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Angular distributions of numerous y rays have been measured following the decays of """Lupolarized at low

temperatures. The magnetic moments of the Lu ground state are deduced to be ~p,("'Lu) = (2.04~0.10)p,N
and ~p('"Lu) = (2.26~0.10)p.„.Spin assignments are deduced for several levels in '"Yb. E2/M1 and

M2/E1 mixing ratios are deduced for many of the "'Yb and ' 'Yb transitions and are compared with

expectations based on the intrinsic character of the nuclear levels.

RADIOACTIVITY ' Lu, ' Lu; measured y(8) from polarized nuclei; ' ' 7 Lu-deduced
magnetic moment p; 7 ' Yb-deduced multipole mixing ratios, 6 (E 2/M1), 6 (V2/El), g~,

gz, J, Coriolis mixing.

I. INTRODUCTION

The study of the angular distribution of y radia-
tion from oriented nuclei has yielded considerable
insight into the properties of nuclear levels and

their radiations. In particular, the static nuclear
electromagnetic moments and the multipole char-
acters of the radiation fields may be accurately
determined. This information is essential for
understanding the structure of the low-lying levels.
In recent publications" we have reported investi-
gations of the decays of polarized "'"4''~Lu; an-
gular distributions of numerous y rays were mea-
sured, and nuclear magnetic moments and y-ray
multipole mixing ratios were deduced. From these
parameters it was possible to draw conclusions
regarding the structure of the nuclear levels. In

the present work we report on a similar investiga-
tion of the decays of '7'"'Lu. Although the level
schemes populated in these decays are reasonably
well established, measurement of the y-ray multi-
pole mixing ratios can yield further insight into
the structure of the various levels and their iden-
tification with Nilsson-model configurations. De-
termination of these mixing ratios as well as the
nuclear magnetic dipole moments of "'"'Lu is the
goal of the present work.

II, DECAY SCHEMES

The decays of "'Lu and "'Lu are illustrated in

Figs. 1 and 2. The y-ray spectrum of the "'Lu de-
cay to levels of "'Yb has recently been investigated
with high precision by Bonch-Osmolovskaya et al. '
Previous studies of the y ray and internal conver-

sion electron intensities, with corresponding de-
termination of the transition multipolarities, in-
clude those of Kaye, Barneoud et al. ,

' and Balalaev
et al. ' Identification of the "'Yb levels with the
appropriate ¹ilsson configurationhas followed from
the single-particle transfer reaction studies of
Burke et al.'' The Coriolis mixing of various
"'Yb intrinsic states has been previously investi-
gated by Lindblad, Ryde, and Barneoud' by means
of the energies of rotational levels populated in the
(a, xn) reaction. The various investigations of the
"'Yb level schemes have been recently summa-
rized in the Nuclear Data Sheets."

The "'Lu decay scheme is considerably more
complex. This decay has been studied by Sen and

Zganjar" and by Balaleav et al." Transition multi-
polarities have been deduced from the internal
conversion data (for example, that of Kaye"); in-
ternal conversion coefficients have been deduced

by Sen and Zganjar" from their y-ray data in con-
junction with previous conversion electron measure-
ments. Additional multipolarities for a number of
transitions have been derived from numerous an-
gular correlation studies. '~ " The intrinsic char-
acters of the '"Yb levels have been studied in

single-particle transfer reactions by Burke and

Elbek and by O' Neil and Burke." The y-ray
transition probabilities have been studied in com-
parison with expectation based on the intrinsic
characters of the states by Moroz et al. ,'~ Belt
et al. ,

"Sen and Zganjar, "and by Reich, Green-
wood, and Lokken" in the ' 'Tm decay to "'Yb
Level and multipolarity assignments have been
summarized in the recent compilation of the Nu-

clear Data Sheets."
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FIG. 1. The decay of ~ Lu to levels of ~ Yb.
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FIG. 2. The decay of ~ Lu to levels of ~ 74.
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III. EXPERIMENTAL DETAILS

A. Sample preparation

The Lu activity was produced by irradiating a
natural Yb foil with 4 pA-h of 17 MeV deuterons at
the Los Alamos Tandem van de Graaff. The (d, n)
and (d, 2n) reactions result primarily in the pro-
duction of "'' '"'"Lu; the half-lives of the
"'"'Lu (-7 day) relative to those of '" "4Lu
(-1 yr) result in the dominance of the former ac-
tivity. As in our previous work, "polarization
of the sample was achieved by introducing the Lu
as an impurity into the compound ZrFe, to form
(Zr, ~ Lu ~)Fe, . Further details of the sample
preparation are given in our previous work. "A
small quantity of "'Lu' activity was introduced by
neutron activation; in this way the "'"'Lu mag-
netic moments could be deduced by direct compari-
son with the known '~Lu moment.

B. Apparatus

The sample was cooled by contact with a 'He-4He
dilution refrigerator. In one set of measurements
(referred to as nominally T = 20 mK) the sample
was soldered directly to the refrigerator. For
another set of measurements (nominally T =4 mK)
a cerium magnesium nitrate adiabatic demagneti-
zation stage was introduced. Polarization of the
cooled sample was achieved using two pairs of
superconducting Helmholtz coils with their axes
perpendicular to each other. The coils produced

a magnetic field of 0.36T at the sample. A 40-cm'
Ge(Li) detector was mounted along the axis of each
of the coils. In this way, whenever one of the pairs
of coils was conducting, one detector recorded the
counting rates at an angle of 0' with the polariza-
tion direction, while the other recorded the rates
at 90'. A typical y-ray spectrum is shown in Fig.
3.

Several demagnetizations were performed for
each sample, with the amplifier gain and analog-
to-digital converter digital base line chosen such
as to maximize the energy resolution or counting
rates in various parts of the spectrum. Further
details concerning the apparatus are found in Ref.
2.

C. Data analysis

The y-ray counting rates were determined by
integrating the various spectra and were analyzed
according to the relationship

