PHYSICAL REVIEW C, VOLUME 64, 064317

Electromagnetic properties of the rotationally aligned band in 1Dy
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Rotational band structures 2Dy were studied by projectile inelastic excitation on"'&Sn target at
near-barrier energies. States with spin up to"(@2") of the ground-state band and @8") of the
y-vibrational band in*6Dy(*%“Dy) were populated in these reactions. States with spin spanning ffoto 8
20" of the rotationally aligneds band in %Dy were populated by way of its band-crossing point with the
v-vibrational band at spin 12 where strong mixing occurred due to an accidental degeneracyShasd
eventually crosses the ground-state band at spinai® becomes the yrast at spin‘2@rom the peripheral-
collision y-ray yield data, sets of electromagnetic matrix elements for both the intraband and interband tran-
sitions were determined by using the Coulomb excitation cadsia. The measured intrabarte2 matrix
elements were used to derive a quadrupole deformation of thend that is~20% larger than those of the
nearby low-lying collective bands. This represents the first measurement made for the quadrupole deformation
of the Sbhand for states well below the crossing point with the ground-state band. The two-phasilomation
harmonic strength int%2Dy is highly fragmented, 36% of the strength is located in #®=4" bands at
excitation energies 1535.9 and 2181.0 keV, respectively. Significant octupole collectivity was observed cou-
pling the ground-state band to th&’=2" band in *?Dy.
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I. INTRODUCTION prior to the present work although limited electromagnetic
properties for theS band in *®4Er were obtained in an early
A sharp change in the moment of inertia for the rotationalCoulomb excitatiorj 8].
band along the yrast sequence in deformed nuclei is believed In this paper, we present a unique case where members of
to be caused by the intersection of a rotationally aligged the S band, with spin ranging from 8to 20", were popu-
band and the ground-state bdrd. The degree of sharpness lated by Coulomb excitation. This provides, for the first time,
in the change of the moment of inertia depends on the intelextensive data on the electromagnetic properties and also the
action strength between these two bands, which is a functiolcations of theSband members below the crossing with the
of the degree of filling of the higlp-orbit occupied by the ground-state band. In addition, other aspects of collectivity,
aligned two quasiparticles in tHgband[2,3]. This rotation-  such as the two-phonop-vibrational strength and both the
ally induced alignment of the angular momentum of a pair ofdipole and octupole strengths to the negative-parity states,
decoupled particles is an important manifestation of the Cowere measured in the same experiment.
riolis interaction in nuclei. Many related issues on other as- Following submission of this paper, preliminary results of
pects of the interplay between the single-particle and the cola study of high spin states populated via the incomplete fu-
lective motions also can be addressed by study oSthend. ~ sion reaction was reported in conference proceedings by
For example, the gradual reduction of collectivity of tBe Jungclauset al. [9]. The incomplete fusion reaction work
band beyond the crossing point, derived from the measure@opulated high spin states to similar or higher spin to those
lifetimes, strongly suggests that a shape evolution, from proseen in the present work, and the agreement between these
late through triaxial to oblate, occufd—6] because of the Separate studies is excellent. However, the Coulomb excita-
gradual dominance of the single-particle motion in the contion population mechanism differs significantly from that for
tribution to the total angular momentum. incomplete fusion, leading to different focus for the physics
Most of the spectroscopic data available for these alignedémplications. The incomplete fusion study focused on the
two-quasiparticle bands are for states near or above thand interaction strengths, whereas the present Coulomb ex-
crossing point in mainly neutron-deficient nuclei. This is be-Citation study emphasizes the electromagnetic properties of
cause the heavy-ion fusion-evaporation reaction, which is théhe interacting bands.
main experimental method used to study this phenomenon,
favors the formation of the neutron-deficient nuclei and the Il. EXPERIMENTS
decay mechanism favors the path along the yrast sequence.
The only exception is for the low-spin members of t8e A highly enriched '8sn target, with 99.975% isotope
band in the stable nucleus®®Dy, where candidates for the abundance, was bombarded by &Dy beam atE,,
4%, 6%, and 8" members were identified by thex(*He) =780 MeV (790 MeV for 1%Dy), provided by the 88 in.
reaction[7]. The electromagnetic properties for tBeband  Cyclotron facility at the Lawrence Berkeley National Labo-
members below the crossing point were basically unknowmatory. The projectile and target combination was chosen to
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optimize the study of multinucleon transfer reactions be-
tween a spherical and a deformed nucleus. Results on th
two-neutron transfer reaction leading to the production of the
neutron-rich nuclei have been published in a previous pape
[10].

