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HIGHER ORDER EFFECTS IN ALLO%ED P TRANSITIONS

difference p„—p~ of the anomalous magnetic moments
of the nucleons. Although the factor (1+@„—p~)/M
= 2.5&10 ' is comparatively large, the relative contri-
bution of J'exr is not expected to increase sub-
stantially even if J'e is much reduced as a result of
nuclear-structure effects.

The second- and third-rank tensor components
characterized by the matrix elements A;, , T;;, E;;, and
S;;&, respectively, have a small inhuence on the spec-
trum shape or on the P-y directional correlations and
are discarded '

W(8) = 1+A ss(W) Fs(cose) (7)

can be expressed as a function of the nuclear structure
dependent parameter ti. Assuming a P transition I;—+ I
followed by a pure 2~-pole gamma transition I—+ If,
the anisotropy factor is

In the following, only the strongly model-dependent
second-forbidden matrix elements are taken into
account. Within this approximation, the anisotropy
factor Ass in the allowed P-y directional correlation

A 22(W) =A s(W)Fs(LLIgI),

(~ (aZ/10R) (2A —3)+ (2/15) (Wo—W)+ (6/25) W) t)Rs (Ps/W)F s (1U;I)
As(W) =

(1+(3/40) Ag (aZ) ')'+aZR[ —-', (5W+ 1/W)+ —,', (A —4) (Wo—W) tl+—'At) (P'/W) j

(8)

(9)

The upper (lower) sign applies to P (P+) transitions.
This equation has been derived considering only the
most prominent possible contributions of second-
forbidden components if the J o matrix element is
reduced. The contribution of the Fermi component J'1
has been neglected. In most allowed transitions

~

J'1~'
((~ J'e~'. ' Furthermore, the Fermi component does
not lead to terms that contain g. The expression for
As(W) is similar to the one given by Morita, except
that higher order terms are included for the use with
large values of tl. Equation (9) gives a reasonably good
estimate of the anisotropy for

~
~t)i)1 and gati~ &200.

If q is of the order ten or larger, the anisotropy
should be observable. We assume an average ft value
of 10" for "normal" allowed P transitions. Thus, if
the ft value of a P transition is 10"or larger, the J'e
matrix element is reduced by a factor of ten or more
and in such hindered transitions, g could be of the
required magnitude.

Several attempts have been made to observe aniso-
tropies in beta-gamma directional correlations involving
hindered allowed P transitions. Steffen' reported
vanishing anisotropies (~Ass~ (0.0005) for Na"(logjam
=6.1), Sc"(logf1=6.2) and for Co"(logft=7. 3). In
Na" (logft = 7.4), a very small anisotropy, A» ———0.0018
&0.0003, was observed. Later measurements seemed
to indicate sizable anisotropies (a few percent) in the
P-y directional correlation of Na", Co"(logf1 = 8.6) and
Mn" (logfI= 7.2).' "lt is the purpose of this paper to
present new data on several allowed p transitions with
very high ft values and to clear up the situation where
convicting data have been reported.

II. EXPERIMENTAL METHODS

The p-7 directional correlation measurements were
performed with a P-y coincidence spectrometer. The
P-detector, a 2-mm thick Li-drifted silicon detector
operated at room temperature, was mounted in a
Lucite vacuum chamber (Fig. 1). As far as P-energy
selection is concerned, the only criterion important for
the present measurements is the rejection of p particles
below a certain energy. Therefore, back scattering in the

P detector which presents a serious limitation of solid
state detectors for ordinary p-y directional correlation
measurements is of no importance here. An integrally
mounted 3-in. &(3-in. NaI(T1) crystal served as detector
for the gamma radiation.

The measurements on Sb"4 were performed with the
previously described P-y directional correlation equip-
ment, " using a s-in. thick plastic scintillator as P-
detector.

The beta sources which were deposited on 1 mg/cm'
Mylar foils, were thin enough to completely neglect
scattering effects at the p energies measured.

Special attention was devoted to the correction of
the observed coincidence data for the unavoidable
contributions from y-y coincidences and in some cases,

Si( Li) Semiconductor
detector

Charge-+. Sensitive
R'eamplifier

e Vacuum Chamber

' H. Daniel and H. Schmitt (to be published).
e R. M. Steffen, Phys. Rev. Letters 3, 277 (1959).
7 B.N. Subba Rao, Nuovo Cimento 20, 178 (1961).
B. G. Pettersson, J. H. Hamilton, and J. E. fhun, Nucl.

Phys. 22, 131 (1961).
9H. Miiller, paper presented at Fachausschuss Kernphysik,

Erlangen, 1963 (unpublished).' H. Daniel, Q. Mehling, P. Schmidlin, D. Schotte, and K.
Thummernicht, Z. Physik 179, 62 (1964).

ence
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Fxc. 1. Beta-gamma directional correlation equipment.

n R. M. Steifen, Phys. Rev. 123, 1787 (1961).
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FIG. 2. Decay of Na".