W(8) = Q Q~ B~ UI, A~P~(cos8),

where the geometrical correction factors Q» cor-
rect for detector angular resolution, the orienta-
tion parameters B» describe the degree of orienta-
tion of the initial state and depend on the hyperfine
energy splitting 6 = pE/I ke (p = nuclear magnetic
dipole moment, H =hyperfine field, I=nuclear
spin, ke =Boltzmann constant) and on the temper-
ature T, the deorientation coefficients U„correct
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FIG. 3. p-ray spectrum from the decays of 7 Lu, Lu, and 77Lu~ (plus some 73Lu impurity). The peaks are labeled
with the corresponding energy in keV; peaks with no parent isotope designation follow the Lu decay, while those with
an asterisk follow the «7«Lu decay.
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TAB LE I. Computed deorientation coefficients for
~~~Yb levels.

Level energy
(keV) U cl

2

67
76
95

122
168
208
259
317
835
935
948

1377

0.488 (41)
0.639 (48)
0.736 (57)
0.726 (54)
0.818 (61)
0.829 (60)
0.870 (7)
0.888 (32)
0.900(100)
0.925
0.918 (7)
0.900 (100)

Figures in parentheses indicate uncertainty of last
digit or digits.

for the effects of unobserved intermediate radia-
tions, and the angular distribution coefficients A~
describe the properties of the observed y ray. The
P~ are Legendre polynomials. The angular dis-
tribution coefficients are given in terms of the y-
ray mixing ratio 5, which is defined in terms of
emission matrix elements. "

In order to deduce the y-ray mixing ratio from
a measured angular distribution, knowledge of the

U~ coefficients is required. For this purpose it is
beneficial to observe y rays which are preceded by
pure multipole radiation, such as allowed Gamow-
Teller P decays. However, as can be seen from
Fig. 2, more than 90gq of the ~ Lu P decays are
of the first-forbidden type, whose multipolarity
will be mixtures of L=O (for M=O decays), L =1,
and L = 2. A rigorous analysis of the observed an-
gular distributions thus requires a knowledge of
the multipole characters of the various P decays.
Lacking such knowledge, we must allow for all
possible multipolarities by calculating the U, co-
efficients with a corresponding uncertainty which
allows for all possible P multipolarities.

For AI=0 first-forbidden P decay, the deorienta-
tion coefficients are given by

U~(P) = Ino I'+ U~(L =1)ln, I'+ U, (L = 2) ln. I', (2)

where the quantities ~o~ ~' give the fraction of the
P-decay intensity corresponding to the Lth multi-
po le (lnol + la, l

+ lo'31 =1) The quantities U, (L)
are angular momentum coupling coefficients. "For
a 4 -4' decay, for example, U, (0) =1, U, (1)
=0.850, and U, (2) =0.578. Thus the U~(P) is not
extremely sensitive to the competition between the
L=O and L=1 multipoles, but a sizable L=2 ad-
mixture could have a substantial effect on U~(P).

TAB LE D. Computed deorientation coefficients for
leve] s.

Level energy
(keV) U2

79
260
540

1172
1263
1376
1466
1510
1549
1609
1640
1663
1701
1706
1749
1803
1863
1927
2073
2175
2192
2213
2285
2344

0.224 (12)
0.442 (21)
0.757 (66)
0.664 (36)
0.764 (45}
0.854 (56)
0.571 (40)
0.851 (57)
0.757 (75)
0.616 (174)
0.819 (40)
0.812 (39)
0.784 (36)
0.916 (20}
0.768 (53)
0.768 (72)
0.861 (80)
0.905 (50)
0.921 (79)
0.869 (36)
0.936 (3)
0.887 (28)
0.921 (79)
0.921 (79)

However, the intensity of the L =2 component
(which arises from the B,J term in the 13 interac-
tion) can be inferred to be small; this follows
from the lack of direct P feeding to the expected
I=6' states of the various "'Yb rotational bands.
Given an upper limit on the intensity of the unique
first-forbidden 4 - 6' decays, one can then use the
rotational model (i.e., the Alaga rules" ) to pre-
dict a corresponding upper limit on the L=2 ad-
mixture in the decays to the 5+ and 4' states of the
same rotational band. We have increased this up-
per limit by a rather arbitrary factor of 3 to try
to correct for effects (band mixing) which result
in the deviations of the observed" y-ray transition
probabilities from the rotational model predictions.
The L=2 intensities so deduced generally amounted
to no more than a few percent. In computing the
U, values, we have taken into consideration all
possible combinations of L =0 and L = 1 P multi-
polarities, and have used the known y-ray multi-
polarities and branching ratios"'" to compute the

U~ values for each level populated in the "'Lu and
'"Lu decays. The U, values obtained are given in
Tables I and II. The uncertainties quoted result
from the uncertainties in the branching ratios and

P and y multipolarities.
Most y rays can be analyzed using the computed

U, values of Tables I and II. However, the most
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intense "'Lu P decay populates the 2073-keV 4'
level of ' 'Yb. The depopulating y rays are among
the most intense in the spectrum and the anisotro-
pies of their angular distributions have been de-
termined with great precision. The computed U„
however, has a 10% uncertainty, and would result
in a correspondingly large uncertainty in the de-
duced A, . (None of the transitions from the 2073-
keV level has a sufficiently well-known multipolar-
ity to enable the others to be compared with it. )
In order to minimize this uncertainty, we have
analyzed the y rays depopulating the 2073-keV lev-
el by comparing their angular distributions with
those of y rays of known multipolarity from lower
levels. This procedure is successful because of
the large fraction of the "'Lu decays which pro-
ceed through the 2073-keV level; hence all subse-
quent y-ray angular distributions depend to some
extent on the U, of the P decay populating the
2073-keV level. We let y represent a y ray de-
populating the 2073-keV level, and y, represent
a subsequent y ray of known multipolarity (E2,
for example} used for comparison. The measured
quantities are then [B,U,A, ]~ and [B,U, A, ]„We
let U, (P) represent the deorientation coefficient of
the P decay to the 2073 keV level; then, since the
transition y, is emitted from a level populated in-
directly through the 2073-keV level, the U, asso-
ciated with the level which emits y, can be written
as a+ bU, (P), where a and b are constants depend-
ing on the branching ratios, etc. (For example,
if y, = 181 keV, a = 0.216 + 0.014, and b =0.247
+0.009.) The ratio of the measured angular dis-
tributions of y and y, can then be written

[B U2A2]) A(y} U, (p)
[B,U2A, ]~, A, (y, ) a+ bU2(P}

or

( ) ( )
[B2Uq+]z a+ bU, (p)

y' [B,UA, ]„U,(P}

If we choose y, such that b ~ a, the uncertainty in

the ratio [a+bU, (P)]/U, (P) becomes less dependent
on the uncertainty in U, (P). Using the 181-keV
(E2), 203-keV (E2), and 1094-keV (b[E2jM1]
= -3.3+0.2) y rays for comparison, we have used
this procedure to reduce the uncertainty in the
analysis of the y-ray angular distribution from the
2073-keV level to the order of 5'P~.

IV. RESULTS

A. y-ray anisotropies

The measured angular distributions of the "'Yb
