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Higher order effects in allowed 8 transitions may be generated by the interference of the allowed Gamow-
Teller components with second-forbidden components. In strongly hindered 8 transitions, this interference
effect is expected to give rise to 8-y directional correlations with measurable anisotropies. The 8-y directional
correlations of the hindered allowed @ transition (logft>8) in the deformed nuclei Eu!s?, Eu'®, and Tbs
were studied. The B-correlation factor 4,8, which characterizes the 8 transition in the expression for the 8-y
directional correlation W (8) =1+A484:7P2(cos), was found to be vanishingly small in all cases, except
that of Tb16, The results are: 4,8=—0.01740.012 for the 0.70-MeV B transition of Eu's?(logf¢=10.6);
Af=+0.016=:0.020 for the 0.20-MeV 8 transition of Eu'®(logft=9.6); 42%=0.007-0.006 for the 0.58-MeV
B transition of Eu®(logfi=10.0); and 4,#=+40.041+0.015 for the 0.566-MeV B transition of Th*® (log f¢
=8.1). A summary of 8-y directional correlation measurements on allowed B transitions is presented and
the implications of the results are discussed. In most cases the experimental results suggest that the effects
that cause the reduction of the allowed matrix elements are also operative in reducing the second-forbidden

matrix elements.

I. INTRODUCTION

HE work reported in this paper completes the
systematic study of possible higher order effects
in hindered allowed B transitions by B-y directional
correlation methods.!? The 8-y directional correlation
involving allowed beta transitions is, in general,
isotropic, because only s-wave leptons are emitted. If,
however, the allowed matrix elements (/'1 and/or S'o)
are strongly reduced (hindered transition), the contri-
butions from p- and d-wave leptons, whose amplitudes
are characterized by second-forbidden B-decay matrix
elements, may cause an anisotropic B-y directional
correlation.
The B-v directional correlation is of the form?

W(0)=1+A22P2(C050). (1)

The anisotropy factor As(W) is a product of the 8
factor 4 2(W) and the v factor 4,7

Ap(W)=AL(W)A,". (2)

The B factor A#£(W) depends on the energy of the
particle and on the relative contributions of certain
second-order forbidden matrix elements. These con-
tributions may be characterized by a parameter n which
is defined in Ref. 2, where also an approximate expres-
sion for 4#(W) is given [Eq. (9) of Ref. 2. In view of
the fact that the n values of the 8 transition investigated
in this work are very large, the theoretical expression
for A#(W) has only qualitative character.

Beta transitions with logf? values in excess of ~7.0
may be expected to display slightly anisotropic 8-y
correlations. In this paper, results of 8-y directional
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correlation measurements on several allowed beta
transitions in the region of deformed nuclei will be
reported.

The ground states of the 8 emitters investigated
(Eut®2, Eut® Th'%) have all spin and parity /*=3~ and
their magnetic moments are consistent with the assign-
ment of the configuration [4111]4[5211].4 In addition,
the B transitions of the three nuclei are very similar.
The three nuclei decay by first-forbidden 8 transitions
with larger than usual f¢ values leading to the lower
excited states of the daughter nuclei and by allowed 8
transitions with unusually large ¢ values (logft>8)
feeding the higher excited states of the daughter nuclei.
The level schemes of the daughter nuclei are also very
similar. However, only one of the hindered allowed 8
transitions (Tb'®) has an anisotropic 8-y directional
correlation.

II. EXPERIMENTAL METHODS

The multichannel 8-y directional correlation equip-
ment used in the present investigation has been de-
scribed before.? Since the expected anisotropy effects in
allowed B transitions are very small, even small numbers
of spurious counts due to external pickup introduce
considerable errors. For this reason, the four 8 channels
were used at the same energy setting to check on the
consistency of the results.

In addition, the Tb!¢® 8-y directional correlation was
also measured with a different apparatus, employing a
magnetic lens spectrometer.

The usual corrections for chance coincidences, the
corrections owing to competing 8-y and y-y cascades
and to the Compton background of higher energy v
radiation under the v photopeaks, were carefully taken
into account. In all cases, these corrections were small,

4C. J. Gallagher, Jr., and V. G. Soloviev, Kgl. Danske Viden-
skab. Selskab, Mat. Fys. Skrifter 2, No. 2 (1962).

