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E1 transition probabilities from K =0 and K =1 states of "'Pn
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Laurence Berkeley Laboratory, University of California, Berkeley, California 94720
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Levels of "'Pu were studied in the P decay of "Np and the a decay of "'Cm. Thirteen y-ray transitions were
observed for the first time, and additional infor'mation about multipolarities and mixing ratios was obtained. An
analysis of the y-ray branching ratios gives a measure of the E1, transition probabilities between octupole-
vibrational states and the ground-state band, corresponding to F~ =4.3&(10 for LfE =1 transitions and
F~ = 1.5 &(10' for dE = 0. The latter transitions are three orders of magnitude faster than those that occur in the
isotone '"U, for which F~(dE = 0) = 2.2)&10', from a direct measurement of the half-life of the 0, 1 state.
Estimates of the hindrance factors for E1 transitions from octupole states in other heavy nuclei are given, and the
validity of the calculations on which they are based is discussed.

RADIOACTIVITY Np rfrom 3~Np{g, y)] measured E„, I~, I ~, ICC. 2 Cm
|from 2~4pm(~, y) Am(p )] measured E,I„. 38Pu deduced levels, J',

/ 2 (levels) . Ge (Li) and Si (Li) detectors .

I. INTRODUCTION

Studies of the reactions "'U(d, Py), ' "'U(d, d'), '
and Coulomb excitation' support an assignment of
K, I =0, 1 for the 688-keV state of "'U, rather
than 2, 2, as proposed from decay-scheme stud-
ies." The high conversion coefficients for E1
transitions deexciting the state, which were the
main evidence supporting the 2, 2 assignment,
can be understood generally in terms of the sys-
tematics of anomalous conversion' ' (see Fig. 1),
although the observed anomaly in the I.«, conver-
sion coefficients4 is inconsistent with the normal
a(L„,) values for other anomalously converted
transitions, and is in serious conflict with theory.
[An anomalous value of n(L„, ) for the 642-keV
transition in '"U is statistically well established';
however, it is possible that an impurity line is
responsible. Further study of this point is re-
quired. ] Given the 0, 1 assignment, the high
hindrance of the E1 transitions in inconsistent
with the macroscopic description of the state as
an octupole-vibrational shape excitation. The
theoretical description of such a state includes
significant mixing with the giant dipole excitation,
resulting in E1 strengths of 10 ' to 10 '%eisskopf
units, ' "compared to 10 ' in "'U.

There is qualitative evidence that the F.1 transi-
tions in '"U are "anomalous" compared to those
in neighboring nuclides: (1) only in "'U does the
intraband E2 transition dominate the deexcitation
of the 0, 3 state so completely that no E1 transi-
tions are observed from that state; (2) no other
case of anomalous conversion of F.1 transitions
from octupole states of heavy nuclei is known.
[Conversion coefficients or limits have been mea-

sured for 4K= 0 F1 transitions in most of the
nuclides listed in Table V and several others
(see Ref. 8). The measured limit is less than
twice the theoretical value in all cases, and, in
the best-measured cases, aK is equal to the
theoretical value to within 10 percent. By con-
trast, the K and Ll ll conversion coefficients of
the 688-keV transition in '"U and 37 and 6V times
the theoretical values, respectively. ] Better es-
timates of 81 transition rates in this region are
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FIG. 1. Internal conversion anomaly versus Weiss-
kopf hindrance factor for some anomalous El transitions
in the actinide region. The Weisskopf factors are cal-
culated as described in the text. The dashed line is an
approximate upper limit from systematics and the theo-.
retical model for anomalous conversion {Ref. 6).
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generally lacking, due to an absence of direct
half-life measurements. Peker and Hamilton"
reviewed some transition-rate and branching-
ratio data in spherical as well as deformed nuclei,
and concluded that the E1 transitions are not col-
lective. The systematics of the isotopes of ra-
dium through plutonium are of special interest,
because the octupole states in this region have
very low, smoothly varying energies characteris-
tic of collective states.

The present study of the decay of '"Np and
"'Cm provides new data sufficient to permit es-
timates of the E1 lifetimes for the K= 0 and K =1
octupole states in '"Pu, by comparison of the
E1 intensities with the intensities of competing,
rotation-admixed transitions (K'=1 -Z"=0 )
whose rates can be calculated from theory. In
Sec. IV, this calculation is developed and applied
to other nuclei for which sufficient data exist.

The helium atmosphere suppresses nuclear reac-
tions induced by '"Cm n particles, particularly
the reaction "N(u, P)". O*, which yields an 871-
keV y ray that is intense compared to the weak
42Cm y rays. The y-ray spectrum of 24 Cm was

studied with the 12 cm' Ge(Li) detector.
Gamma-ray energies were calibrated with

standards measured before and after or, in some
experiments, simultaneously with the '"Np or
"'Cm source. The photopeak efficiency functions
of the detectors had been calibrated previously
with sources whose absolute or relative y-ray
emission rates were known to + 1%. The electron-
energy scale was calibrated with the measured
y-ray energies of stronger lines. The efficiency
of the electron detector has been shown to be
linear in the region of interest (& 1 MeV) by mea-
surement of electrons from '"Bi and "'Hf decay. "

III. EXPERIMENTAL RESULTS

II. SOURCES AND INSTRUMENTATION

Sources of '"Np were prepared by irradiation
of '~NpO, (NO, ) in the University of California.
Tri:ga reactor at a flux of 10"neutrons per cm's
for about 1 day. The resulting activity was puri-
fied by anion exchange of the chloride complex,
and thin sources for electron spectroscopy were
prepared by vacuum sublimitation onto a 0.025-
mm thick aluminum backing. Collimators used to
define the area of the electron source served as
gamma-ray sources for most measurements.