and "'Yb y rays are summarized in Tables III and

TABLE III. ~ Yb y-ray angular distributions.

Initial state F inal state
Ey E E

(keV) (keV) I K (keV) I'K
B2U2A2 (X 10')

(4 mk) (20 rnk)

72

86

109

164

195

518

627

689

713

740

767

781

840

853

1282

67 3
2 2

0 1 i
2 2

168 —— 95

208 T p 122

317 —
2

208

259 —— 95ii 7 7+

2 2 2

317 Y 2
122 Y2

835
2 P 317

835 —— 208
'7 7 7 5

2 2 2

835 —— 168

948 P P 259
2 2

9 7 ii 7

835 7 Y 122 Y

835 —— 957 7 7'7
2 2 2 2

2 2
168

948
2 2

168

935 —— 95

948 9 7 7 7
2 2

95
2 2

1377 —— 957 7 7+ 7

2 2 2 2

-200 (101) -132(26)

170 (50)

284 {56)

70 (24)

41(17)

255 (42) 40(50)

-103 (67) -88 (25)

-172 (105) -76 (35)

540 (90) 103(53)

-230 (50) -27 (14)

86 (4) 26 (2)

106 (14) 37 (11)

407 (19) 126(16)

-253 (1) -60 (1)

-108 (38) -24 (23)

-260 (6) -55 (6)

566 (9) 155 (8)

204 (11) 68 (12)

-366 (53) -50 (12)

~ Possible doublet —the 164-keV transition can also
connect the 231-keV and 67-keV levels.

1V, respectively. The 4 mK results represent an
average over several demagnetizations and over
several runs within each demagnetization. The 20
mK data represent an average over several dif-
ferent runs. For both cases, the different runs
were made using various gain and baseline set-
tings in order to optimize the results for a partic-
ular region of the y-ray spectrum. No variation in
anisotropy resulting from temperature variations
was observed among the various groups of data,
and hence the anisotropies have been averaged
directly assuming no B, variation. Corrections
have been made for the solid angle factor Q, . From
the observed counting rates W(0') and W(90')(nor-
malized by the isotropic warm counting rates), the
coefficients of the P, and P4 terms in the angular
distributions were deduced. The B4U4A4 terms are
small (in nearly all cases vanishing within 1 stan-
dard deviation) and can provide no additional in-
sight into the characteristics of the "''"Lu decays
or the """'Yby rays. Hence we will base our
analysis only on the B,U,A, values.
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TABLE IV. 72' y-ray avicular distributions.

{keV) I%K

Initial state
E

(keV)

Final state
B2U+2(X 10~}

(4 mk) {20 mk)

79
91

181
203
247
265
270
280
324
330
367
372
378
400
410
432
482
486
490
528
536
540
551
577
585
595
607
631
682
697
709
810
816
9Q1
912
929

1003
1022
1041
1081
1094
1113
1184
1387
1403
1441
1466
1470
1489
1543
1584
1603
1622
1666
1670
1724
1813
1915

79
1263
260

1376
lslO
1640
2073

540
2073
1706
20V3
2073
1640
1663
2073
2073
2285
1749
1663
1701
2285
1803
1927
1749
2285
2344
2073
1803
2192
2Q73
2175
2073
2192
2073
1172
2192
1263
2285
2213
2344
1172
2285
1263
1466
1663
1701
1466
1549
1749
1803
1663
1863
1701
1927
1749
1803
2073
2175

2+0
4 +3
4+0
5+3
6+3
(4 )

4 4
6+o
4 4
(5 )

4+4
4 4
(4 )

3+3'
4+4
4 4
4+3"
4 +pl

3+3'
3+2'
4 +3I I

4+2'
5+2
4+3'
4+3"
(4')

4+4
4+2'
s+4
4+4
3+pl
4+4
s+4
4+4
3+3
s+4
4+3
4+3tl

(3 )
(4')
3'3
4 + 3I I

4+3
2+2
3+3'
3+2'
2'2
3+2
4 +3i
4+2'
3+3'
5+3I
3+2'
5 +2I
4+3I
4+2'
4+4
3+pl

0
1172

79
1172
1263
1376
1803

260
1V49

1376
1706
1701
1263
1263
1663
1640
1803
1263
1172
1172
1749
1263
1376
1172
1701
1749
1466
1172
1510
1376
1466
1263
1376
1172
260

1263
260

1263
1172
1263

79
1172

79
79

260
260

0
79

260
260

79
260

79
260

79
79

260
260

o+o
3+3
2+0
3+3
4+3
S+3
4+2'
4+o
4+3'
S+3
(5-)
3+2'
4+3
4+3
3+3'
(4 )

4+2'
4+3
3+3
3+3
4+3'
4+3
s+3
3+3
3+2'
4 3'
2+2
3 3
6+3
5+3
2+2
4+3
S+3
3+3
4+0
4+3
4+o
4+3
3+3
4+3
2+0
3+3
2+0
2+0
4+o
4+o
o+o
2+0
4+o
4+o
2+0
4+0
2+O
4+Q
2+Q
2+O
4+o
4+o

29 (8)
336{13)

-131 {2)
-248 (5)
-27s{3s)

75{31)
-380{30)
-213{19)
-366{15)
-312{33)

199(75)
-502 {10)
-219 (9)

70(40)
-488 (13)
-343 (18)
-303 (42)
-267 {35)
-310{16)
-261 {9)
-226 {39)
-195(17)
-111(97)

278(90)
240(71)

-263(74)
-182{60)

90(43)
165(50)
84 (6)

-112{38)
-266 {3)
-327(45)

112 {2)
-141 (3)

253 (9)
123 (6)

-299{18)
-268 (55)
-2V2 (67)

196 (1)
430(13)

-145(39)
172{20)
162{19)
222 {23)

-226 {18)
73{23)

141{12)
134(14)

-134 (9)
-90(40)

-123{11)
-180{35)
-215{20)
-240{23)

179(34)
-168(19)

-9 {2)
98 (4)

-38 {1)
-66 {2)
-70{11)
-21{10)

-106 (4)
-58 (6)

-108 (6)
-97(13)
-23(40)

-143 (3)
-69 (3)

30(15)
-146 (4)
-93 (6)
-83{17)
-95{12)
-74 (6)
-67 {3)
-94{16)
-72 (8)
-75{26)

56(42)
6 7{32)

-119(32)
-66{22)

59{23)
86{28)
29 {3)

-58{16)
-75 {2)
-97 (9)

37 {2)
-40 {2)

84 (5)
39 {3)

-93 (7)
-104{19)
-50 {9)

63 {1)
140 (4)
~4 (13)

58 (7)
61 (6)
79{10)

-80 (8)
» (8)
48 (5)
50 (5)

-32 {3)
-22(ls)
-32 (3)
-48{12)
-67 (9)
-64 (8)

33(15)
-39 (9)
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TABLE IV (Continued)

Initial state Final state

(keV) I"K
E

(keV)
B2U2A2(x 10 )

(4 mk) {20 mk)

1994
2083

2073
2344

4+4
4+

79
260

2+0
4+0

-65(34) -16(15)
-115(13)

B. ' 'Lu magnetic moment

The "'Lu decay provides no unique means of de-
termining the orientation parameters of the initial
state. We observe only mixed E2/Ml transitions
following the Gamow-Teller P decay to the 948-keV
state, and the El transitions (for example from
the 835- and 935-keV states which are known from
conversion coefficient measurements to contain
vanishingly little M2 admixtures), follow first-
forbidden P decays whose multipole characters
are uncertain. (The E2 transitions between the
low-lying rotational states with M=2 are not suit-
able due to the large uncertainties of their angular
distributions. }Since, in general, M2/El mixing is
less probable than E2/M 1 mixing, we have selected
two El (possibly plus M2) transitions, 740 ke V and 781
keV, to determine the initial state orientation.
These transitions have been selected because a
bI=O transition is considerably less sensitive to
a given amount of M2/El mixing than is a nI=+ 1
transition. [For example, ignoring the 5' terms
in A„A,(781}= —0.440 —0.6035, while A, (853) =
+ 0.303 —1.8715; thus an uncertainty of 0.5/p in the
M2 intensity causes an uncertainty of 10k in
A, (781}and 40% in A, (853).] Assuming the 740-keV
transition to be pure E1 and the 781-keV transition
to have ~6(M2/EI)( ~0.06 (based on the measured
conversion coefficients"), we obtain the following
values for the "'Lu orientation parameters:

E„=740 keV: B,(4 mK) =0.640 +0.070,

B,(20 mK) =0.153 +0.016,

E& = 781 keV: B,(4 mK) =0.644 +0.053,

B2(20 mK} =0.137+0.016.

The uncertainties in the values obtained from the
740-keV transition result primarily from the un-
certainty in the U, for the 835-keV level, while
the uncertainties of the 781-keV values result from
the uncertainties in A, (781) owing to possible
M2/El mixing. From the average of the above
values we deduce

c/T =0.70+0.04 (4 mK),

a/T =0.27 +0.01 (20 mK).

Uncertainties in the hyperfine interaction of Lu

in ZrFe, make impossible the direct determination
of the magnetic moment from the above orientation
parameters. However, the presence of '"Lu' in
our samples makes possible a direct comparison
of the "'Lu and "'Lu moments in a manner inde-
pendent of the hyperfine field and the temperature.