5 R. S. Raghavan, Z. W. Grabowski, and R. M. Steffen, Phys
Rev. 139, B1 (1965).
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but not negligible. All data were corrected for the finite
geometry of the source-counter arrangement.

The sources were backed by 1-mg/cm? Mylar foils
and were about 0.1 mg/cm? thick. Because of the low
energy of the B particles, the Eu'® sources used for the
measurement of the 8(0.2 MeV)—y(1.298 MeV) direc-
tional correlation were vacuum evaporated onto a
0.0001-in. aluminum foil. The Eu sources were prepared
by high flux neutron irradiations of the enriched isotopes
Eu(>999%,) and Eu'®®*(>959%,). The Tb'% source was
obtained by an (#,y) reaction on Th'*® (purity 99.9%).

III. EXPERIMENTAL RESULTS
Eul52

The spin /=23~ assignment for the Eu!*? ground state
is based on a direct measurement using the paramag-
netic resonance method.®? The odd parity is required
to account for the 1.484-0.344-MeV beta-gamma
directional correlation measurement (see, e.g., Ref. 8).
It was reported by Takahashi, McKeown, and Scharff-
Goldhaber?® that the levels of Eu'*? could be understood
in terms of a coupling of Nilsson orbitals. The most
plausible configuration for the 3~ ground state seems
to be 3t[4111] for the proton and $~[5211] for the
neutron orbital. The quadrupole moment, as measured
by Judd, Lovejoy, and Shirley, is Q= (2.6140.20)b,°
indicating a deformation of the Eu!®? ground state.

The I=3— assignment for the 1.124-MeV excited
level in Gd'? (see Fig. 1) is based on gamma-gamma
directional correlation experiments and conversion

wEU(R24y)
3

(3) 1581 1642 27
27 1531
@ 1385 1.444 3%
3t 1235
2+ 1087 23 o1 o Mea 3
g2 od| ke
—0 —uw| Cw
FASROX:T]
& 0.755 4+
4% 0367
Q344 2+
2% o2 120'700
3 I % 10.6
ot o '——————o0 o*
62Sm>2 (Stable) 28200Y) o5d™

Fi16. 1. Decay of Eu'®. (Energies in MeV.)
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coefficient measurements which reveal the E1 character
of the 0.779-MeV transition.!!

The B transition of 0.70-MeV endpoint energy is thus
allowed, although it is strongly hindered as indicated
by its very large ft value (logft=10.6). The 8-y direc-
tional correlation of the 0.70-MeV g group, followed by
the 0.779-MeV v radiation, was measured accepting 3
energies from 0.40 to 0.65 MeV in the 8 channels. In
this measurement, no competing 8-y or y-y cascades
interfere. The experimental result

A3,(0.708—0.779y) = —0.006=0.005

indicates a vanishing anisotropy in agreement with a
previous measurement.?

The 0.779y transition is an E1 transition. The v-
correlation factor is thus A4,7(0.779 MeV)=F,(1123)
=0.346 and the experimental $-correlation factor has
the value

AL(W>0.88)=—0.01740.012. 3)

Formula (9) of Ref. 2 also predicts a vanishing anisot-
ropy (see Table I).

The 2- spin-parity assignment for the 1.642-MeV
level in Gd*? is based on gamma-gamma directional
correlation measurements and internal conversion
measurements on the 1.298-MeV transition (see dis-
cussion in Refs. 11 and 12). From such evidence, it
appears that the 0.20-MeV B transition is allowed,
although its ft value is large (logft=9.6).

The experimental result of the 8-y directional cor-
relation of the 0.20-MeV B transition and the 1.298-
MeV v transition is, after introducing a small correction
for the y-v contribution,

A95(0.203—1.298y) = —0.0084-0.010. 4)

The 1.298-MeV v radiation is followed by the 0.344-
MeV v transition, and the v factor of the 1.298-MeV
v transition can be computed from the experimental
results of the 1.298-0.344-MeV -y directional cor-
relation.”! Taking into account the sign reversal of the
E1-M?2 mixing ratio, due to the fact that the 1.298-
MeV v radiation is the second radiation in the 8-y
cascade,

A57(1.298 MeV) = —0.494-0.02.