The gamma-ray spectrum was measured using
three different detector systems: a 12 cm' Ge(Li)
detector with a resolution of 2.3 keV at 1 MeV, a
1 cm' Ge(Li) detector with a resolution of 1.6 keV
at 1 MeV, and a Ge(Li) Compton suppression spec-
trometer at Lawrence Livermore Laboratory with
a resolution of 2.2 keV at 1 MeV. Conversion
electrons were studied with a 5-mm thick by 1
cm' Si(Li) detector with a resolution of 2. 6 keV
at 1 MeV. Electrons coincident with E x rays
were measured with the Si(Li) detector and a
3.8x 3.8-cm Nal(Tl) scintillator.

A source of "'Cm was prepared by irradiation
of 30 mg of pure "'Am at a flux of 10"neutrons
per cm's for 2 weeks. The resulting sources
contained "'Cm and '4'Cm (from neutron capture
by '"Cm) in an activity ratio 1:8x10 '. Ameri-

'

cium and curium were separated from fission
products by elution from a cation-exchange column
with HCl-saturated ethanol; curium was then
separated from the americium by elution from a
cation-exchange column with 0.28 M a-hydroxy-
isobutyric acid buffered to a pH of 4.8 at 87 'C.
Sources were evaporated to dryness as CmCl, in
a Pyrex tube, and sealed under helium at 1 atm.
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FIG. 2. A small portion of the y-ray spectrum of 3 Np
taken with the 1 cm3 Ge(Li) detector. The weak 938.95-
keV line, inferred to be present from the computer
analysis shown in the figure, was seen. clearly in the
decay of 242Cm.

A. +Np decay
IJ

The y-ray spectrum was studied primarily with
the 12 cm' and Compton suppression spectro-
meters. Several closely-spaced lines were studied
also with the 1 cm' detector; Fig. 2 shows the
spectrum in the region of the 936.61- and 941.38-
keV y rays, analysis of which indicates the likely
presence of the weak 938.95-keV y ray. Table I
lists the measured energies and intensities and
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TABLE I. Gamma rays of 238Np

Present
work

E (keV)

Winter
et al.~

101.93 (4)

119.9(1)
132.49(ll)
157.4 (3)?
173.78 (11)
220.87 (11)
301.19(12)
319.29 (11)
321.75 (20)
323.95(9)
357.60(9)
378.05 (13)
380.28 (13)
421.15(11)
459.8(2)?
515.58 (12)
561..09(10)
605.24 (13)
617.45 (12)
837.18(15)
882.65 (7)
897.28 (20)
918.70 (7)
923.99 (6)
936.57 (9)
g39.00(10)

' 941.39(6)
941.5(3)

44.08 (3)
K~2 x ray
101.88 (2)
Kn& x ray
114.4(4)
120.14
132.6(6)

174.06 (8)

301.81{19)

324.08 (17)
357.64 (7)

380.33{22)
421.12(16)

515.47 (17)
561.15(7)
605.14(9)
617.39(11)
837.0(4)
882.63{3)

918.6g (4)
923.98 (2)
936.61 (6)
938.6{5)
941.38(5)

962.80(7) 962.77 (3)
968.9(4)

984.46 (7) 984.45 (2)
1025.87 (6) 1025.87 (2)
1028.54(6) 1028.54(2)

Adopted

44.08(3)

101.g0(3)g

114.4(4)
119.9 (1)h

132.49 (11)h

157.42 {5)
174.0 (2) ~

220 87{11)h.n
301.4 {3)~

319.29{11)"
321.75 (20)"
323.98 (9)~

357.62 (7) ~

378.05 (13)h
380.29 (13)~

421.14(11)~

459.80 (22)
515.5 (2)K

561.11(7)I
605.13(g)~

617.36(11)~ "
837.11(15)
882.63 (3)
897 33{10)
918.69(4)
923.98 (2)
936.61 (6)
938.95 (10)
941.38{5)
941.5(3)h
962.77 (3)
968.9(4)
984.45 (2)

1025.87 (2)
1028.54 (2)

Present
work~

0.09(1)c
0.20 (1)
0.27 (1)
0.30 (1}

0.103(7)
0.0028 (2)

=0.001
0.026(1)
0.0034 (4)
0.012(1)

"0.009(1)
0.0013(6)
0.016(1)
0.053(3)
0.0033(6)
0.0120(6)
0.023(1)

-0.003
0.043(2)
0.114(2)
0.079(4)
0.074(4)
0.028(2)
0.87 {3)
0.008(1)
0.59(2)
2.86(9)
0.40(1)
0.026(3)
0.55 (2)

(pure EO)
0.70 (2)

&0.04
27.8
9.7 (6)

20.3 (8)

I„(%)
Winter
et al.'

