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Study of the Decay of Trn"s to Levels in Er'6s Using Coincidence
and Directional Correlation Techniques*
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The levels in Er16' populated by electron capture of Tm"' have been studied using scintillation spec-
trometers, gamma-gamma and electron-gamma coincidence measurements, and directional correlation
techniques. This work leads to the following conclusions: the spin and parity of the 1543-keV level are
veri6ed as 3-; the 1280-keV transition is 81(&»0.08%M2); the It21-keV transition is E1(~&0.05 j&3f2); and
the 743-keV transition is L&2(&&2.4 joM1). The attenuation coeScient 02 for the 1280—80-keV correlation
was determined to be 0.77+0.19 for a source consisting of a dilute aqueous solution of TmC13. The analysis
of the results of the Tm" decay is compared with the predictions using various models. The ratios of reduced
transition probabilities for transitions from the gamma vibrational band in Er'6 are analyzed and a band-
mixing parameter s =0.055 is found.

ing parameters for the transitions from the gamma vi-
brational band in Er"8 will be presented.

It has been established that 69Tm'" decays via elec-
tron capture to levels in Er"8 with a half-life of 87 days. '
Jacob et a/. to investigated the Tm'" decay and presented
a decay scheme and electron and photon intensities for
most of the transitions. Half-life determinations ~"have
been carried out for a few states in Er'". The Coulomb
excitation of the 6rst excited state has been observed'4
and, recently, the possible Coulomb excitation of the
second 2+ state (822 lreV) has been reported. " The
levels in Er'" have also been studied by resonant neu-
tron capture' in Er"" and by the Er'"(d P)Er'" reac-
tion. '6 In the present work, improved gamma-ray inten-
sity measurements have been carried out. Some inten-
sity ratios of gamma rays in composite peaks were deter-
mined from internal conversion electron-gamma ray co-
incidence data. Gamma-gamma directional correlation
measurements were performed to establish the multi-
polarities of some of the transitions and to verify the
originally postulated spins of the 1095-keV and the 1543-
keV levels.

I. INTRODUCTION

HK excitation levels in even-even nuclei in the de-
formed region are characterized by a ground-state

rotational band and a complicated set of levels which be-
gin at energies above approximately 800 keV. Two mod-
els of the nucleus are widely used to describe these nu-
clear states: the unihed model of Bohr and Mottelson'
and the asymmetric rotator model erst developed by
Davydov and co-workers. ' However, current models de-

scribing nuclear states have become more sophisticated.
Attempts have recently been made~' to interpret the
states which are not quantitatively incorporated in the
Bohr-Mottelson and Davydov models, Among such
states are the negative parity states, usually described
as octupole vibrations or intrinsic excitations.

It becomes increasingly important to have a better
knowledge of the character of nuclear states. In particu-
lar, more precise information regarding the admixtures
and relative intensities of the transitions depopulating
the states and veri6cation or establishment of many of
the spins of these states is needed. Therefore, an investi-

gation of the character of the states in the highly de-

formed nucleus Kr'" was undertaken. The results of this
investigation will be compared with the results of similar

recent studies. ~' The comparison of these results with

theoretical calculations will be discussed and band-mix-

II. PROCEDURE

Gamma-ray scintillation spectra were obtained using
NaI '(Tl) crystals ranging in size from 3 P 3 in. to 1 in.
diam by 4 mm thick. A conventional fast-slow coinci-
dence circuit with a resolving time (2r) of 0.10 tssec was
employed with the scintillation spectrometers for the

~%'ork accomplished in part under contract with the U. S.
Atomic Energy Commission.
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gamma-gamma and conversion electron-gamma coinci-
dence measurements. The electron detector was a ~-in. -
thick Pilot 8 scintillator. The output of the coincidence
circuit was used to gate a multichannel analyzer.

An interTnediate-image spectrometer (IIS) of the
Slatis-Siegbahn type was used to gate internal-conver-
sion electron peaks in some conversion electron-gamma
ray coincidence measurements. The gamma rays were
detected using a 1-X2-in. NaI (Tl) crystal (resolution
approximately 10% for 661-keV gamma rays). A fast-
slow coincidence circuit of resolving time 0,10 @sec was
employed. The output of this circuit was used to gate a
256 channel analyzer. The I'IS sources were made by
separating the target material from the activity using
the ion-exchange method. '~ The activity, which was in
the form of the oxide, was dissolved in 6X HCl and de-
posited on a thin Mylar film (1 mg/cm') which was at-
tached to the Lucite source holder.