The target with thickness- 250 wg/cn? was prepared by
evaporating''®sn onto a carbon foil of~20 wg/cn? and
overcoating with aluminum o6 wg/cn? thick. Scattering
angles of both the projectilelike and targetlike nuclei, plus

their time-of-flight difference, were measured by the highly F b 4 & 7
segmented parallel-plate avalanche detector array, CHIC(> 0 E g a0 MY ’
[11], which covers scattering anglésfrom 20° to 85° and £ v *N 108 642 ]

o o H H H ~10° = 12 ‘ =
95° to 168° relative to the beam axis and an azimuthal angleg z g 579 E
¢ totaling 280° out of 360°. Valid events required the coin- 3, | | ‘“16+ .
cident detection of both scattered nuclei and at least one '° U "

y-ray detected by GAMMASPHERE using 100 Ge detec-
tors. A total of 7.0< 10° events were collected fot*?Dy in
about 66 h with an average beam intensity of about 1 particle
nA; about 4% of these events haveyaay fold of three or
more. A total of 0.2% 10° events were collected fd®“Dy in
abou 4 h with an average beam intensity of 0.6 particle nA.
Reconstruction of events from the measured two-body ki-
nematics allows the determination of masses of the reactior
products, velocity vectors, ar@ value. CHICO achieved an
angle resolution of about 1° il and 9.3° in¢, and a time
resolution of about 500 ps, leading to a mass resolution,
Am/m, of about 5%, which is similar to the resolution re-
ported previously12—14. This mass resolution is sufficient

FIG. 1. The rawy-ray spectrum for the reaction between a
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Dy at E‘ab =780 MeV
80°<0,,, <100°
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62Dy beam is shown in(@) together with

priate Doppler-shift corrections for the detectgdays can  Doppler-shift corrected ones for the projectilelike partié and

be applied. The typical resolution for the total Doppler-the targetlike particléc). The labeled peaks are the-(l —2) tran-
correctedy-ray spectrum is about 1.0%. Shown in Fig. 1 aresitions for the inelastic channel unless specified. The interband tran-
the raw+y-ray spectrum and Doppler-shift corrected spectrunsitions between thes and ground-state bands are groupedAdy

for both the targetlike and projectilelike nuclei for the angu-=0, 1, 2 as indicated ifb).

lar range of 60%< 4. ,,,<<100°. - . .
bands and the observed transitions from this experiment are

shown in Fig. 2, where the complex band intersections of the
S band with the ground-state band at spin” I#hd with the
The level structure of®Dy has been studied extensively y-vibrational band at spin 12 can be seen. The interband
and has been categorized into 16 rotational bafid§, transitions between the-vibrational and the ground-state
which include the ground-state;vibrational, K™=4"%, and  band are not shown in the figure for clarity, but their relative
K™=0", 17, 27, and 3 octupole-vibrational bands among intensities are listed in Table I. The agreement with the Ref.
others. The ground-state band was extended from spin 18[15] is reasonable except for the ;Lmecay. The relative
[16] up to 24" at 6153.5 keV, while states with spin up to y-ray intensities for the decay of th® band members are
18" of the K™=2", y-vibrational band and 12 of the K™ listed in Table Il. The level scheme of ti&™=2" octupole-
=27, octupole-vibrational band were populated. The knownvibrational and twoK™=4" bands, and their couplings to
K™=4" band at 1535.9 keV was extended from spintd  the y-vibrational band are shown in Fig. 3. The relative
spin 16" at 3835 keV, while a newl"=4" band at 2181.0 y-ray decay intensities for members of tWd=4" bands
keV was identified up to spin 6 by this work and the work are listed in Table Ill. Note that the level scheme of both the
of Bauer[17]. States with spin ranging from™8to 20" of  y-vibrational and theS bands has been modified and ex-
the S band were populated in this work and with spin up totended significantly for states with spin12nd above from
28" were identified by the work of Jungclaas al.[9] and  the previous work18]. Also the Al =2 transitions to the
Bauer[17]. Current work is the first case where an extendedground-state band for the*8state at 1985.9 keV and 10
sequence of th& band, below the crossing with the ground- state at 2262.3 keV of th8 band, seen in the early work
state band, has been populated by Coulomb excitation arfd8], were not observed in this experiment.
their electromagnetic properties have been determined. All For %Dy, the known level scheme for both the ground-
the transitions and level placements were identified by eventstate andy-vibrational band$19] was extended significantly
having at least threeg rays. by the current work. The ground-state band was extended
The level scheme of the ground-stageyibrational, andS  from spin 14" to spin 22 at 4932.0 keV while the