~0 05
0.18
0.245 (6)
0.29
0.006(1)
0.114(6)
0.0032 (19)

0.031 (3)

0.014{3)

0.019{3)
0.061 (6)

0 ~ 014(3)
0.027 (3)

0.03g (6)
0.120(6)
0.086(8)
0.081 (8)
0.021 (6)
0.89{4)

&0.01
0.060 (3)
2.89(14)
0.39(2)
0.036(17)
0.53 (3)

0.71(4)
0.017(6)

(27.8)
9.6 (5)

20.2 (10)

I trans (%)

79(4)

4.3 (2)

0.057 (9)
0.48 (3)
0.0035 (3)

-0.003
0.030 (1)
0.042 (5)
0.015(1)
0.015{3)
0.0013(6)
0.020 (2)
0.064 (4)
0.0034{6)
0.013 to 0.020
0.025 to 0.035

-0.003
0.043 {2)
0.115(5)
0.079 (4)

~

0 07'(4)
0.028 (2)
0.88 (3)
0.008 (1)
0.59(2)
2.90(9)
0.40 (1)
0.141(6)
0.55(2)
0.012 (2)
0.70(2)
0.019(6)

28.2
9.9(6)

20.6(8)

~ From Ref. 14. The intensities are normalized to present value for the 984.45-keV y ray.
" From Ref. 14 unless otherwise noted.' Photons per hundred decays of 3 Np, normalized as described in the text. The uncertain-

ties do not include a 3% uncertainty in the normalization factor.
d The present values are adopted unless otherwise noted.' From the measured photon intensity and measured or theoretical internal conversion co-

efficients. (The intensity of the 44.08-keV transition is derived from the intensity of the M
line and the theoretical conversion coefficients. )

Adopted value 0.099(5) from Iz and the theoretical conversion coefficients.
Weighted average of the present values measured in Np and Cm decay, and the

value of Winter et al. (Ref. 14).
" From the present measurement {38Np decay).

From the present measurement ( Cm decay).
~ Weighted average of the present measurement {238Np decay) and the value of Winter

et al. (Ref. 14).
"Doublet: I~= 0.065 and I„=0.009 for the 0, 3 0, 2' and 0, 5 0, 4' transitions, respectively.

See Sec. GIA.
Weighted aversge of the present values measured in 3 Np and Cm decay.
From the intensity of the 837.18-keV y ray and the branching ratio y939/p837 measured

in 242Cm decay' Not placed in the decay scheme.
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compares them to the previous work. " In general,
there is good agreement. The energies of most
y rays above 900 keV measured by Winter et al."
are more precise, and have been adopted. Below
900 keV, the two sets of energies are of compar-
able precision; I have adopted averages that take
into account also the y-ray energies measured in
the decay of '"Cm. Column, 3 lists the adopted
energies.

The y-ray intensities measured in the present
work (column 4 of Table I) are in agreement with
those measured previously (column 5). l have
adopted the present results for use in the foQowing
discussion. The intensities in column 4 are in
units of photons per 100 decays, normalized by
equating the sum of the total (p+ e ) intensity of
the ground state transitions to 100%. This normal-
ization yields an absolute intensity of (27.8+ 0 8)%
for the 984.45-keV y ray, in poor agreement with
a directly measured value, " (23.8*0.8)/0. [The
present determination of the absolute intensity is
sensitive to the assumed theoretical values for
nr(1028. 54) and the M/total ratio for the 44.08-keV
transition, as well as the measured ratio of con-
version-line intensities M(44. 08)/X(1028. 54).
Although the direct measurement might be pre-
ferred, the value was never published. j Note
that the uncertainties in column 4 do not include
the uncertainty in the absolute normalization, nor
do the values in column 5, which have been nor-
malized to 27.8 units for the 984.45-keV y ray to
facilitate comparison.

Transition intensities listed in the last column
of Table I are based on the photon intensities, on
conversion-electron intensities measured in the
present experiment, and on theoretical internal
conversion coefficients. " A portion of the con-
version-electron singles spectrum is shown in

Fig. 3. The electron spectrum was also mea-
sured, with poorer statistics, in coincidence with
X x rays (+ 101.90-keV y rays). The coincidence
measurement suppresses both the high-energy
P continuum and the I,, M, N, . . . , lines, making
it possible to observe some weak lines and to
identify E lines masked by L or M lines. Table II
gives the resulting conversion coefficients, nor-
malized to the theoretical K-conversion coeffi-
cient for the 1028.54-keV E2 transition. Because
of the higher precision of the present conversion
coefficients, I have not listed the previous data, "
which are in agreement. The present results pro-
vide data on 7 weak transitions whose conversion
coefficients have not been measured previously in
the decay of '"Np. (Conversion coefficients of
several of the transitions were measured in the
decay of "'Am. ") These include 4 interband tran~
sitions between odd-parity bands, for which the
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FIG. 3. Partial conversion-electron spectrum of Np.

E2/Ml mixing is determined. Precise conversion
coefficients for the strong transitions from the
gamma-vibrational band establish low limits on
possible M1 admixtures. The weak 941.5 K line,
observed a,s a shoulder on the 938.95 Ã line (Fig.
3), is assigned as the 0, 0"-0, 0' pure EO transi-
tion. Although its energy corresponds to that of
the 941.38-keV y ray, the K-conversion intensity
of the latter transition, whose multipolarity is
E1 according to the decay scheme, is expected
to be only 2/o of the intensity of the observed line.
Multipolarities based on the conversion data are
given in the last column of Table II.