Directional correlation Ineasurements were performed
with a fast-slow coincidence circuit having a resolving
time (2r) which was adjustable from 0.010 to 0.050 @sec.
These resolving times insured a true to chance coinci-
dence ratio of at least twenty to one for all correlations
reported in this work. For most correlations this ratio
was 6fty to one. For energies above 500 keV, 2-X2-in.
NaI (Tl) crystals were emPloyed. A 1-Xrs-in. crystal was
used for energies between 200 and 500 keV and a 1-in.
diam by 4-mm-thick crystal for energies below 200 keV.
The 2-g2-in. and 1-X2-in. crystals were shielded later-
ally with approximately 4 g/cm' of Pb For co. rrelations
involving gamma rays of less than 100 keV, 4 g/cm' of
Cu shielding was placed over all Pb shielding to mini-
mize detection of Pb Buorescence radiation. The various
frontal shieMs that were used are described later. The
correlations were performed. using an automatic direc-
tional correlation apparatus, and were run in the normal
double quadrant sequence. Data were taken usually at
Ave angles per quadrant but, ln some cases the counting
rates were so small that data were taken only every 45'.
The data were analyzed by the least-squares method as
described by Rose.'8 The resulting coeScients were cor-
rected for finite angular resolution using the results of
Arns et ul." for the 2-g2-in. crystals and using the
method described by Rose" for the other crystals.

The radioactive sources were made by proton irradia-
tions of enriched Er203. The source was then allowed to
age for about two months so the Tm"' (2'res ——9.6 days)
fraction would decay suSciently to give a relatively pure
source of Tm" (Tm"r&5'%%u)

"G.R. Choppin and R. J. Silva, Inorg. and Nucl. Chem. 3, j.53
(1956).

"M. E. Rose, Phys. Rev. 91, 610 (1953)."R.G. Arns, R. E.Sund, and M. L. Wiedenbeck (privately cir-
culated report).

A. Gamma-Ray Intensity Measurements

Gamma-ray singles spectra obtained with a 3-&3-in.
NaI (Tl) crystal are shown in Fig. 1.The source distance
was 25 cm and no frontal absorber was used. The rela-
tive intensities of the prominent gamma rays were ob-
tained by breaking apart a number of such spectra in
the conventional way. ES.ciency curves of %'olicki et
al. ,'0 peak-to-total ratios of Heath, "and escape peak in-
tensity to total peak intensity ratios of CrouthameP'
were used in the analysis. The resulting intensities are
presented in column 2 of Table I.Relative E-conversion
electron intensities of Jacob el al."are presented in col-
umn 4 of Table I. It would have been ideal to normalize
the gamma-ray intensities with respect to the intensity
of the 80-keV gamma ray since this is the only gamma
ray of known multipolarity'0 which is not part of a com-
posite peak in the'singles spectrum. However, the 80-
keV peak height is only about three times higher than.
the Compton background and the exact shape of this
background spectrum could not be determined.

A suitable normalization can be effected by requiring
(1) the experimental internal conversion coefficient for
the 1.98-keV transition to be at least as large as the theo-
retical E1 conversion coefficient, (2) the 185-keV transi-
tion to be E2 (as is evident from the work of Jacob seal. ),
and (3) consistency among the photon intensities in the
80-J- coincidence data of Table II (i.e., the 198-keV
transition must be of suScient intensity to account for
the intensity of the 817-keV transition). A norrnaliza-
tion which satis6es these requirements will result if the
448-keV tI'ansltlon ls assigned a photon lntenslty of ap-
proximately 1400 units. This results in an experimental
E-conversion coe%cient indicating an 3f1 multipolarity
for the 448-keV transition.

Conversion electron-gamma coincidence measu're-
ments were obtained by gating with the 80-L, 185-1.,
and 198-E conversion electrons. The 80-I conversion
electrons were detected in a Pilot 8 scintillator. The
gaInma-ray spectrum was obtained with a 1~~-&&2-in.
NaI (Tl) crystal ( 7.5%%uq resolution at 661 keV) at a
source distance of 10 cm. The singles and coincidence
spectra are shown in Figs. 2(a) and 2(b), respectively.
The coincidence spectrum with the electron gate set
above the 80-I.conversion electron peak is shown in Fig.
2 (c).Figures 2 (b) and 2 (c) were normalized so the 1280-
keV transition is of equal intensity in each. A point by
point subtraction of these two curves was performed.
The intensity of each transition in the resulting spectra
is that part of the transition which is in coincidence with

"E.A. %olichi, R. Jastrow, and L. Brooks, Naval Research
Laboratory Report NRL-4833, 1956 (unpublished); and S. H.
Vegors, Jr., L. L. Marsden, and R. L. Heath, Atomic Energy
Commission Research and Development Report IDO-16370
(unpublished)."R.L. Heath, Phillips Petroleum Company, Atomic Energy
Dlvlsron (nnpnbllshed) .

