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assignments for the "'Xe and '"Ba levels in Fig. 7 are
those from the angular correlation measurements of
Robinson et al'. ,

' and the ground-state spin for '"Cs is
the measured value of Nierenberg et al." There are
two numbers on each electron capture or positron
branch. One gives the relative intensity and the other
in brackets gives the logft. These logft values support
a negative parity assignment for '"Cs.
"W. A. Nierenberg, J. C. Hubbs, H. A. Shugart, H. B. Silsbee,

and P. O. Strom, Bull. Am. Phys. Soc. 1, 343 (1956).
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The quantum radiations emitted in the decay of Te"' -Te"9 have been investigated with application of
a Ge(Li) detector, scintillation counters, coincidence techniques, and multichannel analysis. In addition
to the well-known 27-keV gamma ray, twenty-three others have been detected at energies of 205, 250, 273,
277, 340, 448, 455, 482, 523, 548, 550, 630, 660, 698, 725, 770, 797, 810, 835, 945, 1085, 1112,and 1222 keV.
Thus, six pairs of gamma rays are present which exhibit within each pair an energy difference of 27 keV.
Excited states in I'" are established at 27, 277, 482, 550, 725, 797, and 1112keV by this energy difference.
Additional excited states are found at 837, 1065, 1222, and 1385 keV by coincidence experiments.

I. INTRODUCTION

HE nuclear energy levels of I"' have been investi-
gated experimentally' " through the P decay of

Te'" (33 day) and Te'"(70 min), and theoretically. ""
The earlier experiments' culminated in a level scheme
proposed by Graves and Mitchell' who reported that
Te"' decays by de-excitation of the 106-keV isomeric
state and by p decay to excited states in F29, the p-
emission occurring in 5% of the transitions. More
recent studies' have indicated p emission in 32% of the
disintegrations. This result was suggestive of the need

t Supported in part by the National Science Foundation.
' R. D. Hill, Phys. Rev. 76, 333 (1949).' C. A. Mailman, A. H. W. Aten, D. R. Bes, and C. M. Mc-

Millan, Phys. Rev. 99, 7 (1955).' M. C. Day, G. W. Eakins, and A. F. Voigt, Phys. Rev. 100,
796 (1955).

4 W. E. Graves and A. C. G. Mitchell, Phys. Rev. 101, 701
(1956).' S.Jha, R. K. Gupta, H. G. Devare, and S.Srinivasa Raghavan,
Proceedings of the Rutherford Jubilee International Conference,
edited by J. E. Birks (Academic Press Inc., New York, 1961),
p. 22.' G. Anderson and E. Hagebo, Arkiv Fysik 22, 349 (1962).

7 G. N. Rao, V. R. Potnis, and H. S. Hans, Nucl. Phys. 44,
443 (1963).

A. V. Ramayya, Y. Yoshizawa, and A. C. G. Mitchell, Nucl.
Phys. 56, 129 (1964).

9 J. P. Hurley, C. E. Mandeville, and J. M. Mathiesen, Bull.
Am. Phys. Soc. 9, 485 (1964).

' S.H. Devare and H. G. Devare, Phys. Rev. 134, B705 (1964).
"B.Banerjee and K. K. Gupta, Nucl. Phys. 30, 227 (1962).
"L. S. Kisslinger and R. A. Sorensen, Rev. Mod. Phys. 35,

853 (1963).
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FIG. 1. Energy states of the nucleus of I'" as reported in previ-
ous studies. The structure indicated by the present results is also
given. Energies are in keV.

for further investigation of the p decay of Te"'~, and
in the course of such measurements, ' "many previ-
ously undetected gamma rays were discovered. The
various nuclear-structure diagrams of I"' resulting
from some of the researches cited above4'»'" are
depicted in Fig. 1.
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energies indicated. The data obtained from results of
Fig. 2 are summarized in Table I. The percent of dis-
integrations in which each gamma ray is emitted is also
given based upon the assumption that internal con-
version is negligible in all cases. The computation of
the percentage of transitions in which each gamma ray
is emitted also required the assumption that the 482-
keV level of I"' is primarily fed by a beta spectrum
having an intensity of 10.2%' as compared to the
extremely small contribution for the 630-keV gamma
ray, emitted in competition with the 1085- and 1112-
keV quanta from the 1112-keV level populated in only
a fraction of a percent' of the disintegrations (see
disintegration scheme of Fig. 5). This calculation of the
percent of transitions in which each quantum is emitted
also required correction of the area under each photo-
peak for variation of absorption in the germanium
detector with quantum energy, and for variation with
energy of the ratio of total absorption coefficient to
full-energy absorption coeKcient. As the depletion layer
is only 2 mm thick, the full energy-absorption coeK-
cient was assumed to be equal to the photoelectric-ab-
sorption coeKcient. Finally corrections were also applied
for the absorption of the detected radiations in all
materials intervening between the source and detector,
including the steel case of the detector, to obtain the
over-all efficiency versus energy characteristic curve of
the detector.