Nine transitions are observed for the first time
in the present study. AQ except the 220. 87-keV
transition are placed readily in the level scheme
of Pu. Although this weak transition could be
due to impurities in the y-ray and electron spec-
tra, the observation of K and L lines at the expect-
ed energies (+ 0. 5 keV) is evidence that the transi-
tion is converted in Pu. Its conversion coeffi-
cients are consistent with a pure M2 multipolarity.

Figure 4 shows the decay scheme for '"Np.
Since this scheme does not differ significantly
from that proposed previously, "'"only the new
features are discussed here. New transitions
are placed as follows. The 157.42-keV 0, 6'- 0, 4'
transition is well established from the decay of
"'Cm. In '"Np decay, the 0, 6' state is fed by
the 459.8-keV transition from the 0, 5 state at
763.27 keV, which has been observed for the first
time in the present study. This state also decays
by a 617.3-keV 0, 5 -0, 4' transition that is
masked by the stronger 0, 3 —0, 2' transition; its
y-ray intensity is estimated to be 3.0 times that of
the 0, 5 - 0, 6' photon from an analysis of the
band structure (see Sec. IVA). The 0, 5 state is
fed by the 319.29-keV transition from the 1082.59-
keV 4, 4 state; a zero intensity balance (within
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TABLE II. Internal conversion coefficients in the decay of Np.

E„(kev) Shell Experimental
Internal Conversion Coefficient

E2 E3
Assigned

multipolari ty"

44.08
101.90

119.9

220.87

319.29
323.98
357.62
882.63
918.69
923.99
938.95

941.5
962.77
g84.45

1025.87

1028.54

(Li+L2)«3
Ld
M
N
Ke'
Lc
K'
K
K
K
K
K
K
K/L

K'

K/L
(L &+L2)/L3
L/M
K
K/L
K
K/L

0.216
0.0959
3.10
0..0626
0.0153

175(20)
11.2 (6)
1.61(5)
2.8(6)
0.69 (6)
0.23 (3)
6.7 (15)
4.0(10)

, 0.49(20)
0.17(5)
0.13(2)
0.0115(8)
0.0036(8)
0.009g (4)
3.5(4)
5.2(2)

IK= 0 0094(7)
0.0021 (10
0.0096(3)
4.4(2)

19(2)
3.4(2)
0.0091(4)
4.3 (3)
(0.008 88)
4.2 (2)

0.0646
0.0136
0.0289
0.0280
0.0228
0.004 10
0.003 83
0.003 79
0.003 68
5.75

) 0.003 53
0;003 39
5.77

20.1

0.003 16
5.78

5.79

162
10.7
1.63
5.00
1.40

0.132
0.344
0.0702,
0.0684
0.0572
0.0116
0.0108
0.0107
0,0104
3.69

0.009 96
0.009 58
3.81

18.6

0.008 g2

3.92
0.008 88
3.92

10 800
258

1.94
105

32.3

0.296
4.21
0.180
0.175
0.148
0.0263
0.0244
0.0241
0.0234
2.36

0.0223
0.0213
2.49

20.7

0.0197
2.61

2.61

12.2
4.31

226
2.68
0.652

2.36
0.473
0.851
0.817
0.623
0.0554
0.0499
0.0491
0.0471
5.14

0.0441
0.0415
5.15

286

0.0373
5.15

5.15

741
62.6
4.22

31.4
8.g3

E2
E2

Ml, &13% E2

7.60
2.81
2.34
2.24
1,65
0.120
0.108
0.106
0.101
4.38

M2 '?

Ml+ 46(26)% E2
Ml+ 86(7)% E2h
Ml+ 87.0(35)% E2
E2
El
E2~
EO+E2, Ml

0.0801 E2, &3%%d Ml
4.45

4.45

EO
0.0949 El
0.0894 E2, &3 Ml
4.42

83.6

~ Experimental values from the present measurements, normalized to the theoretical n&(E2) value for the 1028.54-
keV transition. Theoretical values are interpolated from the tables of Hager and Seltzer (Ref. 16).

" From the measured conversion coefficients.
The L lines of the 44.11-keV transition were also measured, but the line-shape analysis is less certain.
Corrected for an 80% contribution from the 101.90 M lines.' From the e -KX coincidence spectrum.

~ Corrected for a 25% contribution from the 101.90 N lines.
g Corrected for a 22% contribution from the 319.29.K line.

Ahmad et al. (Ref. 17) assign a pure Ml multipolarity from approximate Lz+&~ and M conversion coefficients
measured in the decay of 238Am, in disagreement with the present result.

' Ahmad et al. (Ref. 17) calculate the E2 content as 83k from the measured K-, Lg,gg-, Lpga-, and M-conversion
coefficients, in agreement with the present results.