"App/ied awny-Euy Spectrometry, edited by C. E.Crouthamel
(Pergamon Press, Inc. , New York, 1960).
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TABLEz I. Intensity data for ra a or transitions in Er"8.
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100
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CHANNEL
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' - -in. NaI(T1) detector at 25 cm

s ~ows a 1280-keV contour (Na~).

Transltlon
(keV)

K x-ray
80
99

185
198
273
448
547
558
633
646
721
732
743
817
822
831
917

1016
~1085
~1180

1280
-1365

1464
~1525

&100
1400

250+75

750+150

2100+300

4600+400

250+100

770+100
[140j 10
900d
600
830~

3350
800'

&440

Photon Intensit

6820+700+
59(}+100
180+90

3970+400 1000'
2970

E-Conversion
Electron
Intensity

200
140

58
~{}.7
weak

5.7

2.0
2.1
4.5

14
3.5
0.7
0.7

~0.05

Experimental
Internal Conversion

Coe@cient
A+

(O.L=3.33)

4.5(—21
p4.0(—2)

4.1(—2)
2.8(—3)

7.4(—3)

3.5(—3)

4.2(—3)

p1.4(—3)
33(—3)

~2.9(—3)

~8.9(—4)

Multiple
Order

n
L1+M2[M2]

M1
Ai

L'2
[E,l] M2

J~ 1
K~2

Ei andjor M2
K~2

P.:13

Total
Intensity

X&(1+ay)
6820

4400~25%

1330
3150
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900
600

440
210

«84 for Z-capture; 16
I. i 1 tr

e 2 to obtain + .ec on intensit .
y calculated from M. O.om . O. obtained using dir *'

g 1rectional correl ta ion resultsI
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TAsLz III. Results of directional correlation measurements on cascades in Er"8.

Correlation
(keV-keV)

Experimental Results
W(8) =1+AsPg+A4P4 W(S) =1+ArPg

A2 A4 Ag

Sequences
Possible Preferred Remarks

Gates
(Fig. 6)

1280-80
1280-185

831-185
721-822

—0.107+0.021 0.039+0.030 —0.094+0.018—0.140~0.023 0.019+0.033 —0.132&0.020 3(D,Q)4(Q)2
5(D,Q)4(Q)2

0.001+0.019 0.006+0.023-0.067+0.013 0.018+0.021 —0.061+0.011 J(D,Q)2(Q)0
where J has the

values 1-5

—0.027&8&0 027
Q &0.08'/e

—0.22&&&0.012

721-743
721-743

(corrected for
721-822 in"
terference)

198-81.7

0.000+0.014 —0.008+0.023
0.008a0.017 —0.011+0.029

—0.019+0.021 0.000+0.025 -0.019+0.019 2(»Q)3 (»Q) 2
3(D,Q)3(D,Q)2
4(D,Q)3(D,Q)2

3(D)2(D,Q)2 s&6.3, Q&97.6%—0 54&&&0 27
6.8% & Q(22.5%

B. Directional Correlation Measurements

Directional correlations were carried out on the fol)ow-

ing gamma-ray cascades: 1280—80, 1280-185, 831—185,
721-822, 721-743, 448—198, 198—817, and 198—185 keV.
The correlation source was a dilute solution of TmC13
dissolved in 6X HC1. The source strength was approxi-
mately 4p, Ci.

(b)

(c)
COI-
R
O

10'

20
I

40

I

60 80
CHANNEL

I

100 120

Fxe. 3. Gamma-ray coincidence spectra obtained when gating
185-L (curve b) and 198-X {curve c) internal conversion electrons.
The electrons were detected using the intermediate-image spec-
trometer. Curve (a) shows a gamma-ray singles spectrum.