Ill. RESULTS
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24" 61535 TABLE I. Relative y-ray intensity for the decay of thg band in
162 162
Dy y.
Transition E, (keV) Relative intensity
22"y 53515 This work Ref.[15]
2,—0, 888.2 0.876) 0.904)
2,-2, 807.5 1.00
20" y 4577.1 - 3,—-2; 882.3 6.8849) 5.21(22)
=438 18" 43408 3,—4, 697.3 1.00
17| 4037 4,—2; 980.3 0.624) 0.575)
18" 3830.7 8’y 38788 K 4,—4, 795.3 1.00
16y| 387328 5,4, 917.1 6.6(48) 5.3268)
16" 33743 15" 3433.0 5,—6; 634.3 1.00
6.,—4 1058.5 0.60%) 0.739)
18 3144.8 Yy
31888 6,6, 775.7 1.00
2858.6 6,—4, 263.2 0.13713) 0.13
I 2622.5 7,6, 941.8 5.3%42)
2337.5 7,—8; 569.3 1.00
20875 7,-5, 3075 1.6216)
12" 1878.0 87—>61 1121.7 0.9113 0.53
1670.2 8,8, 749.2 1.00
10 1490.3 8,—6, 346.0 0.624) 0.50
1824.2 9,-8; 957.0 1.00
. 9210 4 1061.0 9,—7, 387.7 0.495)
' g 290 10,—8, 1166.5 0.9712)
6y 5485 2 ' 10,10, 7126 1.00
. 10,—8, 417.3 1.8113) 95
4 265.7
, 207 12,10, 1247.6 3.3751)
o 0.0 12,12 7211 1.00
. - 12,10, 535.0 6.6493)
K'=0 S Band K'=2 12,10, 360.2 0.8442)
FIG. 2. Level scheme for the ground-stajeyibrational, andS ij’/ﬂ 121 :;2242334 o'f%é)
bands of'®Dy derived from the current work. For clarity, the in- ~ " 2y : :
14,12 610.0 <086

terband transitions between thevibrational and the ground-state

band are not shown but their relatiyeray decay branchings are
listed in Table I.

ideal experimental method to study collective aspects of nu-

v-vibrational band was extended from spit & spin 18 at
4037.8 keV. The level scheme and the observed transitions
from current experiment are shown in Fig. 4. The relative
intensities for they-ray decay of they-vibrational band

clei but it is not useful for studying th& band because there
are no connecting paths having collective strength to the
ow-lying states. Therefore, the finding of the population of

TABLE Il. Relative y-ray intensity for the decay of th® band

members are listed in Table V. in 162Dy
IV. ANALYSIS AND DISCUSSION Transition E, (keV) Relative intensity
This work
Prior knowledge of the absoluteeN strengths for
162,169y was limited to the band heads of collective bands, 10— 10; 887.4 2113
except for the ground-state band where B{&2) values or  10s—8s 276.4 1.00
the lifetimes for states with spin up to 18n %Dy [16] and  1%—10; 1159.9 1.3616)
14" in %Dy [20] were measured by the Coulomb excitation 12— 12; 633.4 1.00
experiments. The current work, which benefits from signifi-12,— 10, 447.3 1.9622)
cantly improved detection efficiency for both particles ghd 12— 10, 272.3 0.12217)
rays, expands our knowledge of the electromagnetic propetd,— 12; 1033.4 0.216)
ties not only to states with higher spin, but also to more14,—12, 400.0 1.00
exotic structures, such as the quadrupole deformation of thes.— 14, 443.1 0.23)
low-spin members of the rotationally align&band. 1412, 312.3 0.0518)

It has long been recognized that Coulomb excitation is an
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164