Therefore, the B-correlation factor of the 0.20-MeV B
transition is

AL (W>1.31)=+0.016+0.020. ©)

The vanishing 4 for the 0.200-MeV 8 transition is in
agreement with the prediction of formula (9) of Ref. 2.
The spin-3 assignment for the 1.444-MeV level is
consistent with gamma-gamma directional correlation
results.’2 There is, however, no conclusive evidence
concerning the parity of this level.
In order to determine the parity of the 1.444-MeV

11 Z. Grabowski, Arkiv Fysik 20, 177 (1961).

2 W. Schick and L. Grodzins, Nucl. Phys. 62, 254 (1965).
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excited state in Gd'®?, the 0.38-1.100-MeV beta-gamma
directional correlation has been measured. The result
obtained for this cascade in terms of the 4 25 coefficient is

A35(0.388—1.1007) = —0.05-0.01 . (6)

The beta channel setting in this measurement was
chosen to avoid the contribution from the 0.20-MeV
B$-1.298-MeV v cascade. This result disagrees with the
vanishing anisotropy factor, 4 2,=0.00240.017, reported
by Schick and Grodzins for this cascade.!? The com-
paratively low energy selected in the 8 channel by
Schick and Grodzins (Eg=0.20 MeV) may be partly
responsible for this small value of A2, since the 0.20-
MeV $-1.298-MeV v cascade gives a small contribution.
It is very unlikely, however, that this small contribution
can account completely for the discrepancy in these two
measurements. The nonvanishing anisotropy for the
0.38 3-1.100 v cascade (as compared with practically
zero anisotropy shown by allowed transitions in this
isotope) indicates that the 0.38-MeV f transition is
first-forbidden and thus supports a positive parity
assignment for the 1.444-MeV level. Hence, the 1.100-
MeV gamma transition should be a M14-E2 multipole
transition. A rather large £2 component admixture in
the 1.100-MeV transition is required to explain the
1.100 eg~—344 v directional correlation observed by
Burde et al.’® The large E2 contribution is in agreement
with the K-conversion coefficient reported by Nathan
and Waggoner for the 1.100-MeV transition’* and
implies a collective character of the 1.444-MeV excited
state.

Eul54

The spin (/=3) of the Eu'® ground state (Fig. 2) has
been determined by the paramagnetic resonance
method.” The negative parity is assigned on the basis
of By directional correlation experiments on the 1.855-
MeV g transition to the 2+ excited state of Gd!%.!5 Since
the absence of a P,(cosf) term makes it very unlikely
that this 8 transition is second-forbidden, it must be
first-forbidden involving a parity change. The high
ft value of this 1.855-MeV B transition can be explained
by K-forbiddeness. The Eu® ground state is deformed
[0=(3.24+0.38)b]® with K=3~; the ground state
and the first two excited states of Gd** are K=0t
rotational states.

The 2~ spin-parity assignment for the 1.399-MeV
level of Gd'* follows from nuclear alignment studies,
directional correlation experiments,'® and linear-polari-
zation directional correlation measurements!” on the
1.276-MeV-0.123-MeV gamma-gamma cascade. The

13 J. Burde, A. Catz, and S. Palti, Nucl. Phys. 44, 212 (1963).
¥ 0. Nathan and M. A. Waggoner, Nucl. Phys. 2, 548 (1957).
( ‘56 g) K. Bhattacherjee and S. K. Mitra, Phys. Rev. 126, 1154
1962).
(11966{))). Debrunner and W. Kundig, Helv. Phys. Acta 33, 395
(1;76 % V. K. Baba and S. K. Bhattacherjee, Phys. Rev. 123, 865
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Fi16. 2. Decay of Eul®.

B transition of 0.58-MeV end-point energy feeding the
1.399-MeV level must therefore be allowed. The large
ft value of this 8 transition (logf#=10.0) has not been
explained satisfactorily.

The measurement of the 0.58-MeV 3-1.276-MeV vy
directional correlation yielded a vanishing anisotropy

A45(0.583—1.276y) = —0.004=0.003.