The 448-198-keV correlation gave an isotropic dis-
tribution as might be expected since the 198-keV transi-
tion depopulates a relatively long-lived metastable state.
The statistical error for the 198—185-keV correlation was
too large to permit a reasonable analysis. This large er-
ror results from the relatively high Compton back-
ground. coincidence rate compared to the 198-185-keV
coincidence rate. This result might be expected since the
198-keV transition is also in coincidence with the Comp-
ton background of the very intense 817-keV transition.
The results of the remaining correlations are presented
in Table III. No corrections for interfering cascades
have been made except where noted and only statistical
errors were included in the analysis. The gamma-ray
singles spectra and gate regions for the various correla-
tions are shown in Fig. 6. The letters designating the
various gates correspond to the letters presented in the
last column of Table III. For Figs. 6(a) and 6(b) the
source distance was 7 cm and the frontal shielding was
2 g/cm' of Pb and 2 g/cm' of Cu. The spectrum in Fig.
6(c) was obtained with a source distance of 2.7 cm and
500 mg/cm' of Cu frontal shielding. The source distance
in Fig. 6(d) was 7 cm and the frontal shielding was
980 mg/cm' of Cu.

There should be no interference in the 1280-185-keV
correlation due to other cascades. From the level scheme
it is evident that the 1280—185-keV cascade is a J-4-2
sequence where Jdenotes the spin of the 1543-keV level.
The 4+ assignment for the 264-keV state and the E2 as-
signment to the 185-keV transition have been discussed
by Jacob et ut. and are the most likely assignments. In
addition, the internal conversion coeKcient data pre-
sented in Table II indicates that the 1280-keV transition
has a predominent E1 character. Thus, the 1280-185-
keV correlation data should be compatible with aJ(D,Q)
4 (Q) 2 sequence. Only values of J=3 or J=5 satisfy
this interpretation.
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DECAY OF Tm''' TO LEVELS IN Er'''

E2+M1(M1&2.4%). From Table I it follows that the
732-keV transition is predominantly E2.

This correlation was run to help determine the spin
of the 1095-keV level. The interfering 831—185-keV
cascade probably contributed less than 3% of the total
coincidences and is neglected. The results of this correla-
tion are inconclusive. If one assumes that the 817-keV
tl'Rllsitloil 18 pill'e E2 Rnd pl'occcds fl'oII1 R 3+ to R 2+
state, then the 2(D,Q) 3(Q)2 and 4(D,Q) 3(Q)2 se-
quences are preferred. The 3(D,Q) 3(Q)2 sequence re-
quires an M2 admixture of at least 18% in the 198-keV
transition whereas the limit on this admixture is less
than 2%%uo as determined from the experimental E-con-
version coefficient (Table I).However, an M1 admixture
of approximately 1.5% in the 811-keV transition does al-
low a 3(D)3(D,Q)2 sequence to be compatible with the
results of the 198—817-keV correlation.

This correlation was performed to determine the time
average attenuation of this correlation due to the mean-
life of the 80-keV level. The correlation is due to a

A~ ANO A4 VS Q

FOR A

3(D,Q) 4(Q) 2, SEQUENCE

0 0.00l 0.002
Q

I rc. 8. Directional
correlRt1011 dRtR for
the 721-822-keV cor-
relation. The solid
hne is the least-
squares fitted curve,
and the dashed line
the theoretical curve
for a 3(D) 2(Q) 0
sequence.

I,OO-,
I

W(8)
N(90 )

.95-

90 90
I I

l20 l50 l80
8

3(D,Q)4(Q)2(Q)0 sequence and should be identical to a
3 (D,Q)4(Q) 2 sequence. Since the 1280-185-keV cascade
is a 3 (D,Q)4(Q) 2 sequence and is presumably unattenu-
ated, the time average attenuation coefficients C~ for
the 1280—80-keV correlation can be obtained by taking
the ratio of the respective coefFicients in the 1280—80-
and 1280-185-keV correlations. For a liquid source of
TmC13 dissolved. in 6X HCl one finds that 62——0.765
&0.196 and 04=2.05+3.60. Bodenstedt e/ a/. 12 have
found this correlation to be slightly attenuated for a
llquld solll'cc of TII1 (NO1) 1 dissolved 1113/V HNOg. How-
ever, they were able to measure the differential angular
correlation as a function of delay time and found G2
=e ""where 4= (5.8&2.9)X10' sec ' This time-de-
pendent attenuation coefFicient couM not be determined
in the present work due to the relatively large resolving
time of our coincidence circuit.

C. Conclusions

The preceding analysis brings out certain features of
the various energy levels. These features and additional
conclusions are presented below for each of the levels.

0,4-

-O, l-

g r &/r/gr
&/r

0

- —0.02

-0.2-

—0.3-
—0.08

—0.4-

—0.5 -.