From the angular distribution of the 113-keVy ray
of the '"Lu' decay, we determine

B,(4 mK, '"Lu') =0.699+0.019,

B,(20 mK, "Lu~) =0.181+0.009,

which yield

n/T =0.76 +0.02 (4 mK),

=0.30 +0.01 (20 mK).

The ratio of the r /T value deduced for the '"Lu
to that deduced for the "'Lu~ then gives directly
the ratio of the magnetic moments:

p, ("'Lu}
,»7L ~, —-0.92 + 0.05 (4 mK),

= 0.90+ 0.04 (20 mK),

and using the ' Lu' moment (p, =+2.245'„),"we
obtain

~
g("'Lu)) = (2.04+0.10)g„.

It should be noted that the ratio of the A/T values
deduced for the 4 mK and 20 mK data would indi-
cate a ratio of 2.5 between the temperatures cor-
responding to the 4 mK and 20 mK data, rather
than the expected factor of 5. We interpret this
discrepancy as arising from a thermal gradient
across the sample and its solder connections to
the cold finger in the 4 mK runs, leading to an ef-
fective sample temperature of perhaps 8 mK. At
20 mK the sample thermal conductivity is much
larger, and the gradient much smaller. We point
out, however, that the 4 mK operating tempera-
ture with the demagnetization stage and the 20 mK
operating temperature without it have been ob-
served in other experiments by means of both re-
sistance and y-ray thermometry.

C. ' Lu magnetic moment

Although there is no unique sequence of pure-
multipole radiations emitted in the ' 'Lu decay
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p-ray energy B2 (4 mK) I32 (20 ~)
TABLE V. Deduced 7 Lu orientation parameters. rect comparison of the "'Lu hyperfine splitting

with that of '"Luf. From the ratio of the deduced
hyperfine splittings we obtain

isi
203
247
280
607

ii84
i466
i 670
i 724

0.662 (34)
O.690(45)
0.802(i 02)
0.698(87)
0.446(i47)
0.5ip(i6i)
0.662(70)
0.625(72)
0.698(94)

O.igi(ii)
O.i 84(i2)
0.209 (36)
0.190(26)
O.i 62(54)
O.i 55{53)
0.234(29)
O.i 95(29)
O.i 86{29)

tt (t"Lu)
r

——0.965 +0.048 (4 mK),

= 1.048 +0.044 (20 mK).

Averaging the two results and employing the known
'"Lu' magnetic moment (it =2.245p, „),"we obtain

~p(t7'Lu)~ =(2.26+0.10)it„.

which might serve as a means of deducing the B,
of the parent state, there are a number of pure
E2 transitions which can be employed in conjunc-
tion with the computed U, values (Table II). These
are listed in Table V along with the corresponding
deduced values of B, for the 4 mK and 20 mK data.
Averaging the values of Table V we obtain

B,(4 mK} =0.668 +0.028,

Ba(20 mK) = 0.191p 0.009,

from which follow

d /T =0.689+ Q.Q27 (4 mK),

= 0.275 + 0.007 (20 mK}.

As was done above for the case of "'Lu, the
"'Lu magnetic moment can be deduced from a di-

The most precise of the coefficients of the P4
terms deduced from the measured angular distri-
bution is that of the 1094-keV y ray, for which
B~U~A~ = 0.015 +0.001. Using the computed U, value
f or the 1172-keV level (U, =0.245+0.076) along
with the A4 value appropriate for the deduced
1094-keV mixing ratio, we deduce from the 4 mK
data

B~ = 0.100 y0.031.

The B, value deduced above corresponds to

B,= 0.082 +0.007,

in good agreement with the former value.

D. ' 'Yb mixing ratios

Using the measured values of B,U2A, given in
Table III, along with the deduced B, and computed

TABLE VI. Mixing ratios of 7 Yb p rays.

6K= p

Rotational
intraband

transitions
(E2/M 1)

Interband
transitions
(E2/M 1)

(M2/E1 )

E
(keV)

67

86

109

518

627

713

840

667

853

1282

3 i
2 2

9+7
2

7 5
2 2

9 5
2 2

i i
2 2

7'7
2 Y
5 5
2 2

7 5
2 2

7 7
2 2

7 7
2 2

8 9
2 2

s+s
2 2

7 7

2 2

8 7
2 2

8 7

2 2

7 7

2 2

7 5
2 2

5
2 2

9+7
2 2

7'7
2 2

a+7
2 2

gi 7

2 2

7'7
2 2

7+7
2 2

(I K); (I K)g A 2 (x103)

-976(242)

483(91)

464(84)

447(74)

920(179)

—366(89)

734(97)

-181(61)

995(55)

157(20)

188(25)

357(27)

-516(88)

+2 p+5.0

-0.10 + 0.06

-0.07 +0.05

-0.08 + 0.04

+1 2'-0 7

+1.3 + 0.3
—2.1 + 0.4

-0.34 + 0.08

-o 51-o.'oz+ O.ii

+0.003+ 0.014

+0.015+ 0.016

-0.029+ 0.014

+0 12+0.32

0.70 ~0.03

0.276 + 0.08

0.24 +0.04

0.22 + 0.05

0.5 + 0.2

0.8 + 0.2

1 4+0 ~ 4

07 o2

0.5 + 0.2

p 07+0.03

0.11 + 0.03

&0.10

&0.14

We show only the solution for d which gives best agreement with
~

d
~

deduced from internal
conversion data; the alternate solution has been discarded.

Magnitude of ~ as determined from internal conversion coefficients (Refs. 4—6, 10).
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TABLE VII. Mixing ratios of 4%=0 and 1 7 Yb & rays.

E
{keV) (I K)j A2 5(E2/M1) '

91
324
400

410

482

486
490
528
536
540
551
577
585

595

631

682
697
709
810
816
901
929

1022

1041
1081
1113

4+3
4+4
3 3

4+4

4+ 3'
4+3'
3+3'
3'2'
4+ 3P
4+2'
5+2'
4+ 3'
4+ 3'

(4'3 )

4+ 2I

5+ 4
4+4
3+ 3H

4+4
5+4
4+4
5 4
4+ 3ll

(3+3")
(4+ 3Iti)
4+ 3II

3+3
4+ 3I
4+3

3+ 3'

4+2'

4+3
3'3
3'3
4+3'
4+ 3
5+3
3+3
3+2'

4+ 3i

6+3
5+3
2+2
4+3
5+3
3+3
4+ 3
4+3

3+ 3
4+3
3'3

0.672(46)
-0.589(30)

O.153(59)

-0.793(33)

-0.486(71)
-P.573(67)
-0.532(37)
—0.476(31)
—0.422(64)-P.411(49)
-0.317(110)

0.499(150)
o.38v(1o3)

-O.5O5(99)

0.227(74)

o.31o(v2)
0.142(10)

-O.243(54)
-0.421(17)
-0.536(44)

0.187(8)
0.422(17)

—0.503(51)

-O.519(V2)
-0.312(54)

0.749(69)

-2.4 + 0.2
+0.40+ 0.14

0.00+ 0.04 or -(9+26)

+0 94+ or +1.6+

+0.08+0' or +0.82' '

+p 4p+0.36

+0.13+ or +1.0+ 0.1
+0.05 + 0.04

-0.02+ 0.09 or +1.0+ 0.2
-0.04+ 0.07 or +1.0+p f
+1.1 + 0.3 or -0.18+ 0.15

-0.10+ 0.08
—0,04 + 0.06 or —(4, 3+

0
'
0)

(p 8+0'3) or +0 12+0'28

+0.05+ 0.04 or -(7 0 6)

+0.09+ 0.05 or +36'23
-0.012+ 0.007

+16+ 13

-0.026 ~ 0.024
+0.35 + 0.25
+0.066 + 0.005
-0.070 + 0.009

+0.11+0 pz or +0.75+ 0.17

+0.11'0' or +1.0'0 2

-0.17 + 0.07
-0.26+ 0.05 or -(2.1+0 2)

The value given for & is the root of A2 giving best agreement with the measured conversion
coefficients (Ref 27). For cases in which the conversion coefficients do not permit an unam-
biguous choice to be made, both possible solutions are shown, with the first one given some
slight preference.

U, values, the angular distribution parameters A,
were deduced for the mixed E2/Ml and M2/El
'"Yb y rays. In Table VI are shown the average
values of A, based on the 4 mK and 20 mK data.
The A, values yield two solutions for the mixing
ratio 5; by coxnparing our results with values of
~ti~ deduced from the internal conversion coeffi-
cients, ''' one of the solutions can be discarded
due to lack of agreement. The value of 5 giving
best agreement with the conversion coefficient
data is shown in Table VI.

E. ' Ybmixing ratios

The xneasured '~Yb y-ray angular distributions,
when corrected by the deduced B, and computed
U, values, yield the A, coefficients shown in Ta-
bles VII and VIII. The values of A, represent an
average of the 4 xnK and 20 mK data. %'e have
again selected the value of 6 to be that one of the
two roots of A, which gives the best agreement
with the multipolarities deduced from the internal

conversion coefficients. "' As a general rule,
the conversion data suggest primarily M1 multi-
polarity for transition between states having rhX