~ May contain a contribution from a second (El) y ray of energy ~924 keV. See text.

uncertainty) is calculated for the 0, 5 state, con-
sistent with the expected absence of direct P
feeding. New transitions of energy 321.75 and
378.05 keV deexcite the well-established 0, 2"
state. Transitions of energy 897.33 and 941.5
keV (EO) deexcite the 0, 0" member of this band;
although not observed in previous studies of '"Np,
they are well established from the decay of "'Cm.
A 336.38-keV y ray, which also deexcites this
state, is too weak to have been observed in the
decay of '"Np; its intensity and that of the 983.0-
keV 0, 2"-0, 0' y ray, which is masked by the
much stronger 984.45-keV y ray, are calculated
from the branching ratios measured in the decay
of "'Cxn. A tentative level at 968.2 keV was pro-

posed in previous studies. "'" The present mea-
surements neither support nor refute its exis-
tence; it is shown in Fig. 4 for completeness.

B. Cm decay

Gamma-ray energies and intensities for '4'Cm

are shown in Table III. Because of possible self-
absorption and interference from "'Cm decay,
the spectrum below 300 keV was not studied ex-
haustively, and the intensities of the 0, 6'- 0, 4'
and 0, 4'- 0, 2' transitions are not quoted. The
absolute intensity of the 561.11-keV y ray is
estimated to be (1.5a 0.4) x 10 '%%u~ from the rela-
tive intensities and a previous ay coincidence
determination of the sum of the absolute inten-
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FIG. 4. Decay scheme of 3 Np. Energies and intensities are adopted values from the present work and Ref. 14.
Energies are shown in bold type, absolute photon and P intensities in lighter type. Italic numbers to the right of the

p intensities are logft values.

TABLE III. Gamma rays of 2Cm.

sities of the 515.25-, 561.02-, 605.04-, and
617.22-keV y rays. "

Gamma rays have been assigned to the decay of
2~ Cm pn the basis pf rotational bands in "'Pu
knpwn frpm the decay pf Np and Am. Weak
y rays in the spectrum ca.n be due to ' 'Cm decay,
or to spontaneous fission (that is, to the deexcita-
tion of fission fragments, or to the P decay of
fission products}. The maximum possible inten-
sity of a fission y ray is 0. 1 xSF/a = 7x 10 ' per
n decay, equivalent tp 0.5 units on the relative
intensity scale of Table III. Several y rays in the
observed spectrum can be identified with known
fission products, and many others are assigned
to the fission mode by comparison with the spec-
trum of "'Pu, which has a similar SF/n ratio
but weaker y rays associated with the &-decay
mode. "'" On the basis of this comparison, it is
very unlikely that even the weakest y rays in
Table III are associated with the spontaneous fis-
sion mode.

The decay scheme is shown in Fig. 5. Energies
of the y-ray transitions shown on the scheme are
adopted values, as described in Sec. IIIA. New
levels of '"Pu are established at 1018.6 and
1175.8 keV. Alpha-decay hindrance factors shown
in Fig. 5 are calculated from the one-body, spin-
independent model of Preston. "

E& (keV) I~ relative

101.93(4)
157.42 (5)
336.38(15)
358.0(5) ('? )
459.80 (2)
515.25(19)
561.02 (10)
605 ~ 04(10)
617.22 (12)
837.01(15)
897.33(10)
918.7 (2)
938.91(10)
962.8 (2)
974.5(3) ('? )
979.80(20)
983.00(30)
984.5(1)

1028.5 (2)
1081.70(30)
1118.26(30)
1184.64(30)
1220.19(30)

0.45(15)
0.39(13)
0.038 (16)
2.97(20)

100
69.8(20)
5.36(20)"
0.124 (20)

14.5(10)
0.36(3)
0.117(20)
0.35(3)-

&0.13
0.173(30)
0.33(8)
1,31(20)
1.05(10)
0.033 (10)
0.11(5)
0.33(4)
0.187(30)

~ Not measured.
" Complex. According to the analysis in Sec. IV B, the

intensity can be decomposed as follows:
0, 3 0, 2' 5.25,
0, 5 ~ 0, 4' 0.11.' Not placed in the decay scheme.
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FIG. 5. Decay scheme of 242Cm. Energies are shown in bold type, relative photon and absolute 0. intensities in light-
er type. Italic numbers to the right of the n intensities are hindrance factors, calculated with the one-body equations
of Preston Qef. 21).

IV. DISCUSSION

A. E1 transition rates in Pu;
the rotation-admixing model

Rotational transi. tion rates are given by the
expression"

B(Z2) = e'Q, '(I;K20 (I~ K)',5

where Q, is the intrinsic quadrupole moment, and

(j,K, 1K& —K, (I&K&) is the vector-addition coeffi-
cient. With an assumption about the variation of
Q, from one band to another and from nucleus to
nucleus, rotational transitions can serve a,s
standards with "known" transition rates, against
which one can measure the half-lives of the states
they deexcite and the rates of competing transi-
tions. In the calculations that follow, the value of
Q, for the 0, 2'- 0, 0' ground-state transition of
an even-even nucleus is used for all rotational
transitions in the same nucleus. By use of this
assumption, Bohr and Mottelson estimated the
rate of the 0, 3 - 0, 2' E1 transition, in competi-
tion with the 0, 3 —0, 1 rotational transition in
"'Th." (The existence of the rotational transition
upon which this calculation was based is not con-
firmed in more recent experiments. ') Recently,