0.2 0,8 I,O

Pro. 7. Theoretical values of A2 and A4 plotted versus Q (quad-
rupole content) for a 3 (D,Q) 4 (Q) 2 sequence. The experimental
values of the coefficients for the 1280—185-keV correlation and the
values of Q consistent with these coeKcients are shown on the
gl aph.

The spin and parity of this level, as postulated by
Jacob e/ a/. ,

Io have been verified as 3 . The transitions
depopulating this state are predominantly dipole. The
1280-, 721-, and 448-keV transitions are essentially pure
dipole and the 1464- and 547-keV transitions are most
probably dipole. The 646-keV transition couM be E~1

Rnd/or M2. The theoretical and experimental reduced
transition probability (RTP) ratios for transitions from
this level are shown in Table IV. The theoretical ratios
are the predictions of Alaga et cl.~ No ratios are pre-
sented for the 1280- and 1464-keV transitions since these
transitions are E-hindered if E&1 for the 1543-keV
state. The experimental ratio of the value 8 (E1) for the
646-keV transition (3-+ 3) to the value of B(E1) for
the 721-keV transition (3~ 2) is obtained assuming
that the 646-keV transition is pure E1 and is, therefore,
the largest possible experimental ratio. This ratio is con-
sistent with E=3 for the 1543-keV state. The experi-
mental ratio of the value B(E1)for the 54/-kcV transi-

"G. Alaga, K. Alder, A. Bohr, Rnd B. R. Mottelson, Kgl.
Danske Videnskab. Selskab, Mat. Fys. Medd. 29, No. 9 (1955).
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,06-

.04-

.02

A2

0

—.02

—.04-

FIG. 9. Theoretical values of A2
plotted versus Q for a 3(D) 2(D,Q) 2
sequence. The experimental value of
A2 for the 721-743-keV correlation
and the range of allowable Q values are
shown.

—.06

—,08-

—.I 0

0.2 0.4 0.6 0.8 l.0

tion to the value of B(E1)for the 721-keV transition is
also maximal since the 547-keV transition is assumed to
be pure E1 in this calculation. However, due to uncer-
tainties in the electron and photon intensities for the
547-keV transition, it is possible that this transition is
mixed. In this case the experimental ratio would be
smaller and a K=3 assignment would be preferred.
Thus, the most probableE value for the 1543-keV state

is E=3 although the data are only in fair agreement, at
best, with this assignment.

1095-IteV state

Veiy little can be positively stated about this meta-
stable state due to the uncertainties in the multipole
assignments for the 831- and 1016-keU transitions. The

TABLE IV. Ratios of reduced transition probabilities for de-excitation of levels in Er."'

Proposed
X IÃ

1 3—~

2
3
12—
2
13—
2
3
02—
1
2
03—
1
03—
1
2
04—
1
2
2 4+b
2 3+b
2 2+'

Initial
state
(keV)

1543

1095

996
897
822

Final states
(x, I~)

(2,2+),(2,3+),(2,4+)

(2,2+), (2,3+)

(2,2+), (2,3+)

(0,2+), (0,4+)

(0,2+), (0,4+)

(0,2+), (0,4+)

(o,2+),(o,4+)

(0,2+)) (0,4+)
(0,2+), (0,4+)
(0-,2+), (0,4+)
{0,2+), (0,0+)

Assumed
multipolarity

jv2
E2
E2
E2

Reduced Transition
probability ratios

1/& 0.22/ &0.63

0.013/1

0.013/1

0.13/1'

0.2/8

0.14/1c

0 14/10

0.12/1
1.2/1
4.8/io
0.55/1

Theoretical
RTP ratios

1/8.8/11.3
1/1.4/1.8
1/0.35/0.05

0.5/1
2.0/1
0.11/1
0.71/1
2.86/1
0.56/1
0.3/1

19 8/1
0.75/1
1.3/1

0.4/1
2.5/1
i.i/1

12.2/1
0.34/1
0.34/1
2.5/1

20.0/1
0.7/1

a I7r are firm.
b K, I7r are firm.' Both transitions are assumed to be pure quadrupole; photon intensity calculated from K-conversion electron intensity assuming pure M2.
& Both transitions are assumed to be pure dipole; -photon intensity calculated from K conversion electron intensity assuming pure Ei.
e Upper limit of 0.5 set on electron intensity of 558-kev transition; photon intensity then calculated assuming 558 is pure E2.
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spin assignment can be 2, 3, or 4 but the parity is cer-
tainly negative. Jacob e1 a/ p.ostulated a spin and parity
assignment of 3—for this state.