= 0 and 1, and E2 multipolarity for transitions be-
tween states having ~ ~2. %e have therefore
separated these two cases and have listed the cor-
responding y rays in Tables VII and VIII. In most
cases the uncertainties of the conversion coeffi-
cients are too large to permit the extraction of a
precise value of ~5~ to compare with the present
results. In cases in which the error limits of the
conversion coefficients do not permit a unique
choice of 5, both values are shown and the value
favored somewhat by comparison with the conver-
sion coeff ic ient is noted.

F. "Yb spin assignments

The spin assignments of the '"Yb levels deduced
from the results of the present work are shown in
Fig. 2. There are two major differences between
the presently proposed spin assignments and those
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TABLZ VIII. E2/Ml mixing ratios of LUG ~2 Yb y rays.

(keV)

270
372
912

1003
1094
1387
1403
1441
1470
1489
1543
1584
1603
1622
1666
1813
1915
2083

4+4
4+4
3'3
4+3
3+3
2+2
3'3'
3 2'
3 2
4+3'
4+2'
3+3'
5+3'
3+2'
5+2I
4+4
3+3ll

(4+3)

4+2I
3+2'
4+0
4+0
2+0
2+0
4+0
4+0
2+0
4+0
4+0
2+0
4+0
2+0
4+0
4+0
4+0
4+0

-0.592 (32)
-0.798 (31)
-0.318(21)

0.250 (19)
0.464 (30)
0.482 (53)
0.346 (31)
0.457(43)
0.128 (38)
0.292 (29)
0.294 (35)

-0.229(17)
-0.151(55)
-0.225 (19)
-0.290 (45)

0.254 (47)
-0.2 75(29)
-0.625 (90)

6(E2/M1)

+0.40+ 0.13
+1 2+ 0. 5

-1.9 +0.1
50+ oo

-3.2+ 0.2
(2 4+ 0~ 8)

+40+
p()

+10+ 4

(7 6+ i, 4)

-(24 &&) or -1.15+ 0.10
-(22+&&) or -12 +03
+18+3 or +0.31+0.01
+12+ 8 or +0.24+ 0.04
+18+ 3~ or +0.31+0.01

-(6.1",~ 9) or +0.33+ 0.03
&-18, ) +13, or —(1.0+0'i)
-0.34+ 0.03 or -2.2+ 0.2

+0.40 + 0.24

' See footnote to Table VII regarding choice of 6.

of Sen and Zganjar. " In addition, we are able to
propose one additional assignment on the basis of
our angular distribution data.

1. 1640-keV level

This level was assigned as 5 by Sen and Zganjar;
the Nuclear Data Sheets compilation" suggests 4
or 5 . This level is deexcited by means of the
378-keV transition, for which we deduce A,
= —0.419+ 0.027. The measured conversion coef-
ficient of e~ =0.015 +0.004 suggests El multi-
polarity (a» =0.0097) with a possible small admix-
ture of M2 (i5i =0.14~ ~~). From our A„we would
deduce 5 = -0.03 +0.04 if the 1640-keV level is as-
signed as 4, or 5=+0.42+0.02 for a 5 assign-
ment. The latter value is in substantial disagree-
ment with the measured conversion coefficient
(5=0.42 would require a» =0.046}. This supports
the 4 assignment.

The 432-keV transition connects the 2073- and
1640-keV levels. The measured conversion coef-
ficient (a» =0.011+ 0.003} is consistent with multi-
polarity El (a» =0.0071}with a possible small M2
admixture (i5i =0.15~"~}.Our angular distribu-
tion data yield A, =-0.532+0.029. For a 4 as-
signment to the 1640-keV level, this A yields
5(432}=+0.18'0»9, while if the 5 assignment were
correct, the A, would indicate 5(432) = —(0.9", ,').
Again, the latter value is in complete disagreement
with the measured conversion coefficient.

%le therefore conclude that the 1640-keV level
should be assigned as 4, and on that basis deduce

the M2/El mixing ratios:

5(378}= —0.03+0.04,

5(432) =+0.18'0'~ .

2. 1706-ke V level

Sen and Zganjar" suggested 4', 5', or 6' as the
possible assignments for this level, while the Nu-
clear Data compilation suggested 5 or 6 . The
conversion coefficients, particularly a~ of the de-
populating 1166-keV transition, +i of the populating
330-keV transition, and 0.~ of the populating 367-
keV transition, indicate E1 (+M2) multipolarities
for these transitions, and therefore suggest nega-
tive parity. We have determined the angular dis-
tribution parameters of the 330- and 367-keV
transitions. For the 330-keV transition we deduce
A, = —0.526+0.046; this corresponds to 5(330}
=+0.36+0.28 for a 5 (or 5+) assignment, and to
5(330)=+ 0.52(4) for a 6 (or 6+) assignment. For
the 367-keV transition, we deduce A, = 0.22+ 0.11,
from which we obtain 5(367) =+ 0.04+ 0.07 for a 5

(or 5+) assignment and an E3/M2 (or M3/E2) mix-
ing ratio of 5(367)=+ 0.4+ 0.1 or 5(367) & —5 for a
6 (or 6') assignment. The measured conversion
coefficients do not permit the admixtures of the
higher multipoles deduced for the spin-6 assign-
ment, and we therefore favor the 5 assignment,
with the corresponding deduced M2/E1 mixing ratios

5(330)=+ 0.36+ 0.28,
5(367) =+ 0.04+ 0.07.
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TABLE IX. Unplaced p transitions.

Unplaced y ray
(keV)

Reference transition
(keV)

I (g /I (7„,)
Present work Sen and Zganjar 8

229
233
352
562
862
953
964
991

1038
1054
1062
1125
1142
1145
1153
1179
1593
1920

203
229
366
551
901
929
929

1002
1094
1094
1094
1113
1113
1113
1113
1113
1603
1914

0.060 +0.006
0.60 +0.11

& 0.16
&0.16
& 0.001
& 0.015
&0.015

0,018 +0.003
& 0.0008
&0.0004
& 0.0004
&0.013
& 0.013
& 0.026
& 0.013
& 0.026
& 0.04
& 0.025

0.065
1.0
0.72
0.27
0.011
0.13
0.052
0.021
0.0032
0.0013
0.001 6
0.054
0.053
0.25
0.10
0.064
0.28
0.17

+0.006
+0.3
+0.23
+0.06
+0.005
+0.02
+0.010
+0.007
+ 0.0015
+0.0002
~0.0003
+ 0.008
6 0.021
+0.04
+ 0.02
+0.017
+ 0.06
+ 0.07

~ Reference 11.

3. 2213-keV level

The 1041-keV transition is assigned as primarily
of M1 multipolarity on the basis of the K conver-
sion coefficient, indicating possible 2', 3', or 4'
assignments for this level. For the 1041-keV
transition we deduce A, = —0.519+0.072, which
yield the following E2/Ml mixing ratios, based on
the possible spin assignments: 6(1041)= —0.9 (2'),
6(1041) + 0 11+o.x (3+) 5(1041) + 0 51+ 0 07 (4+)
The requirement of M1 multipolarity imposed by
0.~ is in somewhat better agreement with the 3' as-
signment and the value of 5 presented in Table VII.

4. 2344-ke V level

Sen and Zganjar" suggest a 4' assignment, while
the Nuclear Data Sheets compilation indicates 4' or
O'. The 10S1-keV transition is of M1 multipolarity,
as determined by the K-conversion coefficient. Our
deduced value of A, (1081)= —0.312+ 0.054 would be
consistent with a 4' assignment if 5(1081)= —0.17
+ 0.07, or with a 5' assignment if 5(1081)=+0.34
+ 0.04. For the 595-keV transition, the K-conver-
sion coefficient indicates mixed E2+M1 multipo-
larity with

~
5(595)

~

= 0.7+o",. For either spin as-
signment our measured A, yields E2/Ml mixing
ratios in agreement with that deduced from the K-
conversion coefficient. We favor the 4' assignment
based on the analysis of the 1081-keV transition.

It is of interest to note that the present spin as-
signments suggest the presence of two new rota-
tional bands, one based at 1640 keV and consisting
of the levels at 1640 keV (4 ) and 1706 keV (5 ),

and another based at 2213 keV and consisting of the
levels at 2213 keV (3') and 2344 keV (4').

G. Unplaced p rays

Sen and Zganjar" report the intensities of a num-
ber of y rays which they were unable to place in the
'"Lu decay scheme. Since their means of produc-
ing the '"Yb activity [Yb(o,,xn)'7oHf- '~Lu] differed