This result is in agreement with the isotropic correlation
reported by Sunier ef al.® The y-correlation factor of the
1.276-MeV E1 transition is A4,7(1.276)=F.(1122)
=—0.418 and the experimental value of the B-cor-
relation factor of the 0.58-MeV B transition becomes
thus

AP(W>1.7)=40.007=-0.006. )

The nuclear structure dependent factor 5 for this 8
transition (logft=10.0) is very large, 3=>560. The
expression for 44 [Eq. (9) of Ref. 2] provides only a
very qualitative estimate for such large 5 values yielding
A2(W=1.76)~=+0.003. This theoretical estimate shows,
however, that no sizable anisotropy is expected in this
- directional correlation, despite the strong hindrance.

Tb160

The decay scheme of Tb'™ (Fig. 3) is well estab-
lished.!®¥® The spin of Tb'® (I=3) has been measured
directly.”® The odd parity of the Tb' ground state
follows from nuclear systematics.

::II;‘. go;ll'xm andﬁTI. Rogerﬁ, Nucl. Phys. 41, 553 (1963).
. G. Hansen, N. R. Johnson, and H. L. Nielsen, . .
55, 171 (1968 J ielsen, Nucl. Phys

? A. Y. Cabezas, J. Lindgren, and R. Marrus, Phys. Rey.
1796 (1961). & rrus, Phys. Rev. 122,



880 CIPOLLA, GRABOWSKI,

6sTb°(72d)
-

1.399 3~
1.386 (47)
1.358 3Q")

1.287 37 K=l
T 1.264 27 K=2

L156 4%
1049 3" fk=2

0.966 2*

0.543
4% 9l

0.566
45% 8.1

LI7T7
L8]
27

|55 SN U R MU —

0284 4%

K=0

0.087 2"
y 0 0

SGDyIGO
F16. 3. Decay of Thi®,

The spin (/=2) of the 1.264-MeV excited state of
Dy!® has been established by gamma-gamma direc-
tional correlation 2 and nuclear orientation? experi-
ments. The odd parity of this state is assigned on the
basis of the E1 multipole character of the 1.180-,
0.298-, and 0.216-MeV gamma transitions.?’

The beta transition of 0.566-MeV endpoint energy
(logft=8.1) is thus allowed.

Previous measurements on this 8 transition showed
evidence of higher order effects.? The results, however,
were not consistent with other decay data. Thus the
B-v directional correlation measurements involving the
0.566-MeV B transition were repeated with improved
experimental techniques. Particular attention was
devoted to corrections for competing -y and -y
cascades.

The corrections for the y-y background are particu-
larly difficult to evaluate precisely for the 0.566-MeV
$-0.298-MeV v correlation measurement. To eliminate
the y-y contribution, a thin-lens magnetic spectrometer
was used to measure this correlation. The energy resolu-
tion of the spectrometer was 3%, and the spectrometer
current was set to accept electrons with energy of 0.490
MeV. The result obtained, after correcting for coinci-
dences between the beta particles and Compton back-
ground under the 0.298-MeV gamma peak in the

2 S, Ofer, Nucl. Phys. 5, 331 (1957).

ZR. G. Arns, R. E. Sund, and M. L. Wiedenbeck, Nucl. Phys.
11, 411 (1959).

2 W. Michaelis, Nucl. Phys. 44, 78 (1963).

# C. E. Johnson, J. F. Schooley, and D. A. Shirley, Phys. Rev.
120, 2108 (1960).

2% M. A. Clark, Can. J. Phys. 38, 262 (1960) ; G. T. Ewan, R. L.
Graham, and J. S. Geiger, Nucl. Phys. 22, 610 (1961).
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scintillation counter, was
Ag2=—0.01840.005. (8)

This result is lower than the previously reported value.?
The discrepancy between these two results is most prob-
ably due to the uncertainties in the relatively large
correction for the y-y background in the previous
measurement.

The 0.298-MeV gamma-transition is a pure or almost
pure E1 transition. On the basis of gamma-gamma
directional correlation measurement,?? the possible
M2 admixture is less than 0.29]. The vy-correlation
factor is thus

A27(0.298 MeV) = —0.42+0.06. 9)
The B-correlation factor for the 0.566-MeV 3 transi-
tion is therefore

AL(W>1.92)=0.0434+0.018. (10)

The B-correlation factor of the same 8 transition can
also be determined by observing the 0.566-MeV 8-
1.177-MeV # directional correlation. This measurement
is more difficult, because the contributions from the
competing 0.543-MeV $-1.200-MeV v cascade must be
taken into account. This cascade contributes about
129, to the B-y coincidence rate. Accepting 8 particles
of energies between 0.45 and 0.55 MeV, four inde-
pendent measurements yielded the following result
after applying the correction for the competing cascade:

A29=—0.019+0.008. (11)

The error is caused mainly by uncertainties in the
correction. This result is somewhat different from the
previously reported anisotropy factor

A92=+40.0134-0.007 .