EZZ(Z+)-, 897(3+)-, aed 966(4+) ke-V states

The transitions from these levels to the ground-state
rotational band exhibit a predominant E2 character
which supports the gamma-band interpretation of
Jacob et ul. On the basis of this interpretation the theo-
retical and experimental ratios of RTP's for transitions
from these levels are given in Table IV. The discrepancy
between the experimental and theoretical ratios is con-
sistent with the results generally obtained for transitions
from the gamma vibrational band. ~' This point will be
discussed later.

Log ft values for the decay of Tm'" to the various
levels in Er"' are presented in Table V. The log ft values
are calculated assuming three different values for Q„,
the total energy available for electron capture. Cam-
eron" and Seeger" predict 1634 and 2050 keV, respec-
tively, for Q„.Since Q„could not be determined in the
present work, both possibilities are considered. The case
where Q,. is the average of these two predicted values
(1842 keV )is also presented to demonstrate the change
in the log ft values as one increases Q..from the value of
Cameron to the value of Seeger. These log f1 values will
be discussed later.

IV. DISCUSSION

The preceding results bring out some interesting as-
pects of the decay scheme of Er"'. The comparative
lifetimes" of transitions de-exciting the negative parity
levels at 1543 and 1095 keV are presented in Table VI.
The E1 transitions depopulating the 1095-keV state are
considerably retarded in comparison with the single par-
ticle estimates. '7 In the case of the 1543-keV level, the
transitions proceeding to the E=0 ground-state band
(1464 and 1280 keV) are retarded to a greater extent
than the transitions to the E=2 gamma vibrational
band. This might be indicative of E-hindrance of these
transitions, and thereby help support the E=3 assign-
ment for the 1543-keV state.

The log ft values presented in Table V are difEcult to
interpret since Q„ is unknown. However, these results
would be in fair agreement with the calculations of Gal-
lagher and Soloviev' (denoted GS). Gallagher and Solo-
viev have interpreted the 1543-keV state as resulting
from the coupling of two-quasiparticle Nilsson proton
states and the 1095-keV state as resulting from the

~ A. G. W. Cameron, Atomic Energy of Canada Limited Report
AECL-433, 1957 (unpublished)."P.A. Seeger, Nucl. Phys. 25, 1 (1961)."M. Goldhaber and A. W. Sunyar, in Betu- meed Gummu-Buy
Spectroscopy, edited by K. Siegbahn (North-Holland Publishing
Company, Amsterdam, 1955), Chap. XVI."S.A. Moszkowski, in Beta- und Gummu-Euy Spectroscopy, ed-
ited by K. Siegbahn (North-Holland Publishing Company, Am-
sterdam, 1955), Chap. XIII.

Thar. E V. Log ft values for electron-capture decay of
Tm" to levels in Er"s.

Level
(keV)

1543(3—)
1095
996(4+)
897(3+)
822(2+)

Feeding Log ft
Q„'= 1643 keV 1841 keV

40
30

8
12
10

6.1
7.9
8.7
8.5
8.7

7.2
8.1
8.9
8.7
8.9

2050 keV

7.7
8.3
9.1
8.9
90

For the meaning of the various values for geo, see the text.

TmLE VI. Comparative lifetimes for transitions depopulating
the 1543- and 1096-keV levels in Er'".

Energy
keV

Transition

Multiple
Order

Comparative Lifetimes'

E1 M1 M2
(—14.2)' (—13.6)' (—8.1)

1464
1280
721
646
547
448

1016
831
273
198

1543-keV level
E1
E1
E1

E1 or M2
(E1)
3f1

1095-keV level
E1 and/or 24'2
E1 and/or M2
E1 and/or M2

E1

(T~im&8X10 "sec)'
& —4.8
& —5.8
& —7.4
& —7.7~
& —8.2~

97
(T&i~ ——1.2X10 ' sec)

—2.7d
—4.6~

62a
—7.3

79e

a See Ref. 26.
b Theoretical values (see Ref. 27).
e Upper limit of measured half-life (see Ref. 12).
d Transition is assumed to be pure dipole; photon intensity calculated

from Z-conversion electron intensity.
e Transition is assumed to be pure quadrupole; photon intensity calcu-

lated from X-conversion electron intensity.