from ours [Yb(d, xn)"'"'Lu], a comparison of the
y-ray spectra can possibly provide some insight
into the placement of these y rays. Although in all
cases but one the intensities of these questionable
transitions were too low to determine angular dis-
tribution anisotropies, we have searched various
regions of the spectrum for evidence of these un-
placed transitions and have, in order to avoid un-
certainties associated with absolute detector effi-
ciency calibration, compared their intensities (or
upper limits thereon) with those of nearby transi-
tions. The results of this analysis for a number of
unplaced transitions are shown in Table IX. Incon-
clusive results were obtained for other unplaced
transitions. With the exception of the 229-, 233-,
and 991-keV transitions, we are able to place up-
per limits on the intensities of these unplaced
transitions as much as an order of magnitude low-
er than that of previous work. Therefore, within
these limits, these transitions are excluded from
the decay of '7 Lu.

The 229-keV transition is the most intense of the
unplaced transitions. Our presently determined
intensity agrees with that determined by Sen and
Zganjar. " A transition of this energy and inten-
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sity was also reported by Moroz et al. '4 [using a
sample produced by (a,»n)], and by Harmatz,
Handley, and Mihelich~ [using a sample produced
by (p, xs)]; in (tt, y) studies, Alenius et al."report
a transition of energy 228.1+ 1.5 keV. It seems,
therefore, entirely possible that this transition
belongs in the '"Yb level scheme, although it can-
not be placed among the existing levels. The in-
tensity of the 229-keV transition was sufficient to
permit the determination of its anisotropy and we
obtained

B,U,A, = 0.805+ O. OVO (4 mK),

= 0.214+ 0.022 (20 mK).

Assuming this transition to follow the '~Lu decay,
we can use our deduced B, values and obtain (aver-
aging the 4 mK and 20 mK results)

U,A, (229 keV) = 1.18+ 0.08.

Since the maximum value of U, is unity, this sug-
gests that A, ~ 1.1, which serves to restrict the
transition to AI= + 1; the A, for a AI= 0 transition
cannot be as large as unity. The estimated A, in
fact yields 5=+ 1 if the transition were I-I+ 1, and
&= —1 for I I- 1. We note, moreover, that this
transition shows the largest anisotropy of all the y
rays which follow the '"Lu decay; in fact, it is at
the limit of the largest possible A, values. This
suggests the possibility of an isomer (with a half-life
of several minutes, to be able to polarize the level) in
the '~Yb level scheme with a sufficiently large mag-
netic moment such that B ('TaYb isomer) & B('~' L)u.

It would be of interest to investigate the presence
of the 229-keV transition in y-ray coincidence
studies in order to test this speculation.

V. DISCUSSION

A. Magnetic moments

$71L gg

In Table X we compare the presently deduced
magnetic moment of "'Lu with those of the similar

Ti'[404] ground states of ' ' " Lu. The present
value for the "'Lu moment is seen to be somewhat
lower than the remaining values. That this is a
real effect and not traceable to, for example, im-
proper alloy fabrication or incorrect sample tem-
perature monitoring, follows from our simulta-
neous deduction of the '"Lu and ' 'Lu moments by
direct comparison with the ' Lu~ moment in the
identical sample. Any effect which would give rise
to a lowering of the "'Lu moment would produce a
similar effect on the "'Lu moment. The only pos-
sible cause of this reduction unrelated to direct
nuclear structure effects might possibly be our as-
sumptions regarding the parameters of the decay
which were incorporated into our calculation of the

U, and A, values. However, we have tried to in-
clude reasonable uncertainties in our U, and A,
values which reflect possible spreads in the values
of the decay parameters; such uncertainties are
reflected in the ultimate uncertainty derived for
the '"Lu magnetic moment.

Since the magnetic moments are relatively in-
sensitive to the rotational g factor g„, we show in

Table X values of the intrinsic g factor g~, com-
puted from the empirical moments using the re-
presentative constant g~ values of 0.35+ 0.02.'4

The g~ value is related to the nuclear deformation
parameter indirectly through the expectation value
of the spin of the odd particle along the nuclear
symmetry axis. The present results suggest a
smaller moment for the '"Lu compared with the
other odd-mass Lu isotopes; this corresponds to a
smaller g» value. For gs = 0.58 (gs)„„,"the min-
imum value of g» permitted (corresponding to (ss)
= —T) for the T [404] Nilsson state is g» =0.68,
which is just at the limit of the presently measured
value. A definite conclusion, based on the present
results, in terms of variation in the nuclear de-
formation gs or (ss) may, therefore, not be made
unambiguously. We note, however, that other
causes (for example, configuration mixing in the
nuclear ground states) may be invoked in an at-
tempt to justify this variation in the moments.

+
TABLE X. Magnetic moments of/ [404[ states of odd-mass lutetium isotopes.

Mass number

17i
i73
i75
i77

(+)2.04 +0.10
(+)2.34 0.09b

+ 2.2380 +0.000i
+ 2.245 +0.0i 0

0.35 ~0.02
0.35 ~0.02
0.35 +0.02
0.35+0.02

0.646 +0.037
0.760 +0.034
0.722 + 0.006
0.725 +0.007

~ Reference 34.
Reference 2.

c Reference 31.
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TABLE XI. Mixing ratios of common interband transi-
tions in 7 Yb and ~3Yb.

Initial state Final state
S/Z„QVreV)

Yb yb

—,
' 7[514]

-', ~[514]
7 ~[514]

-' -'[512]
2 2

2 2
[512]

5 5 [512]

+2 3+3'3 +2 2+i. 5-0 7

+2.1+ 0.5 +3.3~ 0.2

-2.9+ 0.6 (1 3'-o.'e ~

where s and l refer, respectively, to the spin and
orbital angular momenta of the particle. For the
above configuration, using q = 5.5 and g~ = 0.6(gs )„„,
we obtain p, =+2.70',„for the {7'p, T n} configura-
tion, and p = —0.10'„for the (T' p, T'n} configura-
tion. While the measured value is in much better
agreement with the former than with the latter val-
ue, the difference between the measured and calcu-
lated values can be interpreted as arising from an
admixture of the order of 1Ãp of f7 p, T n} into the
predominately (T' P, T n} state.

B. Mixing ratios

171Py

For the E2/M1 mixing ratios of the "'Yb intra-
band transitions shown in Table VI, the results of
the present work are in agreement with the con-
version coefficient results only within about 2 stan-
dard deviations. We believe this to be a result of
the difficulty in analyzing the low energy region of
our spectra to extract the anisotropies (see Fig.
3). For these transitions the present work indi-
cates unambiguously the sign of 5, while the more
reliable value for the magnitude is probably that
deduced from the conversion coefficients. We note
that the negative phase of the 86- and 109-keV
transitions agrees with our previous work for the
corresponding transitions in "'Yb.

In Table XI we compare the presently measured