162Dy Dy
22° 49320
18" 43408
17" 4087 20"y 42123
) 16" 3835 18" 4037.8
16 3732.8
15" 3433.0 X 18" 3528.7 .
14, 3269 16 3406.4
147 31448
w 12" 2817 16+ 2886.0 14" , 2830.3
12 26706 127 26225 117 2602
+ 10°y| 2398 6 2421
11" 23375 0 . -
10, 22346 9 y[2e12 S rigeaed 14" 422806 12 2312.3
\w 8 [ 2041 11° 2076.4
8 | 18458 9 18780 7'y| 18878 . 10" 1856.
- & y1752.1 12y 174538 a5
1670.2 5: 1634.6 9 1654.7
8 1468.7
10" 41261.3 7 1301.9
- 8 1153.2
. %‘ % @%{1.7
? & 8 843.7 e a—d g;g.g
— 3* .
6 501.3 2" 7619
¢ - 6 + T + T +
K'=2 K'=2 K'=4 K'=4 4y 2422
B o 2" 73.4
FIG. 3. Level scheme for thé™=2" octupole-vibrational band o' 0.0
and the known, plus a new{™=4" band of 152Dy. Note that the I I
spin 12 state of theK™=2" band has a different energy from that K'=0 K'=2

quoted in a previous worKL8]. ) )
FIG. 4. Level scheme for the ground-state apdibrational

bands of'®4Dy together with the observed transitions from the cur-

the S band via Coulomb excitation of*®Dy came as a sur- g experiment.

prise. In particular, population of the low-spin region cannot
be reached easily by other experimental methods. A strong ) o
mixing between theS and y-vibrational bands at spin 12 ©N rotational frequency for both the-vibrational andS
opens a viable avenue for Coulomb excitation of $teand ~ bands, shown in Fig. 5, is evidence for the strong mixing at
and a rare opportunity to study its collective properties wellthe band crossing. The nearly constant moment of inertia for
below the crossing with the ground-state band. The disconthe Sband is about twice that of the ground-state band. This
tinuity at spin 12 in the dependence of moment of inertia S band crosses the ground-state band at spih d8d be-
comes yrast at spin 20(see Fig. 2

TABLE lIl. Relative y-ray intensity for the decay of the two The analysis to extract the electromagnetic matrix ele-

K™=4* bands in'6?Dy. Subscript 4 is for the band at excitation Ments from the experimentatray yields was done using the

energy 1535.9 keV and subscript 5 at excitation energy 2181.0 keyeoulomb excitation codezosiA [21,22), which allows one
to search for the best set of electromagnetic matrix elements

Transition E, (keV) Relative intensity by fitting the calculated to the experimentgiray yields.

This work Ref.[15] Precautions were taken in the analysis to ensure that the scat-

tering angular range used in the Coulomb excitation analysis

4,-2, 647.7 1.00 is not appreciably perturbed by Coulomb-nuclear interfer-
4,—3, 572.9 0.6819 0.555) ence effects. A comparison between the experimental yields
54—3, 647.7 1.00 and Coulomb excitation predictions over a wide range of
54—4, 572.9 0.8146) 2.5022) scattering angles was used to identify the onset of Coulomb-
6,—4, 691.1 2.0163 nuclear interference effects. Figure 6 shows a comparison of
6,—5, 569.3 3.210 0.538) vy-ray yields between prediction and experiment for the in-
6,—6, 427.9 1.00 traband transitions of both the ground-state gndbrational
452, 1292.8 1.00 bands in*®“Dy over three partitions of scattering angle. Only
45—3, 1218.0 1.1R4) two sets of data were included in the determination of elec-
55—3, 1329.4 1.00 tromagnetic matrix elements; that is, the scattering angle
554, 1231.4 2.1%70) ranges 22.2°-29.2° and 30.0°-35.0°, because a consistent