22

e -y coincidences. The relative y-y coincidence contri-
butions were in no case larger than 0.02. However, in
view of the small P-y anisotropies to be expected, the
p-p coincidence background for each case was very
carefully evaluated. In this connection, the solid-state
P detector was not found to be superior to plastic
scintillator detectors in spite of the often claimed
insensitivity of Si p detectors to & radiation.

The anisotropy factor A»(W) of the P-y directional
correlation was determined from the measured and
corrected P-y coincidence rate observed at different
angles 0. Corrections for the P-inner bremsstrahlung
directional correlations" were considered and were
found to be negligible in most cases.

is of order 120. The anisotropy factor expected for this
4(P+)4(y)2 cascade is then Ass(W=3. 0)~+0.04.
Pettersson et at. ' reported an experimental anisotropy
factor Ass=+0.015&0.004 for W) 3.0. Somewhat
smaller, yet nonvanishing, anisotropies were reported
by Muller' and Daniel et at '

For the measurement of the Co" P+-y directional
correlation, the beta-energy window was set to accept
positrons in the energy range from 1.00 to 1.45 MeV.
The gamma detector accepted the 1.24-MeV photo-
peak. Although several gamma transitions of energies
&1 MeV following the electron capture decay of Co"
precede the 1.24-MeV gamma transition, their detection
probability for the solid-state P counter is small enough
to keep the corrections for p-p coincidences very small.
The experimental result for the anisotropy factor after
correcting for all interfering effects is 222= —0.001
a0.003.

This result disproves the existence of large observable
contributions of second-forbidden matrix elements to
the allowed P+ decay of Co". The result indicates that
the nuclear-structure factor must be smaller than ten:

~ g ~

&10. This result implies that not only the allowed.
matrix elements, but also the second-forbidden matrix
elements which could contribute to this tra, nsition, are
greatly reduced.

III. EXPERIMENTAL RESULTS

The well-known allowed positron decay of Xa"
to the 1.28-MeV excited state of Ne" (Fig. 2) has a
large ft value (logft=7. 4). If the second-forbidden
matrix elements are not appreciably reduced, q is of
order 30, and the expected anisotropy factor for 8'= 1.8
is according to Eq. (9):A» +0.0004.

The P-y directional correlation of Na" was measured,
accepting positrons in the energy range from 0.20 to
0.54 MeV. After applying corrections for all spurious
effects, an anisotropy value of 3~2———0.001&0.005
was obtained.

This value is consistent with the result 222 ———0.0018
+0.0003, reported by Steven. ' The larger anisotropy
reported by Subba Rao' (2»———0.015&0.003) could
not be confirmed.

p56

The positron decay of the 77-day Co" has been™well
investigated (Fig. 3). The 1.5-MeV p+ transition to the
2.09-MeV 4+ excited state of Fe" is allowed. Its ft
value, however, is unusually high for an allowed
transition (logft= 8.7).Thus, contributions from second-
forbidden matrix elements may be expected. If the
second-forbidden matrix elements are not affected
by whatever eBect that causes the allowed matrix
elements to be small, the nuclear structure fa,ctor

~ q ~

'2 T. B. Novey, Phys. Rev. 89, 672 (1953).
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Pxo. 3. Decay of Co".

"P.C. B. Fernando, G. K. Rochester, and K. F. Smith, Phil.
Mag. 5, 1309 (1960).

'4 B. S. Dzelepow and N. N. Zhukowsky, Nucl. Phys. 6, 655
(1958)."T.Lindquist and I. Marklund, NucL Phys. 4, 189 (1957)."E.Boschitz, Z. Physik 154, 90 (1959).

Sb»4

The 0.620-MeV P transition (logft=7. 7) proceeds
between the 3 ground state" of Sb"' and the 3
2.295-MeV excited state of the daughter nucleus Te"'
(Fig. 4). The 3 spin-parity assignment to the 2.295-
MeV excited state is well established on the basis of
conversion coeKcient measurement of the strong 1.69-
MeV transition" and the 1.69—0.603-MeV y-y direc-
tional correlation measurements. ""In this case, for
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Cs134