Kurcewicz et aE."have applied the same technique
in '"Ra. In '"Pu, rotational transitions have not
been observed within the odd-parity bands. How-

ever, interband E2 transitions between the K'
and K"= 0 bands also can serve as decay-

rate standards, as is shown in the following dis-
cussion. These transitions occur by virtue of
Coriolis mixing between states of the bvo bands,
whose wave functions can be represented by

e',..., = 4=."f(I)e'.=„

%upper = 4'g=z af(I) At=0 t

where 1 is the spin of the state,

f(I) =
I
I(I+1)1"

(2)

and a is a variable (spin-independent) parameter
representing the strength of the Coriolis coupling.
[Since (a(«1, I have omitted the coefficient
(1 —a')'~' of the larger terms in the wave func-
tions. ] The interband Z2 transition probability
is given by

B(E2)= e'Qo'a'[f(II)(I;120 (I&1)
5

-f(I )(I~o2o II&o&1',

where I, and I& are the spins of the initial and
final states, respectively.
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The mixing parameter a can be estimated from
the E1 branching ratios as follows. The reduced
branching from any member of the lower (%= 0)
band to a member of the ground-state band is
given by

W(E1; Ig - Iy) 0-[(fg 010 lIy0)

+ z,f(I))(I;11—1 lI~ 0)]',

where

(1 IIE1 II0')
(0 IIE1IIO')

(4)

and (K IIE1 II 0") is the reduced (spin-independent)
E1 transition rate. By use of this relationship,
zp can be dete rm ined from the relative E1 branch-
ing from any member of the K"=0 ba.nd. Simi-
larly, the reduced branching from any odd-spin
member of the Ã '= 1 band is given by

From Eqs. (1) and (3) (using a half-life' 1.73
x10 "s for the 0, 2' state of '"Pu), the half-
life of the 962.77-keV state is estimated to be
(6.2a 1.2)x10 " s; the partial half-life of the
962.77-keV E1 transition is 1.2&10 "s, cor-
responding to a, hindrance fa,ctor" E~= 6.0x10'.
Correction for the &K= 0 component of the transi-
tion [Eq. (5)] yields

EAE=l 4 7~104

Similar analysis of the E1/E2 competition in the
decay of the 985.46-keV 1, 2 state yields for the
941.38-keV transition

An average value, &~
' = 4.3 & 10', is adopted for

the band; from Eq. (7), one obtains E~ '= l. 5

0&104. Predicted half-lives of the states are sum-
marized in Table IV-.

W(E1; I; 1~)~ [(I;11—1lIq0)

+z,f(I;) (1,010 lE&0)]',

where

(5) B. E1 transition rates from octupole states
in other heavy nuclei

(0 IIE1110')
(1 IIE1II0')

from which it follows that

a= (—zp, )'~'

and

(0 IIE1110')
(1 IIE1 II 0')

(6)

(7)

(0 IIE1110')
(1 IIE1110')

In '"Pu, the experimental E1 branching ratios
from the 0, 1 and 0, 3 states yield a consistent
value of z, = —0.029+ 0.005. [It should be noted
that the 0, 3 - 0, 2' y ray (617.36 keV) masks the
weaker 0, 5 —0, 4' y ray of the same energy. The
intensity of the latter y ray is estimated from
I&(0, 5 -0, 6') and Eq. (4), iterating on z, to ob-
tain self-consistency. It is also possible to obtain
purely experimental E1 branchings from the 0, 3
and 0, 5 states, by use of the y-ray intensities
measured in the decay of both '"Np and '"Cm,
since the two parents popula, te the states in dif-
ferent proportions. Due to experimental uncer-
tainties, this method yields only an upper limit
for the intensity of the 0, 5 -0, 4' transition,
which is consistent with the value adopted. ] The
E1 branching ratio from the 1, 1 state yields
z, =0.0819+0.0039. From Eqs. (6) and (7),

lal =0.0485~ 0.0043

TABLE IV. Predicted half-lives of octupole states in
238p a

Revel
Energy (keV) t f/2 (ps)

605.16
661.46
962.77
985.46

0, 1
0, 3
1,1
1,2

4.7 + 0.5
3.7 + 0.4
6.2 ~1.2b

5.3 +1.1"

Based on the rotation-admixing model described in
the text and the present experimental results.

" Calculated directly from the decay of this state. The
average value of I z for the decay of the 1,1 and 1,2
states is equivalent to t f/2(962. 77) = 5.7 ps, t f/2(985. 46)
= 5.9 ps.

The rotation-admixing model developed above can
be used to estimate E1 transition rates in other nuclei
for which sufficient data on relative branching
are available. Results are presented in Table
V. The following are comments on specific nu-
clei:

~gg. 'The data. are from Ref. 24. I'~~ ' is de-
rived from a direct comparison of the intensities
of E1 transitions with the intensities of competing
rotational transitions. The value given is the
geometric mean of the values estimated for the
0, 3 0, 2' and 0, 5 0, 4' transitions, 0.6x 104

and 2.4x 10', respectively. 'These values have
been corrected for the &K= 1 component of the
transitions by use of the mixing parameter z,
derived from the E1 branching from the 0, 1
state. 'The estimates are not subject to possible
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TABLE V. Estimated E1 transition probabilities for octupole states (K= 0 or 1) in nuclei with Z ~ 88.