fit could not be obtained for the data with an angular range
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TABLE IV. Relative y-ray intensity for the decay of thg band
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T 20
in %Dy, "'°sn + "Dy at E,,= 790 MeV
Transition E, (keV) Relative intensity Ground-state Band y-vibrational Band
This work Ref.[19] 10° .
2,—0; 761.4 1.007) 0.873) 5| . |
2,—2; 688.3 1.00 /?\
3,2, 754.4 5.6744) 5.5593) . ”r’ \\
3,—4 585.3 1.00 : ;o
4,2, 842.2 0.685) 0.626) 102 | \; ] P
4,4, 673.6 1.00 3 LA / \
5,—4; 782.0 6.8861) 9.1(17) Py ' * w0l |
5,6, 523.1 1.00 5 VL é; i b
6,—4, 910.9 0.695) = \\ 1\11 \\ ’,/17 \\ \\
6,6, 652.0 1.00 ‘ w0 oo
6,4, 2375 0.161) T e ] i Lo
7,6, 800.4 1.00 \ \ \ // Vo
7,—5, 277.8 0.363) R st VoL
8,6, 967.7 0.927) \\ | | K 4 2y
8,8, 625.5 1.00 b \ ' ZAN \ )
8,—6, 315.5 0.989) ol R 3 % \\ )
9,—8; 810.9 1.00 \ 3 N \in \
9,7, 352.4 0.8418) & = 5
10,8, 10139 0-80L0) > 6 10 14 18 22 ‘4 8 12 * 16
10,10, 596.1 1.00
10,—8, 388.2 3.4642 Spin [fi
12,—10, 1052.5 0.7412) _ _ o
12,12 567.3 1.00 FIG. 6. _Comparlson of the/-'ray yields betwg_en the prediction
1210, 455.3 < 22 and experiment for th.alz.Z |ntrabanq transitions of bqth the
ground-state and the-vibrational bands in®Dy. The solid circles
are the data for the angular range between 22.2° and 29.2°, the
open squares for the angular range between 30.0° and 35.0°, and
the solid diamonds for the angular range between 35.7° and 42.4°.
The solid and dashed lines are the Coulomb excitation calculations
%0 for the best fits to the data.
*py 7‘\ . : ’ between 35.7° and 42.4°, where the onset of Coulomb-
sor | s K2 nuclear interference effect occurs.
| T K The available independent data from the current experi-
70 ! \/\Y«\WV4 : ment is less than the number of unknown electromagnetic
— matrix elements to be determined, thus a strategy had to be
g o | useq to limit the nump(_er _of free parameters in the fits to
« R / avoid a runaway minimization. Matrix elements were
= T //‘/A coupled together wherever is possible, using observed sys-
50 = 2 s // tematics, to reduce the number of free parameters. For ex-
s s\gx\’«f/l/ ample, theM1 components for thé\l=0 or 1 transitions
o T between they-vibrational and ground-state bands are gener-
- ally small and theE2 components are correlated well with
those of Al =2 transitions by the equatigrEq. (4-210 in
80 0.1 oz 03 04 Ref.[23]]
fio [MeV]

VB(E2 i — 1) = {1 K'2= 2|1 K) M1 —M{l (1 +1)

FIG. 5. The kinematical moment of inertia as a function of the
rotational frequency for the ground-statg, K™=4", andS bands. —l (I + D)}, 1)
The convention used in calculating the moment of inertia and rota- L
tion frequency is from Ref:27]. The level repulsion between tige ~ WhereM; andM, are the fitting parameterk,’ =K +2 and
and y bands at spin 12 is indicated by the sudden shift of the £=+2 if K=0 andé=1 otherwise. Thus, thé11 matrix
moment of inertia in the plot. The data above spin" Z0r the S elements can be ignored and the whole set of the interband
band come from Ref$9,17]. E2 matrix elements can be reduced to one free parameter,
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TABLE V. Intrinsic matrix elements for the intraband transitions of both the ground-statg hadds and
for the interband transitions between those two band$3iéDy.

Nucleus (K=0|E2|K=0) (K=2|E2|K=2) (K=2|E2|K=0) M,/M,
(eb) (eb) (eb)

162Dy 2.18 2.19 0.245 —0.0121

164Dy 2.23 2.24 0.250 —0.0128

that is the absolute strength, with the ratioMf /M, fixed = mental y-ray yields to predictions for both the ground-state
by the observed branching ratios. Note that the intrinsic maand S bands is shown in Fig. 7, and for thgvibrational
trix elements between bands are relateMtpandM, by the  band is shown in Fig. 8 the normalizegf=1.54. Good

equation[Eq. (4-211) in Ref.[23]] agreement is achieved for spins up to" 2ff the ground-state
) band and up to 16 of both theS and y-vibrational bands.
(K'|E2[K)=M1+4(K+1)M,. 2 The measured intrinsiE2 matrix elements for both the

ground-state and-vibrational bands are listed in Table V.
. . X he individualE2 matrix elements for the intraband transi-
a band are correlated by the rotational relationship an

ari b ¢ hat is. the intrinsi .tions of theS band are shown in Fig. 9. ThE2 matrix
riven Dy one iree parameter, that is, the Intrinsic MatriXy|oments in the vicinity of the intersection between &and

element. Two such parameters, one each for the ground-stafg, i, iional bands are listed in Fig. 10 together with results