The P transition of interest (Ws ——0.656 MeV;
logft= 8.9) occurs between the 4+ ground state of Cs"'
and the 1.402-MeV excited state in Ba"4 (Fig. 5). The
spin I=4 for the Cs"4 ground state has been uniquely
determined using the atomic beam magnetic resonance
method. '7 The value of the magnetic moment obtained
from this measurement favors a (gi/s, ds/s) proton-
neutron con6guration; hence, the positive parity
assignment for this level. The 4+ spin-parity assignment
of the 1.402-MeU excited state in Ba"4 is based on y-y
directional correlation, "y-y polarization correlation"'
and conversion coefficient" measurements. The spin
assignment has been indirectly confirmed by P-y
circular polarization correlation experiments. ""Thus,
the 0.656-MeV P transition is an allowed P transition.
The ft value of this P transition is uncorrunonly large

FIG. 4. Decay
of Sb124
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' E. H. Bellamy and K. F. Smith, Phil. Mag. 44, 33 (1953).
18 O. J. Segaert, Nucl. Phys. 43, 76 (1963).' R. M. Kloepper, E. S. Lennox, and M. L. Wiedenbeck, Phys.

Rev. 88, 695 (1952)."B.L. Robinson and L. Madansky, Phys. Rev. 88, 1064
(1952)."G. L. Keister, E. B. Lee and F. H. Schmidt, Phys. Rev. 97,
457 (1955)."L.G. Mann, S. D. Bloom and R. J. Nagel, Phys. Rev. 127,
2134 (1962).

2~ H. Daniel, J. Hufner, and O. Mehling, Ann. Physik 12, 106
(1963).

measuring the 0.620-1.69-MeV P-y correlation as a
function of the beta energy, the ~-in. thick Pilot 8
scintillation crystal was used as a P-detector and the
analyzers were set on 50-keV intervals in the energy
range 250—600 keV. The results obtained for the
channels below 400 keV and where the highest energy
channel was used, were corrected for the small y-y
coincidence background. Values of A ss (W), as a
function of the energy of the P particles, vanish con-
sistently for the entire energy range. Taking the
weighted average of these values:

Ass(1.5&W&2.2) =+0.0021+0.0025.

This experimental result limits the values of g to
—15&i)&5. From the ft value of the p transition, one
would expect ii)~ to be of the order 40.

FIG. 5. DeCay of Cs'~.
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(logjam=8. 9). This large f/ value can be understood
on the basis of the shell model. The P transition involves
mainly a d3/s neutron (with some st/s admixture and
very small ds/s and gz/s admixtures) transforming into
a g7/s proton (with some d s/s and very small d3/s
admixture). The allowed transitions can thus only
proceed through small admixtures, whereas the transi-
tion between the main components d3/2~ g7/2 corre-
sponds to a second-forbidden P decay. This type of a
second-forbidden P transition is observed in Cs"7 and
has a log f1 value of 11.9. A comparison with the f/ value
of the 0.656-MeV P transition (logft=8. 9) of Cs"4
indicates that the contribution of second-forbidden
components to this allowed P transition are expected
to be about 3%%uo (in intensity). This contribution corre-
sponds to

~
il

~

—160. The same il value is obtained if the
f/, value of the 0.656-MeV P transition is compared to
the nominal value (logft=4. 5) for ordinary allowed P
transitions. The expected P-y directional correlation
factor is A, s ——+0.005 for il)0 and Ass ———0.05 for
q&0.

The 0.656—0.797-MeV P-y directional correlation has
been previously reported as being isotropic within the
limit of about 2 jo.'4 "The present experiment gives
for the anisotropy factor Ass(1.8& W&2.0)=+0.001
&0.003. The energy window in the P channel was
carefully chosen to reject any conversion electrons in
coincidence with the 0.797-MeV y radiation.

The second-forbidden matrix elements interfering
among themselves could give rise to a P4(8) term in the
P-y correlation function, if the y radiation has a multi-
polarity of 1.=2 or higher. Since the square of the
second-forbidden matrix elements in the Cs"4 P transi-
tion is expected to be of the order of a few percent, a
nonvanishing A«may exist. For this reason, an e6'ort
was made to find evidence of a P4(e) term. The experi-
mental result, however, indicates a vanishing P4(e)
term, A 44 ——+0.001+0.006.

Thus, the experimental results on the strongly
hindered, allowed 0.656-MeV P transition of Cs"4 again
indicate that the second-forbidden matrix elements
are smaller than expected from simple ft value con-
siderations.

"R.Stump and S. Frankel, Phys. Rev. 79, 245(A) (1950)."J.R. Beyster and M. L. Wiedenbeck, Phys. Rev. 79, 728
(1950)."D. T. Stevenson and M. Deutsch, Phys. Rev. 83, 1202
(1951).
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FIG. 6. Decay of Tb" .