Nucleus ZQ
(i&1-lie~ lo-)I &,

(keV)

(0 El 0')
(1 El 0+)

y 4K~0
W y 6K~i

W

"4Ra

3oTh

36U

38U

'"ru

+0.044(9)

+ 0.012 (5)

+ 0.032

+0.177(3)

-0.005 (2)

-0.029(5)

-0.12

-0.079

-0.012

+ 0.18(8)

+ 0.0819(39)

0.038
(23.6)
0.050
(22)

0.047
(13)

0.030(9)

0.0485 (43)
(17(2))

3.2

1.57

0.26

6(2)

1.69(5)

1.2 x 104

2 xl03

4 x103

&4.5 x 10~

(2.2 xl07)"

9 xl04

1.5x104

2 x104

9 x103

&3.1 x 106

3.2 x106

4.3 x10

See Sec. IV 8 for a discussion of the data for each nucleus. Numbers in parentheses are uncertainties in the last
place (s) .

" From the directly measured half-life of the 0, 1 state.

violations of the model (see below), but no infor-
mation is obtained about the AK= 1 transition rates.
rates. Kith the assumptions that the K'= 1 band
lies at. about 1 MeV and that the strength gf the
mixing between the X'=1 and 0" bands is about
—,
' of the theoretical estimate [Eq. (10)] one can
estimate that E~~ '= E~~~*'. It should be noted
that the half-life estimates obtained here (0.27
ns for the 0, 3 ievel, O.ll ns for the 0, 5" level)
disagree with the published values calcul. ated
(apparently) by the same method. '4

Tk z p is a weighted average of values for the
0, 1, 0, 3, and 0, 5 states, derived from several
measurements reported in Ref. 8. Although the
K'=1 band has been identified tentatively, some
of the transitions by which it decays have not been
observed. -In order to estimate z, and thus the
ratio of ~= 0 to hK= 1 El matrix elements, it
was assumed that the strength of the mixing be-
tween the E'=1 and 0 bands is & that predicted
by Eq. (10). The El strength is calculated from
the relative intensities of the 1,1 0, 2' and 1,1

0, 3 transitions.
"'Th.. The required data are known, but'without

uncertainty limits. The information in 'Table V
is derived from several measurements of relative
y-ray intensities and E2/Ml mixing reported in
Ref. 8. A consistent value of z, is derived from
the E1 branching from the 0, 1 and 0, 3 states,
of z, from the 1,1 and 1,3 states. The estimate
for E~~~' is the geometric mean of the values
1.7 x 10, 0.9 x 10, and 6.4 x 104 for the 1,1,
1,2, and 1,3 states, respectively.' 'U. 'The data, derived from the decay of "'Pa
and "'Np and the reaction "'U(d, py), are. summar-
ized in Refs. 8 and 1. The value of z„—0.012,

is derived from the branching from the 1,1 state;
the branching from the 1,3 state yields z, =+ 0.061,
which is inconsistent with this value and with
the rotation-admixing model, which requires that
2, and a, have opposite signs [see Egs. (6) and (7)].
'The E2 content of the rotation-admixed transitions
is unknown; the calculations are based on the
assumption that they are pure E2 transitions,
and thus provide upper limits for the hindrance
factors E~ E~~»' is .derived fron the E1/E2 com-
petition, in the decay of the 1,1 state; the value
(Table V) is consistent with the approximate value
& 1.5 x 10' derived from the decay of the 1,2
state. There is close agreement between the
estimate for E~~~*' and the experimental value
derived from the directly measured half-life of
the 0, 1 state. On the other hand, the inconsis-
tency of the z, values noted above is a serious
violation of the model. This problem is consid-
ered further in Sec. IVC.

"'U. The data are derived mainly from un-
published Coulomb-excitation results. "'" 'The

va, lue of zp 0 005+ 0.002, is calculated from
the precisely measured E1 branching from the
0, 3 state; the value derived from the 0, 1" state
branching (+ 0.03+ 0.01) has the opposite sign,
although the two values differ'by only about three
standard deviations combined error. 'The value
of a, is a simple average (with expanded uncer-
tainty limit) of the values derived from the branch-
ing form the 1, 1 and 1, 3 states, +0.23 +0.02
and + 0.13+ 0.01, respectively. E~~~*' is an aver-
age of the va.lues 3.0x 10' for the 1,1 state and
3.4x 10' for the 1,2 state. It is inconsistent with
the value 1.2 x 10' deduced from the Ell(inter-
band-E2) branching from the 1,3 state.
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According to Ref. 26, rotational transitions
compete with interband transitions in the deexci-
tation of the 0, 3 and 1,3 states. (The rotational
transitions have not been observed directl;y. Their
intensities are inferred from the strength of the
indirect Coulomb excitation of the 0, 1 a,nd 1,1
states. ) The El/(intraband-E2) branching ratios
from the two 3 states yield E~~~'=1.0x 10',
E~~ '= 5 x 10'. These values are in agreement
with the values deduced from the rotation-admix-
ing model. Both methods support the c'onclusion
that the 4K=1 transitions from the 1,3 state
are less hindered than those from lower-spin
members of the same band.

band mixing. For the purpose of comparison,
it is convenient to quote the Coriolis matrix ele-
ment ( (K'=1 IIH'(IK' =0 )I = IahE ), where AE
is the energy spacing between the two bands (ta-
ken to be the spacing between the bandheads).
Based on the El branching ratios [Eq. (6)], the
magnitude of this quantity is given by