coupling of two-quasiparticle Nilsson neutron states.
GS have assigned 3+,3 (Irr, K) to the Tm" ground state
and 3—,3 to both the 1543- and 1095-keV states. The
states in the gamma vibrational band and ground-state
rotational band retain their usual collective character
from Bohr-Mottelson theory. In the GS theory, these
assignments require the electron-capture decay of Tm'"
to the gamma vibrational band to be totally forbidden.
This forbiddenness would be consistent with the large
experimental log ft values for decay to these states. GS
further predict that the log ft values for decay to the
negative parity states should be similar; if Q„2000
keV, the experimental log ft values may be similar. It is
possible to assign other E values to the negative parity
states in the GS theory, but the experimental data do
not support any of the other possible assignments. The
1543-keV state might also be tentatively interpreted as
the base state of a vibrational band using the Bohr-
Mottelson (BM) or the asymmetric rotor models. How-
ever, the 1095-keV state cannot be interpreted in such a
manner. The relatively long half-life of this state (T&~2
= 1.2 X10 ' sec) indicates that it is probably an intrinsic
state due to some type of particle or quasiparticle
excitation.
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TAsx.z VII. Theoretical ratios of reduced transition probabilities for transitions from the 822-, 897-, and 996-keV states.

822-keV level (2+)
B(Fi.2; 22 -+ 00)

a=0.00
Band mixing.

0.04 0,05

Belyak Davydov
and and

Zaikin~ Fihppovb Exp.

B(J,"2; 22 20)

B(J2; 22~20)
20.0

0.59 0.55 o.5n 0.47 n.46 0.55

897-keV ievei (3+)
B(B2;32 ~ 20)

B(B2; 32 ~ 40)

996-keV level (4+)
B(Ji2; 42 —& 20)

B(h2; 42 ~ 40)

1.65

0.19

1.2 1.07

0.11

1.32 1.2

a See Ref. 28.
b See Refs. 2 aIId 29.

The discrepancy between the theoretical and experi-
mental reduced transition probability ratios (Table IV)
for transitions from the gamma vibrational band may be
resolved by considering a possible rotation-vibration
coupling between the E=O ground-state band and the
@=2 gamma vibrational band. Such a coupling can
cause a considerable change in the intensity ratios due
to the large transition probability for transitions be-
tween states in a rotational band. ~ The effect of mixing
is taken into account by introducing a band-mixing
parameter s and a function f(I;,If,s) so thatr

B,xp(E2; I;2 —+ If0)=By„„(E2;I;2 —+ Ig)f(I,,If,z)
=const. (I;2 2-2

i I; 2I 0)rf(2I, ,Ir,s) .

8, p denotes the experimental RTP, B~h„, is the theo-
retical RTP according to Alaga e$ al. ,"and I; and If are
the spins of the initial and 6nal states, respectively. The
form of the function f(I;,If,s) is presented in Ref. 7.
Obviously, a value of s can be determined for each ob-
served branching ratio. However, if deviations from the
uncorrected theoretical branching ratios actually are
due to the rotation-vibration interaction (i.e., if this
interpretation of the mixing parameter s is valid) a single
value of s(=se) should apply for all transition rates
from one band to another for a given nucleus. ' In this
ease the theoretical corrected reduced transition proba-
bility 8„„for each transition is given by

B„„(E2,I~2 —+ Ir0) =Bg„„(E2;I;2 ~ Ir0)f(I;,Ir,zg).

Table VII presents the experimental ratios and the cor-
rected theoretical ratios of RTP's for values of the
band-mixing parameter 2: ranging from 0.03 to 0.07.
One value, @=0.04, is most consistent with the ratio

B(E2; 22 —&00)/B(E2; 22~20) whereas a second.
value, a=0.06, is most consistent with the other ratios.
However, the possible errors in the experimental RTP
ratios presented in Table VII would enable one to choose
a single value of s which could best explain all the data.
This value of 8 ls approximately 0.055 and ls roughly
equal to the mixing parameters determined for other nu-
clei in this region. ' ' Columns 8 and 9 of Table VII give
the ratios predicted by Belyak and Zaikin" (denoted
HZ) and Davydov and co-workers'" respectively. BZ
also consider the interaction of the ground state rota-
tional band with the gamma vibrational band using the
BM model of the nucleus. Our data are in good agree-
ment with their results. Unlike the method of mixing
parameters discussed above, the ratio of RTP's pre-
dicted by BZ depend only on the parameter p= E(2,2)/
E(2,0) where E(I,E) denotes the energy of the state
(I,E). F10111 thc calclllatlons prcsclltcd 111 Table VII 1t
is evident that the results of BZ are similar to those re-
sults using a mixing parameter 2:=0.05. The ratios of
Davydov were calculated using the predicted value for
yo of 12,3' and are approximately the same as those ob-
tained from band-mixing with a=0.06. This value of yo
was obtained from the ratio of the energies of the second
and first 2+ states. Actually, a value of y, v= if.9'
gives better agreement between the experimental and
theoretical ratios. This difference in the values of the
angle as obtained from the energy ratio and from electro-
magnetic transition probabilities is usually present and