From the logft value
I rt

~

—70 is obtained, and Eq. (9)
gives A~2= —0.001 for q&0 and A22= —0.07 for q(0.
The anisotropy is not sensitive even to large changes
of the value of i7 (if rt) 0). From the decay scheme of
Tb

y
it is easy to see that independent information

on the 0.560-MeV beta transition can be obtained by
measuring the 0.560—0.298-MeV P-y directional corre-
lation. This measurement was performed and the
result, corrected for the contribution from the coinci-
dent background measured by shifting the p window, is

A» ———0.070~o.o09.
'~ A. Y. Cabezas, J. Lindgren, and R. Marrus, Phys. Rev. 122,

1796 (1961).
'8 M. A. Clark, Can. J. Phys. 38, 262 (1960);G. T. Ewan, R. L.

Graham, and J. S. Geiger, Nucl. Phys. 22, 610 (1961).
'9 C. E. Johnson, J. F. Schooley, and D. A. Shirley, Phys. Rev.

120, 2108 (1960).
'0 S. Ofer, Nucl. Phys. 5, 331 (1957); R. G. Arns, R. E. Sund,

and M. L. Wiedenbeck, Nucl. Phys. 11,411 (1959);W. Michaelis,
Nncl. Phys. 44, 78 (1963l.

Tbl60

The spin of the Tb'" ground state (I=3 )ha.s be—en
measured directly'~ and the odd-parity assignment
follows from the ss+[411] proton state and the ss [521]
neutron state which are the most plausible orbitals for
this deformed nucleus. According to the generally
accepted decay scheme, as shown in Fig. 6, the 0.56-
MeV P-transition mainly feeds the 1.265-MeV excited
state in Dy'". The spin-parity of this level must be
2—based on the E1 multipolarities of the 1.18-, 0.298-,
and 0.216-MeV transitions. "This spin assignment has
been confirmed by nuclear orientation experiments, "
and by gamma-gamma directional correlation measure-
ments. "

We have measured the 0.560-1.18-MeV P-y direc-
tional correlation in order to get information about
the 3 —+ 2 allowed beta transition (logft=8. 1). The
result obtained, in terms of the A22 coefficient in the
directional correlation function, is

A ss
——+0.013+0.007.

These two results are inconsistent with the decay
scheme, as presented in Fig. 6, where the 1.180-MeV
and 0.298-MeV transitions both depopulate the same
1.265-MeV excited level and both are pure electric-
dipole transitions connecting 2 and 2+ states. In the
first, as well as in the second measurement, the beta-
channel accepted P particles in the energy interval
450—560 keV. A study of the gamma-ray spectrum
observed with a high-resolution Ge(Li) semiconductor
detector" (full width at half maximum=5. 5 iceV) did
not reveal any unknown gamma transitions and did not
help to elucidate the problem. On the basis of already
available data, it is difficult to assign a spin sequence
for the 1.180- and 0.298-MeV gamma transitions that is
different from the 2 —+ 2+ sequence. 32 It does not seem
likely that 10%contribution from the 0.54—1.20-MeV
P-y cascade can alter the result for 0.56—1.18-MeV P-y
correla, tion significantly.

In view of the uncertainty regarding the decay
scheme of Tb ) the possibility exists that the small
anisotropy observed in the 0.560—1.180-MeV P-p
directional correlation may be caused by a competing
P-y cascade, involving a first-forbidden P transition.
It is dificult, however, to incorporate such a P transition
into the decay scheme. If the observed anisotropy is
entirely due to the 0.560—1.180-MeV P-y directional
correlation and if the 0.560-MeV P transition is, indeed,
allowed, the nonvanishing anisotropy factor may be
due to E-forbiddenness of the allowed P transition.
In such a case, the second-forbidden matrix elements
may be expected to have their normal values and could
contribute to the beta-gamma anisotropy.

Before any de6nite conclusions can be reached, the
decay scheme of Tb'" must be re-examined. Measure-
ments designed to clarify the level structure of Dy'"
are in progress.

IV. SUMMARY AND CONCLUSIONS

In all cases, except Tb'", the anisotropies of the P-y
directional correlations involving allowed, but hindered,
p transitions were found to be zero, within limits of
error. In most cases, a measurably large anisotropy
would have been expected from the contribution of
second-forbidden beta-components that were computed
from log ft-value considerations. The experimental
results indicate that whatever mechanism is responsible
for the strong reduction of the allowed matrix elements
also reduces the second-forbidden components.

The results on the presumably allowed 0.560-MeV
p transition of Tb'" are inconclusive, because the
measurements revealed inconsistencies in the generally
accepted decay scheme of this isotope.

"The authors would like to express their gratitude to Professor
John %'. Mihelich of the University of Notre Dame for the use of
his solid-state gamma-detector equipment.

3'For more details on the Tb'~ decay see F. Boehm and J.
Rogers, Nucl. Phys. 41, 553 (1963), and P. G. Hansen, N. R.
Johnson snd H. L. Nielsen, Nncl. Phys. SS, t7t (1964l.