I (1 ~~H'~~0 &I
= (-s.s,)'"~E. (8)

where

From the compression of the rotational spacing
of the K'=0 band,

I
(1 )PH'f(O-&I =([A(gsb) A(-0 )]~]'~', (9)

C. Validity of the rotation-admixing model

'The model described above involves assumptions
that the interband E2 transitions are due to the
mixing between the bands containing the initial
and final states, and that the strength of this mix-
ing can be estimated from the E1 branching ratios.
The first assumption is supported by the following
considerations:

(1) The interband E2 transitions have estimated
strengths of approximately one single particle
unit. It is unlikely that any transition between
intrinsic (Nil. sson) states would be this fast. In
fact, calculations of E2 strengths in deformed
nuclei are commonly made under the assumption
that tQe E2 transitions result from rotationa1.
admixtures.

(2) Any admixtures other than those between
members of the initial and final bands would re-
sult in E2 strengths proportional to a ', whereas
the postulated transitions have strengths propor-
tional to a'. Because the mixing parameter a
is approximately 0.05, rotational transitions due,
to other admixtures would be at least 400 times
slower.

(3) The observed branching ratios of the inter-
band E2 transitions are consistent (but not ex-
clusively so) with Eq. (3). For example, the
calculated value for W„(E2; 1,1 0, 3 )/W„(&2;
1, 1 - 0, 1 ) is —', ; experimental values are 0.62
for "'Th a,nd 0.61+0 07 for "'Pu.

'The derivation of the. mixing parameter a from
experimental E1 branching ratios is subject to
a number of problems noted in the discussion of
individual cases (Sec. IVB): The observed values
of 8 p and z, do not al 1 have opposite signs, as
required by Eqs. (6) and (7), and inconsistent
values of z, are obtained in some cases from
the analysis of the branching from different mem-
bers of the same band. However, there are other
methods for estimating the strength of the inter-

is the rotational constant for the band. From a
theoretical (Coriolis) estimate, "

(1 [iH'j(0 ) = v'24A (gsb) . (10)

TABLE VI. Estimates of the mixing between the E= 0
and %=1 octupole bands.

Nucleus
( (1 ((HI ]) 0 &( (keV) estimated by:

Eq. (8) Eq. (9) Eq. (10)

224aa
228Th

230Th
236U

238U

238P

22
13

8
17

72a
43
33
23
25
25

69
47
43
37
37
36

If E(l, l )=1000 keV.

The estimate represented by Eq. (8) may be too
high, too low, or meaningless (i.e., imaginary)
because of mixing with other bands. (The K'= 1
band is more likely to contain other admixtures,
since it occurs near the pairing gap, and thus
probably lies close to other 0 bands. ) Equation
(9) represents an upper limit to the mixing, pro-
vided the 0 band does not have a larger deforma-
tion than the ground-state band. [This condition
probably is not met in "Ra and, perhaps, in '"Th,
in which small rotational constants of the K'= 0
band relative to those of the corresponding ground-
state bands and deviations from the systematic
relationship between estimates given by Eqs. (9)
and (10) suggest that the octupole band is more
deformed. ] Equation (10) is a rough estimate of
the maximum Coriolis effect, and may be taken
to be an approximate upper li.mit.

Table VI compares the matrix elements calcula-
ted by the three methods Equati. ons (8)-(10)
yield comparable results, and the matrix el.ements
are approximately constant from one nucleus to
the next. The agreement adds some confidence
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to the results presented in 'Table V. A value of
s the Coriolis estimate [Eq. (10)] has been used
in the above discussion where sufficient data are
lacking to use Eq. (8). The same estimate would
probably be better than the one used for "'U in
'Tabl. e V; i.e. , the matrix element and the mixing
parameter a should be about twice as large, and
E~~ ' about 4 as large as the values tabulated.

Except as otherwise noted, the above discussion
assumes that the octupole bands are well behaved,
i.e. , that the reduced matrix- elements are spin
independent. This is not necessary assumption
of the model, and the analysis indicates that the
LhÃ= 1 E1 matrix elements in "U are larger for
the decay of the 1,3 state than for the decay of
the 1,1 and 1,2 states. Similarly, the decay
of the 0, 3 and 0, 5 states of '"Ra are character-
ized by different values for the reduced AK= 0
matrix elements. 'The latter conclusion does not
depend on assumptions of the rotation-admixing
model, since the estimates for "Ra are based
on a direct comparison with rotational transitions.

V. CONCLUSION

Hindrance factors for E1 transitions from octu-
pole states in the Ra-Pu region vary from 2 x 10'

to 2x 10'. Especially dramatic is the variation
of over two orders of magnitude in the 4K= 0
transition rate between "'U and "'U, and over
three orders of magnitude. between the isotones

U and ' Pu. The variation in gg =1 transition
rates is only slightly smaller, and the ratio of
4K= 0 to AK= 1 transition rates varies sharply
in this region. It is possible to interpret the
results as a relatively smooth trend interrupted
by an anomaly at "' "'U. By contrast, the E1
transitions in gadolinium and dysprosium isotopes
behave quite regularly, with E~~ *' on the order
of 400, Ew~r' on the order of 3x 10'."
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