The 4 ground state of ' 'Lu may be accounted for
in terms of two intrinsic configurations, either of
which might be expected at relatively low energies.
These are (T~+[404]&+I [521]„}or f T [541]~
+ TV+[633]„}. Since the former configuration is char-
acterized by a larger share of the orbital angular
momentum residing with the proton state, that con-
figuration is expected to exhibit a larger moment.
The magnetic moment of such a two-particle con-
figuration may be computed according to the rela-
tionship

I
1

hs& z&'p+ gs„&sz& +a &4&p+ gs]

Of& IM(E2) I l I~K(&'
&I,K, IM(M1)III;K;&

= 0.835 E„(MeV)

&I,K, 2(K& -K,) S,K, &(SCj M'(E2)lZ;&
(I(K;1(g —K() I~K~) (KI M'(Ml) lK;)

' (5)

where we have followed the notation of Nathan and
Nilsson. " The ratio of intrinsic matrix elements
of M' we will refer to as O'. Then from the transi-
tions connecting the intrinsic states directly we
obtain

interband T [514]-T [512] "'Yb transitions with

those of "'Yb measured previously. ' Since the
mixing ratio contains an intrinsic dependence on
the transition energy, we have tabulated 5/E„(MeV)
in order to facilitate the comparison. The magni-
tudes and phases agree remarkably well, indicating
that Coriolis mixing of the same levels and of the
same amplitude may be invoked in both nuclei to
explain the deviations of these A-forbidden transi-
tions from the predictions of the Alaga rules (viz. ,

a uniform relative phase and relative magnitudes
which are in disagreement with the experimental
results) .

Since the experimental data involved in the
Coriolis calculation are nearly identical to those of
our previous work, the calculations need not be
repeated here; details may be found in Ref. 2. We
summarize by stating that a Coriolis matrix ele-
ments = 0.1, which gives the amplitude of mixing
of the T [523] Nilsson state into the T [514] state,
is sufficient to yield excellent agreement between
the experimental and calculated magnitudes and
phases of the mixing ratios.

The two E2/Ml transitions from the T'[624] level
to the levels of the T'[633] band have both E2 and
M1 components permitted by the selection rules
based on the Nilsson assignments. These transi-
tions are thus of predominately M1 multipolarity,
as opposed to the dominant E2 multipolarity of
those considered above. By way of comparison,
mixing ratios of similar transitions have been
measured in '"Hf by West, Mann, and Nagle, "who
obtained 5=+0.22+0.02 for the 425-keV, T T[633]- T'f624] transition, and 5 =+ 0.9+00 2 for the 527-
keV, T+ v7[633] - v'@624] transition. (We have re-
analyzed the angular correlation results of West
et al. using the present phase convention and more
recent values of the 208-keV M2/E1 mixing ratio. ')
Since all four transitions involve the same Nilsson
states, their mixing ratios can be reduced to ratios
of intrinsic E2 and M1 matrix elements by the use
of the appropriate Clebsch-Gordan coefficients.
The mixing ratio 5 may be expressed as follows:



1308 KRANE, 0 LSEN, ROSENBLU M, AND ST E YE RT 13

6'(425 keV, ' Hf) = —0.77+ 0.08,

6'(840 keV, "'Yb) = —0.91""
indicating quite good agreement. (We have changed
the sign of the '"Hf mixing ratios to account for the
interchange of initial and final states ).For the
transitions involving the first rotational state of
the [633] band, we obtain

6'(527 keV, ~ Hf) = —1,.4+

6'(767 keV, '"Yb) = —0.53+ 0.12.

Here the agreement is not good. The discrepancy
may arise from configuration mixing, and it is in-
teresting to note that the Coriolis matrix element
connecting the v9 [624] and &+ [633] intrinsic states
is quite large, "and thus the x9 f633] state may
contain an admixture associated with the v9+I624]
configuration (Th. is mixing, of course, does not
affect the v7 v7[633] state. ) The admixture is ex-
pected to be twice as large in "VHf as in '7'Yb, ow-
ing to the factor of 2 difference in the energy sep-
aration of the intrinsic states. Moreover, as the
sign of the energy difference changes between '"Hf
and ' 'Yb, the mixing is expected to give rise to
effects of opposite signs. These expectations are
in qualitative agreement with the observed differ-
ences in the 5' values.

172+b.

In Table XII is shown a comparison of certain of
the presently measured "~Yb E2/Ml mixing ratios
with those measured in previous work. In general
the agreement is reasonably good, in view of the
various techniques represented. Moreover, the
assumptions made in the present work in calculat-
ing the U, values associated with the '"Lu decay
are vindicated by the good agreement obtained,
particularly for the 901-, 912-, and 1094-keV
transitions. Although there apyears to be a dis-
crepancy in sign in the case of the 1003-keV trans-
ition, all measured values overlap for infinitely
large values of 5. What appears to be a serious
discrepancy in the case of the 1584-keV transition
may be resolved if, instead of the value -0.074,
one selects the larger root of 5 from the angular
correlation work, "namely + 11+2. The internal
conversion data"' suggest E2 multipolarity, in
agreement with this choice. The small discrepancy
between the results for the 1387-keV transition
may in fact be due to the inQuence of the 1387-keV
transition from the 1927-keV 5' level to the 540-
keV 6+ level. The intensity of the latter transition
is estimated" to be -5% that of the 2'-2+ 1387-keV
transition.

The transitions from the K= 3 band built on the

1172-keV level present an interesting and unusual
problem for analysis, since the K assignments for-
bid both the M1 and E2 transition multipoles. In
order to explain the observed mixing ratios (which
suggest 1(Pp Ml and 2(PO Ml for the 1094- and 912-
keV transitions, respectively), some sort of band-
mixing must be invoked. The lowest order admix-
ture permitting both E2 and Mi transitons would
be a K= 2 component in the ground-state band.
This type of band-mixing analysis has been done
frequently and with reasonable success to explain
the deviation of the B(E2) values of y-band to
ground-state-band transitions from the predictions
of the rotational model. (In such an analysis of the
'"Yb transitions from the K= 3 band to the K= 0
band, the computed E2/Ml mixing ratios would be
independent of the band mixing amplitude, since
the E2 and M1 components would be proportional to
the same mixing parameter )For .the case of the
912-, 1003-, and 1094-keV transitions, this type
of analysis would predict E2/M1 mixing ratios with
relative magnitudes 2.7/1. 3/1. 0, respectively, and
with uniform phases. The magnitudes so predicted
are not in agreement with those observed, and this
type of analysis is not capable of predicting what
is apparently a sort of "resonance" behavior of the
1003-keV mixing ratio. Such behavior depends on
the vanishing of the Ml term, and therefore prob-
ably involves mixing in both initial and final states,
which would give rise to two contributions to the
M1 matrix element.

More detailed attempts at a band-mixing analysis