_andy-vibra_ltional_bands,_ and one additional parameter for thefrom a three-bandground-stateS, and y-vibrational bands
mterband Intrinsic matrix element bereen the ground-stat?nixing calculation. The calculations were carried out using
and y-vibrational bands, were used in the fit of theray e jniraband intrinsic matrix eleme(K|E2|K)=2.31 eb
yields in "*Dy. These Qeterr_rl|neE2 intrinsic matrix ele- for both the ground-state anghvibrational bands, 2.7#&b
ments for °***Dy are listed in Table V. They have an un- ¢ e g band, and the interband intrinsic matrix element

certainty that is less than 5%. The best fit of theay yields oy een the ground-state anevibrational bands listed in
between the calculation and experiment is shown in Fig. e

; 5 > “Table V. The unperturbed level energies were taken from an
where the normalizedy“=1.52. A good agreement is
reached for the spin up to 18of the ground-state band and
up to 14" of the y-vibrational band.

The strong mixing of theS band in %Dy with the
y-vibrational band complicated the analysis compared to the
case for'%Dy. In Dy both the intraband and interband
transitions for states with spin 12 and 14 of the 10° L
y-vibrational band were treated as free parameters, rathe
than using the coupling scheme, but the relative strengths fo
a given state still were fixed according to the observed
branching ratios. The same principle was applied to the tran
sitions for theS band members. For th&l =0 transitions 10° ¢
between the&s and ground-state bands, the dominant compo-
nent was measured to b1 for both the 8 and 10 states
by Fieldset al.[18], and was confirmed by our angular dis-
tribution data. The dominari¥11 component also was sug-
gested by our data for th&#l =0 interband transitions from
the 12" and 14 states. The measured branching ratios of the
Al=0 interband transition relative to th&l =2 intraband
transition showed that thedd1 matrix elements are corre-
lated well by the equatiofEq. (4-254) in Ref.[23]] 100 L

It is reasonable to assume that B2 matrix elements within

4

10

"®sn + Dy at E,, = 780 MeV
66° <0, <100°

Ground-state Band

Relative Yield

(I¢: ,K'=0gIM1[[Ix ,K=0,)=(3/4m) Y4 er/2Mc) S Band

X(0g|gr|01)[ (21 + 1)1 1 (1 +1)T"25(1 o),

3 107 ! : ‘
2 6 10 14 18 22

wheregg is an operator in the intrinsic frame and assuming Spin ]

K=0 for the Sband. The indexs is for the S band _and the ~ FIG. 7. Comparison of the-ray yields between prediction and
index 1 for the ground-state band. The determined matrbgxperiment for the intraband transitions of both the ground-state
element for(0g/gg|0;)=0.0247). This corresponds t0 a andSbands. The solid lines are the Coulomb excitation calculations
B(M1;8; —8;)=0.0058 W.u. A sample fit of the experi- for the best fits to the data.
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3 15 I T T \ T I

‘ ‘ ‘ ' L Intraband matrix elements for the S band in %
"®sn + "Dy at E, = 780 MeV

66°<0,, <100°

10

\
Dy

-
o
T

— AI=0 interband transitions

107

E2 matrix element [eb]

(5]
T

Relative Yield

4 6 8 10 12 14 16 18 20 22

Spin ]
10" -

FIG. 9. TheE2 matrix elements for thb— (I — 2) transitions of
the Sband in **Dy. The solid lines are the rotor values assuming
(K|E2|K)=2.31 eb. The dashed line is the result of a three-band
(ground-state S and y-vibrational bands mixing calculation as-
suming a 20% larger intrinsic matrix element for tBéand than
the one used for the solid line.

10 : : ‘ ‘ crosses the ground-state band at Hhd the interaction ma-
0 4 8 12 16 20 . X

Spin il trix element~12 keV was derived from the measurgday

branching ratios R[ (18! —16;)/(18f —16J)]=0.30 ac-

FIG. 8. Comparison of the-ray yields between the prediction cording to the description in Ref24]. This interaction ma-
and experiment for both intraband and interband transitions of thérix element is comparable to ¥2 and 18-2 keV ob-
y-vibrational band. The solid and dashed lines are the Coulomhained by Jungclausetal. [9] and by Bauer [17],

excitation calculations for the best fits to the data. respectively.

(4) A low value for the K quantum number of thé&

interpolation of the smooth curves of moment of inertiaband is implied by the dominat1 component and the
shown in Fig. 5. A quantitative agreement is obtained beMmagnitude of M1 matrix elements, B(M1;8; —8;)
tween the measureB2 matrix elements and calculations.

