the
single-particle angular momentum and n is an integer, be-
come larger than the B (M 1;I;=j+2n +1~If——j
+2n) The A.MP calculation is in good agreement with
the experimentally obst:rved signature dependence of the
B(M1); this supports an interpretation of this
phenomenon as the perturbation effect of rotation.

where (I2KO
~

I b,IK—) is a Clebsch-Gordan coefficient.
In order to compare the Q(EI=1) with the Q(b,I=2),
the ratio Q(AI =1)/Q(XI =2) is plotted as a function of
spin in Fig. 7. Since tht;re is no significant signature
dependence of the experimental B(E2;I~I 2) va—lues
(see Fig. 5), the major features in Fig. 7 must be ascribed
to the Q(AI =1). As shown in Fig. 7, the ratio is always
smaller than unity and decreases considerably as the spin
value increases. The ratio appears to have a weak signa-
ture dependence with the phase opposite to that for the
B(M1). The present AMP calculation for axially-
symmetric nuclear shape (a solid line in Fig. 7) repro-
duces approximately the ratio Q(EI =1)/Q(BI=2) for
lower spin states, but hardly reproduces the marked
reduction of the ratio for the higher spin (I) —", ) states.
One might think that the introduction of the y degrees of
freedom explains this reduction of the ratio. According
to the calculation for ' 'Dy by Matsuzaki et al. , which
includes both static and dynamic y deformations, the
effect due to the y deformations is not strong enough to
reproduce the reduction of the ratio.

It is interesting to compare our result with that for the
rotational band built on the h, ~&z orbital in ' Ho (Ref.
2). There is a striking difference between them: The
Q(BI =1)/Q(bI=2) for ' Ho is mostly greater than
unity in the region of I= —", to —", ; and the ratio oscillates
with a large amplitude [1(Q(EI=1)/Q(BI =2) (2].
The phase of the signature dependence coincides with
that for the B(M1) in ' Ho.

1 5—

0.2— 1.0—

0:1—
0 5—

0.0
7 9 11 13 15 17 19 21 23 25
2 2 2 2 2 2 2 2 2 2 0.0

9 11 13 15 17 19 21 23 25
2 2 2 2 2 2 2 2 2

FIG. 6. The B(M1;I~I—1) values for the ground-state ro-
tational band of ' 'Dy. The experimental values for I=

~
and

I=
z

are from Ref. 17, and others the present data. The solid

line denotes the present AMP calculation.

FIG. 7. The ratio of AI=1 transition quadrupole moments
to that of AI=2. The solid line denotes the present AMP cal-
culation.
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VI. SUMMARY

The experimental 8 (E2;I~I —2) values for the
ground-state rotational band of ' 'Dy show almost no sig-
nature dependence. They were reproduced well by the
present AMP calculation which assumes axial symmetry
of the nuclear shape.

On the other hand, a significant signature dependence
was observed for the B(M1;I~I—1) values. The ex-
perimental values were well reproduced by the present
AMP calculation, where the effect of rotation was treated
both microscopically and quantum mechanically. This
supports the interpretation that the signature dependence
of the 8(M 1) values is due to the perturbation eff'ect of
rotation.

The Q (AI = 1) moments deduced from the
8(E2;I~I 1) va—lues for the high spin (I) —", ) states
are considerably smaller than those for the I~I —2

transitions; the Q(EI =1) moments seem to have a weak
signature dependence. At present, the small Q(BI=1)
moments and their signature dependence are hardly ex-
plained by current models, e.g., the AMP method and the
models with the y degrees of freedom. ' Further
refinement of the theoretical models is needed to solve
this problem for the 8 (E2;I~I—1).
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