may be due to a rotation-vibration interaction. . For nu-

'8 V. I. Belyak and D. A. Zaikin, Izv. Akad. Nauk. SSSR (Ser.
Fiz.) 25, 1163 (1961);Nucl. Phys. N, 442 (1962}."A. S.Davydov and V. S.Rostovsky, Nucl. Phys. 12, 58 (1959).
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ThsLz VIII. Comparison of experimental and theoretical ratios of reduced transition probabilities for
transitions de-exciting the gamma vibrational bands in Er"' and Er"'.

Exp a

Band
Inlxlng

@=0.045

Er'16
Davydov

and
Filippov

)rQ 12o9 p )rexp 10

Belyak
and

Zaikin
p, =9.77 Exp.b

Erl88
0avydov

Band and
ITllxlng Flllppov

m=0.055 y0= 12.3,y, I,= 11.9'

8elyak
and

Zalkln
p= 10.3

B(22 ~00)

B(22 —+ 20)

B(32~ 20}

B(32~40)
8{42~ 20)

B{42~ 40)

0.54

0.17

0.53

0.18

0.50 0.55

1.2

0.12

0.51

1.25

0.49

1.32

a Obtained from Ref. 3$.
b Obtained from this work.

clei approaching the transition region (e.g., Os'S6 '""0)
one 6nds that y,„~ is sometimes less than 0.75yo."

It is interesting to compare the results of this analysis
with the results of a similar analysis for the transitions
depopulating the gamma vibrational band in Er'". This
comparison is presented in Table VIII. The experimen-
tal data for the transitions in Kr'66 are taken from Ref.3'.

A value of 0.045 for s is most consistent with these data.
All the ratios presented for Er' 6 are quite consistent
with the single value of s. Since the energy difference be-
tween the E=2 and E=O bands is less in Er'" than in
Er"8 one would expect the mixing in Er' ' to be greater
than in Er"'. However, the opposite is true (see Table
VIII).

It is possible to explain this apparent discrepancy by
noting that the possible error in the experimental RTP
ratios (of the order of 20%) would allow one to choose a
smaller mixing parameter for the Er'" case than for the
Kr168

From the preceding discussion it is evident that the
ratio of RTP's for transitions from the gamma vibra-
tional band in the two deformed. nuclei Kr'" and Kr'"
are compatible with theoretical estimates only if some

type of rotation-vibration interaction is considered.
These results are consistent with the results of other
investigators. This rotation-vibration interaction may

"G. T. Emery, W. R. Kane, M. McKeown, M. L. Perlman~
and G. ScharQ-Goldhaber, in I'roceedhegs of the Coefererice oe 8ec-
tromugletic I~fetimes uwd Properties of Eecleur Stutes, Gutl~lburg,
Teririessee, i%6/. Nuclear Science Series Report No. 37 (National
Academy of Sciences—National Research Council, Publication
974, Washington 25, D. C., 1962).

3' B.Harmatz, T. H. Handley, and J. %. Mihelich, Phys. Rev.
123, 1758 (1961).

even become so large that it may be difficult (or mean-
ingless) to assign a de6nite E quantum number to cer-
tain states. Even though the asymmetric rotor model
does not include E as a quantum number, a rotation-
vibration interaction must still be introduced in order to
obtain agreement with the experimental data. Gallagher
and Soloviev have used a quasiparticle treatment to
classify many states in deformed even-even nuclei but
no theoretical estimates of the ratio of RTP's were pre-
sented. However, even in this treatment one might ex-
pect a coupling treatment to be necessary since the
ground-state band and gamma vibrational band retain
thell usual collective character.

Pote added ie proof. Nielsen6 has concluded that mix-
ing of the gamma-vibrational and ground-state bands
is not sufhcient to explain the observed deviations from
the I(1+1) rule for the energies of the ground state
rotational spectra. Recently Greenberg et a/. 32 have
shown that the indicated mixing of the beta-vibrational
and ground-state bands can account for the remainder
(90 jo) of the energy perturbation of the 4+ state in the
ground-state band.
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