The determined interaction matrix element between $he

and vy-vibrational bands is~40-45 keV. This compares

with 31 keV, determined from the measured branching ratios

for the decay of the 12 listed in Table Il according to the 14" 2934.8
description in Ref[24], which assumes that the quadrupole
deformation is the same for both interacting bands.

The electromagnetic properties for states with spint@ 6.80 1978
20" in the Sband in 1*2Dy can be summarized as follows. .74
(1) The quadrupole deformation #20% larger than the
deformations of the nearby collective bands both from direct

comparison of th&2 matrix elements with the rotor predic-
tion and from comparison with the three-band-mixing calcu- 5601020
lation. (5.58)

(2) Strong mixing with they-vibrational band at spin 12
is evident from the level repulsion, shown in the plot of
moment of inertia vs rotational frequendyig. 5), and from
the calculated wave function for the 1&tate of theS band,
|125>%0-83 125>unpert+o-53 12y>unpertv in the three-band- S Band vy Band
mixing calculation.

(3) The strong mixing is because of an accidental degen- F|G. 10. The determineB2 matrix elements for the transitions
eracy, not a strong interaction, judging by the weakness off the 12" and 14 states of both thé and y-vibrational bands.
the interaction matrix elements 40—-45 keV derived from The values in the parentheses result from a band-mixing calculation
the three-band-mixing calculation. TH& band eventually among the ground-stat§, and y-vibrational bands.

3144.8

0.56
6.94753R
(6.30)

2622.5

12 2534.8

+0.13
3527043

(3.86)

10" J 20623

2087.5
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TABLE VI. Band-head excitation energies of the tWF=4"
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TABLE VII. Intrinsic matrix elements for the intraband transi-

bands and their intrinsic matrix elements for the intraband transitions of K”=2" band and for the interband transitions to both the

tions and for the interband transitions to theband in 152Dy.

ground-state ang bands in'6?Dy.

Excitation energy(K=4|E2|K=4) (K=4|E2|K=2) M,/M;

(MeV) (eb) (eb)
1.536 2.28 0.115 —0.0304
2.181 2.19 0.178 £0.0304

=0.0058 W.u., for example, were measured for fe=0
transitions to the ground-state band.
There are twoK™=4" bands in*®Dy populated in the

(K™=2"|myk=2,-1]K™=0") 0.00037 e b/?
(K™=2"|E1|K™=2") 0.0053 e b'’?
(K™=2"|E2|K"=2") 241 eb

(K™=27|E3|K™=0") 0.244 e b*?

strength using the determined intrinsic matrix elements listed
in Table V and VI and the newly identifiesd”™=4" band at
2181.0 keV accounts for25%. These results are consistent
with a highly fragmented two-phonom-vibrational excita-

current experiment. Since both bands decay mainly to th&ion in °Dy.
K™=2" y-vibrational band, we consider the couplings to  The only negative-parity band populated in the current
the K™=2" v-vibrational band to be the only interband experiment is theK™=2" octupole-vibrational band in
transitions pertinent to this study. The interband transitions-*Dy. This band has the lowest excitation energy and the
of the known K™=4% band at 1535.9 keV to the strongestE3 strength,B(E3;3™—0%)=9.5(6) W.u.[26],
v-vibrational band were found to be correlated well by Eq.among all the known octupole-vibrational bands, which in-
(1). TheM, /M ratio, listed in Table VI, was determined by cludeK”™=0", 17, 27, and 3" bands. Since th&3 mode
the observed branching ratios that are listed in Table lllcannot compete with thE1l mode for the decay of members
Thus only one free parameter, that is the absolute intensityf the octupole-vibrational band to those of the positive-
was needed in the analysis for the interband transitions witiparity band, the observegray decay branchings contain no
the ratioM, /M, fixed. The same ratio was assumed for theinformation on theE3 systematics. In contrast, i mode
interband transitions for the neW™=4"% band at 2181.0 is responsible for the population of the negative-parity band
keV because the limited data on the decay branching ratioky Coulomb excitation. In our analysis, the Alaga rule was
listed in Table Ill, are consistent with such systematics. Oneissumed for th&3 interband matrix elements between the
additional parameter for each band is needed to account fa¢™=2" and the ground-state bands. Rotor values were as-
the E2 matrix elements within a band, which were assumedsumed for theE2 matrix elements within the band. For the
to be a rotor and driven by an intrinsic matrix element. Theallowed E1 transitions to they-vibrational band, the Alaga
determined intraband and interband intrinsic matrix elementsule was found to be valid in correlating tho§& matrix
for both K™=4" bands are listed in Table VI. The uncer- elements derived from the observed ratiosEdf transitions
tainty for the intraband intrinsic matrix element 430%  to intrabandg2 transitions. For the forbiddel1 transitions
and for the interband is=15%. The analysis of Bau¢il7]  to the ground-state band, tH&l matrix elements, derived
for a similar experiment givesB(E2;4+(1536)—>2;) from the observedE1/E2 ratios, correlated well using the
=1.1(2) W.u. andB(E2;47(2181)~27)=4.5(5) W.u.. equation[Eq.(4-95 in Ref.[23]]
The correspondingB(E2) values from our analysis are
1.1535 W.u. and 2.7883) W.u., respectively. Direct com-
parison between these two studies should be treated with
caution as the assumption made on the correlations for the
interband transitions is different. The perturbation to the cor-
relations of the interband transitions due to the coupling be-
tween the rotation and intrinsic motions is ignored in Bauer’s
analysis, that is, the ratid,/M ;=0 is assumed.