The v factor of the 1.177-MeV gamma radiation can
be computed from the y-y directional correlation
measurements.

Arns et al” report a vy-y anisotropy factor of
Aee’(1.177y—0.087v)=+0.13320.041 for this direc-
tional correlation. This value must be corrected for the
presence of extranuclear perturbations in the liquid
sources that were used by these authors. Giinther
et al®® determined the attenuation factor for liquid
Tb'"® sources Gy2=0.744-0.02 in agreement with an
earlier measurement of Broude and Kaplan.?” Thus, the
true correlation coefficient for this y-y cascade is

A22(1.177y—0.087v)=0.180+0.06. (12)

The v factor A427(1.177) of the 1.177-MeV v transition

% C. Giinther, G. Strube, U. Wehmann, W. Engels, H. Blum-
berg, H. Luiz, R. M. Lieder, E. Bodenstedt, and H. J. Korner,
Z. Physik 183, 472 (1965).

*7 Private communication with S. G. Cohen; and G. Gilat, Nucl.
Phys. 38, 1 (1962).
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F1c. 4. Gamma-spectrum of Tb'® measured with a lithium-drifted
germanium detector of 2-mm depletion depth.

is, therefore,

A57(1.177 MeV) =0.180-£0.06/F»(2202)

=—0.30£0.10, (13)

corresponding to a M2-E1 mixing ratio of 6=—0.096
or 0.99%, M2 admixture. This is in good agreement with
the value of 0.79, for M2 admixture obtained from the
orientation experiment.?

Taking into account the sign reversal of §, if the
1.177-MeV « transition is the second transition of the
cascade, one obtains for the v factor relevant to the
B-v correlation function

Ay (1.177 MeV) = —0.53£0.11. (14)

Hence, the B-correlation factor of the 0.566-MeV
B transition computed from the experimental result of
Eq. (11) is

AL(W>1.92)=40.04=0.02. 15)
The two results (10) and (15) show conclusively that
the allowed 0.566-MeV B transition has a small yet
nonvanishing 8 anisotropy factor.
The weighted average of the two independent
measurements is

A4£(0.566 MeV)=-+0.04140.015. (16)

In order to ascertain that there is no level adjacent
to the 1.264-MeV level that could be fed by a forbidden
B transition, the gamma spectrum was investigated
with a high-resolution Ge-Li detector. The spectrum
(see Fig. 4) does not show any evidence of an unknown
level in the neighborhood of the 1.264-MeV level of
interest.

I'rom the f value of the 0.5668 transition (logft=38.1),
the nuclear structure factor  is computed as n=>~=463.
Using Eq. (9) of Ref. 2, this results in an estimate of the
B factor 4.(8) of

A2:(8)=-+0.16 for 7<0,

.
A2(8)= 0.001 for 7>0. (17

HIGHER ORDER EFFECTS
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IV. SUMMARY AND CONCLUSIONS

Table I summarizes 3-v directional correlation meas-
urements involving allowed B transitions. The nuclear
structure parameters n which are listed in column §
have been calculated from the ft values of the 8 transi-
tions. Estimates of the B-anisotropy factors A.f ex-
pected from the 5 values are indicated in column 6. The
A.# values have been computed for the 3 energies W
at which the various measurements were made.

In all but three cases (F?,Na? Th'®) the 8-y cor-
relations are isotropic. (We disregard the results of
older measurements, if newer and more reliable values
are available.) The anisotropy factors expected in Na%,
Sct6, Co®, Eu'®?, and Eu'® are so small [ | 4,® (theory) |
<107%] that it is extremely difficult to observe them
experimentally. In some cases, however, e.g., Co®,
Mn?®% Sb?* Cs!4 the large hindrance of the allowed
component should result in a measurable anisotropy.
The fact that isotropic correlations were observed
indicates that in these nuclei the nuclear structure
effects which are responsible for the hindrance of the
allowed B component are also effective in reducing the
second-forbidden matrix elements.