of these transitions have been done by Belt et al. ,"
who considered various yarametrizations of the
mixing in the K'=3' band. Inboth the Bohr-Mottel-
son and Mikhailov calculations, the amount of mix-
ing in the 4' state of the K'= 3' rotational band nec-
essary to obtain agreement with the observed
transition probabilities differed appreciably from
that needed for the 3 and 5+ levels. Moreover, an
apparently anomalous cross section for the 4' state
was noted in the inelastic deuteron scattering
studies of Burke and Elbek. " It thus appears that
a complete interpretation of the K = 3 band may
involve the mixing of many states, and may even
include collective contributions.

For most of the K-allowed E2+Mi transitions,
the results of the present work serve to establish
a small upper limit (& a few per cent) on the E2
components, in agreement with the K assignments.
However, the relative magnitudes and phases are
again suggestive of K mixing. As an example, we
consider the transitions from states of the K = 4'
band based at 2073 keV to states of the K'= 3' band
at 1172 keV. For unique K assignments, the ratios
of the reduced matrix elements of the E2 and M1
operators should be proportional to ratios of Cleb-
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TABLE XII. Comparison of experimental E2/Ml mixing ratios of Yb& rays.

E
(keV) Present work

Gunther et al.
(Ref. 15)

6(E2/M 1)
Previous work

Vukanovic et al.
(Ref. 18) Others

810

901

912

1003

1095

1387

1470
1584
1915

-0.026 + 0.024

+0.066+ 0.005

-1.9 + 0.1
+50+ 29

-3.2 + 0.2
4+ 0 ~ 8)

-(7.6", (4))

+18 + 13
-0.34 + 0.03

-0.13p 25+0 ~ 50

+0.066+ 0.011

-(1.2 '0:4')

-(17+~ )

-3.7 + 0.3

+0.12+ 0.13

-1.7 + 0.2

&+13,&-13

-3.3 + 0.4

p 00+0 ~13

+0.056+ 0.015
+0.049+ 0.038

-3.15 + 0.15
-3.64 + 0.15
(9 3+5.0) e

-2.0-(5.6+ 3'0) ~

—0.074 + 0.020
—0.10 +0.01

Wagner and Lange, Ref. 20.
Begzhanov et al. , Ref. 21.
Stautberg, Shera, and Casper, Ref. 14.
Blumberg et al. , Ref. 17.
Lange, Ref. 19.

sch-Gordan coefficients. In Table XIII we compare
the measured E2/M 1 mixing ratios with ratios of the
Clebsch-Gordan coefficients (I,K;L(Kz —K, ) II&K&)

for Kq = 4, K = 3, and L = 1 or 2 (for Ml and E2,
respectively). (The Clebsch-Gordan coefficient
ratios should, in reality, be compared with 6/E&,
but this introduces only a minor correction. ) It is
apparent that the relative variations of the ob-
served values of 5 are not reproduced well by the
predicted ratios; in particular, the phases should
have uniform values, in disagreement with those
observed. This suggests that a complete interpre-
tation of the E2/Ml mixing ratios requires mixing
of various intrinsic states. We note that similar
conclusions regarding the K,"= 4' to Kf ——3' transi-
tions were deduced by Sen and Zganjar" based on

the ratios of reduced transition probabilities.
It is of interest to note that the transitions con-

necting the states of the K"= 4' band with those of
the K"= 3' band have, with possibly one exception,

E2 components of at most 1%. The K"= 3' state at
1172 keV has generally been interpreted" as a two-
neutron state with the configuration (z [512]„
+ z [521]„). The 2073-keV state is identified" with
the two-proton state(~ [404]~+ ~~ [411]~}. The cou-
pling of the intrinsic states and rotational excita-
tions of these two configurations by means of M1
transitions is strongly suggestive of mixing of the
two configurations. (Such mixing of two-proton and

two-neutron configurations has been observed in
other nuclei in this mass region. ) The mixing, in

fact, most likely involves an admixture of the Z= 0
counterpart of the 2073-keV level configuration,
the K"= 3' two-proton state (~+ [404]~ —z [411]~f
(which may be identified with the 1663-keV level),
with the K = 3+ two-neutron configuration in the
1172-keV state. In this way, the K"= 4' to K'= 3'
transitions can proceed by merely flipping the spin
of the ~+ [411]proton, and thus the Ml nature of the
transition is justified. We note in addition that the

TABLE XIII. E2/Mi mixing ratios of A ~ =4+ to A. ~= 3+ transitions in Yb.

I)
(K$ =4+)

I~
(Eg =3+) (keV)

(I; 42-1 ilq 3)
(I( 4 i -i i' 3)

90i
8io
697
929
Si6
682

+ 0.066 +0.005
-0.026 +0.024
-O.oi2 +0.007
-0.070 +0.009
+0.35 +0.25
+0.09 ~0.05

0.774
i.383
2.450
0.408
i.i 20
2.i 97
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observed g factor of the 1172-keV level is also in-
dicative of an impurity in the level. The measured
value of the g factor is +0.21+ 0.01,"~while the
theoretical value corresponding to the two-neutron
configuration would be -0.04. According to the
transfer-reaction data of Burke and Elbek, "the
two-neutron configuration accounts for only 75% of
the 1172-keV state. If the other 25%%up were the
K'= 3+ two-proton configuration (g=+ 1), the ex-
pected g factor would agree quite well with the
measured value. Thus the assumptions of mixing
of two-neutron and two-proton configurations in the
1172-keV level is consistent with the observed
static moment and the multipole characters of the
populating transitions.

Considering the transitions from the K'= 3+ (E
= 1663 keV) to the K"= 3+ band, we note that again
the E2 admixtures are observed to be relatively
small, at least as compared with the transitions in
which the M1 component is K forbidden. Based on
transfer-reaction studies, the 3' band has been in-
terpreted as arising from coupling of the T [512]
and T [521] Nilsson states, while the 3' band has
been interpreted as the +' [505] —Y [512] configu-
ration. Therefore, transitions between these bands
would correspond to ~n [505]-T [512] neutron
transitions. Such transitions ought to be highly for-

bidden, and based on systematics one should find
the E2 mode to be dominant. As no such case is
observed, this suggests either that the assignments
are incorrect or that the states contain large ad-
mixtures of other configurations.

VI. SUMMARY

As a continuation of earlier work on the nuclear
structure information deduced from y-ray angular
distributions following the decays of "'Lu, "'Lu ',
and '"Lu &~, we have measured the anisotropies of
y-ray angular distributions following the decays of
"'Lu and '"Lu. The nuclear magnetic dipole mo-
ments of '"s'"Lu have been deduced and compared
with expectations based on the Nilsson model. The
E2/M1 mixing ratios of transitions in "'Yb were
compared to transitions connecting the same Nils-
son states in '"Yb and '"Hf, and the deviations of
the '"Yb mixing ratios from expectations based on
the Alaga rules and from the corresponding trans-
itions in "'Hf were shown to be consistent with an
interpretation in terms of Coriolis mixing of the
various Nilsson states. The '"Yb E2/Ml mixing
ratios also suggest the necessity of invoking mix-
ing of intrinsic states to explain the relative mag-
nitudes and phases of the mixing ratios of the
transitions connecting the various bands.
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