The measurable collectivity for the coupling betweenA total of four parameters, one for each group of electromag-
thoseK™=4" bands to th&K "=2"* y-vibrational band can netic matrix elements, were used in the fitting to theay
be addressed in the framework of a two-phononyields.
v-vibrational excitation. Since the mixing of those intrinsic  The intrinsicE1l, E2, andE3 matrix elements resulting
states with two-quasiparticle states may be significant, due ttsom this analysis are listed in Table VII. The uncertainty for
the excitation energies being near or above the pairing gaphe E1 intrinsic matrix element to the ground-state band is
one measure of the integrity of two-phongnvibrational ~15%, for theE1 to they-vibrational band~50%, for the
state is to compare the intrinsic matrix element of two-E2 within a band~25%, and for thée3 to the ground-state
phonon to one-phonon excitation using the harmonic twoband~20%. The latter implies that thB(E3) for the 3
phonon strength as a yardstick. Comparison in the intrinsic=0" transition is 5.822) W.u., which is lower than 9(8)
frame is necessary because the non-negligible coupling ef.u. measured in Ref26] by 1.75 standard deviation. How-
fect between the rotation and intrinsic motions as discusseedver, one has to bear in mind that the current analysis em-
in Ref. [25]. The knownK™=4" band at 1535.9 keV ac- phasizes the avera@s strength over the individual strength
counts for~11% of the harmonic two-phonopvibrational  for the transitions between th€™=2" octupole-vibrational

(K'=2]/|ELK=0 )= 2(21(+1)2
X{1(K'=1)111, K'Y,

(l¢— K (1 +K+1)1]42
(Ik— K= (1 +K)!

(K'[mak=2,-1/K). (4
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and the ground-state band. This result may suggest the exisipole deformation of th& band between spin“8and 20
tence of a non-negligible spin-dependent term inEBesys-  was found to be=20% more deformed than observed for the
tematics. TheE1l intrinsic matrix element obtained for the nearby low-lying collective bands. In addition, other aspects
forbidden transitions to the ground-state has a similar magef collectivity, such as the two-phonopvibrational excita-
nitude to those found in the neighboring nuclei ¥Dy  tion and the octupole-vibrational excitation also were ad-
[26]. dressed by the current experiments. A highly fragmented
two-phonon y-vibrational excitation was found int%Dy
V. SUMMARY with 36% of the harmonic two-phonon strength distributed
among the lowest twoK™=4" bands. SignificantE3

The electromagnetic properties fdf*'*Dy have been  srength was observed coupling the ground-state band to the
studied using projectile excitation by &%n. The signifi- g7—>- octupole-vibrational band.

cantly enhanced detection efficiency for both scattered heavy
ions andvy rays in this experiment, provided by the combi-
nation of GAMMASPHERE and CHICO, has allowed study
of nuclear structure to higher excitation energy and spin and
in greater detail than previously attained. One of the most We thank Dr. K. Gregorich and Dr. M. A. Stoyer for mak-
distinct results is the first measurement of electromagnetiing and handling thé>2Cf source for the CHICO calibration.
properties of theS band for states with spin“8to 20", that  The work by the Rochester group was funded by the Na-
is, well below the crossing with the ground-state band. Theional Science Foundation. The work at LBNL was per-
strong mixing between th8 and they-vibrational bands in  formed under the auspices of the Department of Energy un-
162Dy allowed such study by Coulomb excitation. The quad-der Contract No. DE-AC03-76SF00093.
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