The small anisotropy factor observed in the 8-y
directional correlation of F?* may be due to weak
magnetism effects caused by the conserved vector
current. The weak magnetism effect is measurably
large in F because of the large 8 energy.

The very small anisotropy in the Na? -y correlation
may also be caused by weak magnetism. The anisotropy,
as observed in Ref. 1, is of the correct order of magni-
tude. On the other hand, the anisotropy may be due to
interference with second-forbidden 8 components that
cannot be predicted by the conserved-vector-current
theory.

The rather large anisotropy factor observed in the
B-v directional correlation of the 0.566-MeV B transition
of Tb'® js interesting. Both Tb'® and Dy'® are strongly
deformed nuclei and one is tempted to invoke AK > —2
selection rules which forbid allowed B transitions
without affecting the second-forbidden 8 components.
All experimental evidence from v transitions, however,
indicates that the 1.264-MeV excited state of Dy
belongs to a K=2 band, and certainly not to a K=0
band. The K =2 assignment would make the 0.566-MeV
B decay from the K=3- ground state of Tb!® a K-
allowed transition. According to a survey by Gallagher
and Soloviev, the 1.264-MeV state of Dy can be
interpreted on the basis of the Nilsson model as a
[4111]—[5231] proton configuration. The 8 decay
from Tb'* would thus be associated with a [52117](xn) —
[5231](p) tramsition, implying AN=0, An,=0,
AA= —2, where A is the component of orbital angular
momentum along the nuclear symmetry axis, N is the
total number of nodes in the harmonic-oscillator wave
function, and n, is the number of nodal planes perpen-
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TasBLE 1. 8-y directional correlations involving allowed 8 transitions.
B emitter Transition Wo logft A £(theory) A £ (experiment) Ref.
‘sl
F» 2t — 2+ 11.6 5.0 +1.8 —0.0052 —0.01040.003 b
+
Na22 3+ 2+ 1.69 7.4 +28 ¥F0.001 +0.0030+0.0005 c
+0.0254-0.005 d
<40.04 e
+0.001740.008 f
I'n
Na 4+ — 4+ 3.15 6.1 +6 ¥0.001 —0.0330.03 g
—0.0004-0.0008 c
o
Scté 4+ — 4t 1.4 6.2 +7 ¥F0.0002 —0.0004-+0.0008 c
‘'m
Mnb8é 3t 2t 6.6 7.2 +22 +0.008 +0.06=£0.01 h
. —0.0004-0.002 i
B
Cob6 4+ > 4+ 3.9 8.7 +120 _0.1070-08 —0.0334-0.009 j
—0.012-+0.003 k
—0.007+0.006 1
+0.00240.007 f
'
Co® 5+ — 4+ 14 7.4 +28 +0.001 +0.03+0.03 g
+0.0004+0.0007 c
+0.0004+0.0003 e
I'n
Shi# 3——3 2.2 7.7 +40 4+0.06 00 0.0060.007 f
'
Csi# 4+ — 4+ 2.3 8.9 +160 40117001 —0.00254-0.009 m
—0.024-0.04 g
—0.002+0.006 f
(44#=—0.0034+0.018) f
I's
Eu® 3—3 2.37 10.6 +1100 +0.00470:0008 +0.03+0.05 n
—0.017+0.012 o
‘s
Euts 3—2 1.39 9.6 +355 +0.00001 +0.016£0.020 o
‘e
Euts 3 —>2- 2.13 10.0 +560 40,0004 00003 +0.0070.006 o
B8
Th1eo 3—3 2.11 8.1 +63 40,16 0001 +0.17+0.03 f
+0.09+0.03 o
+0.04+0.02 o

s Predicted on the basis of the conserved-vector-current theory; see footnote b of this table,

b F, Boehm, V. Soergel, and B. Stech, Phys. Rev. Letters 1, 77 (1958)
o R. M. Steffen, Phys. Rev, Letters 3, 277 (1959).

d B, N. Subba Rao, Nuovo Cimento 20, 178 (1961).

. Daniel and G. W. Eakins, Phys. Rev. 117, 1565 (1960).
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