Experimental verification of this curve was obtained
by measuring with the germanium detector the relative
intensities of gamma rays emitted from Br", with
energies in approximately the same region as those
being studied. After these relative intensities were cor-
rected according to the calculated e%ciency versus
energy curve, the results agreed within a few percent
with the corresponding relative intensities obtained
from scintillation counter experiments.

The gamma rays having photopeaks at 138 and 417
keV are assigned to the presence of Te"~~(105 day),
produced by slow-neutron capture in Te"', which had
an isotopic concentration of 2.2% in the target ma-
terial. The photopeak corresponding to a quantum
energy of 160 keV does not decay with the half-life
of Te"' . It appears to be emitted in the decay of
Te"' (104 day). Te"' was present in the target with
an abundance of less than 0.1%.Te"' might also have
been formed by inelastic neutron scattering, because
Te"' also was present with an abundance of less than
0.1%. The origins of the 260-keV gamma ray are un-
known. All the remaining photopeaks of Fig. 2 are
assigned to the decay of Te"' .

The presence of a 27-keV M1 transition between the
ground state and first excited state of I"' has been well
established in earlier experiments. '»' "

Owing to the high resolution of the Ge(Li) detector,
it was possible to resolve six pairs of gamma rays, each
pair showing an energy difference of 27 keV. This
recurring energy separation exhibited within each pair

TABLE I. Energies and relative intensities of the gamma rays
emitted in the decay of Te"9 —Te" as indicated by the data of
Fig. 2.

Quantum
energy
(keV)

205
250
277'
340
455b
482
523
550c
630
660
698
725
770
797
810
835
945

1085
1112
1222

Relative
intensity

1.53
0.48

12.10
0.74

100.00
22.20
2.65
2.61
1.01
0.60

83.60
19.80
3.53
2.72
1.53
1.44
0.62
9,86
3.03
0.60

Emission in
percent of

disintegrations

0.12
0.04
1.00
0.06
8.25
1.83
0.22
0.21
0.08
0.05
6.90
1.63
0.29
0.22
0.1.3
0.12
0.05
0.82
0.25
0.05

Composite photopeak containing contributions from 273- and 277-keV
gamma rays.

b Composite photopeak containing contributions from 448- and 455-keV
gamma rays.

e Composite photopeak containing contributions from 548- and 550-keV
gamma rays.

of quanta is interpreted in each case as indicating two
transitions commencing at the same nuclear state, one
terminating at the first excited state at 27 keV, the
other at the ground state. Thus was established excited
states at 277, 482, 550, 725, 797, and 1112 keV in I"'.

IV. MEASUREMENTS: GAMMA —GAMMA
COINCIDENCE DATA

The gamma-gamma coincidences were measured in
the two thick crystals of NaI(T1) described earlier.
The angular separation of the axes of the counters was
~/4 rad, and the counters were adequately shielded
from each other to prevent occurrence of coincidences
because of scattering effects. The resolving time of the
coincidence circuit was 4.8)&10—' sec. Data were ac-
cumulated by observing the total coincidence spectra
(genuine plus chance), and the chance spectra simul-
taneously in the two halves of the memory of the
TMC-400 multichannel analyzer. In a first sequence
of measurements, the "gate" pulse of the slow-fast
coincidence circuit was moved continuously from 140
to 455 keV with widths varying from 20 to 35 keV. In
all, nine coincidence spectra were obtained, five repre-
sentative ones being displayed in Fig. 3. Subsequently,
the gain of the amplifier associated with the display
detector of the coincidence circuit was reduced, and
the gate was moved continuously from 505 to 1180
keV in thirteen steps, the width of the gate varying
from 35 to 110 keV. Five of the thirteen coincidence
spectra so obtained are shown in Fig. 4. As the position
in energy of the gating interval was altered in continu-
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Energy interval

(keV)

Fig. 3, curve 8, (200—225)
Fig. 3, curve C, (225—250)
Fig. 3, curve D, (250—285)
Fig. 3, curve E, (325—360)
Fig. 3, curve F, (435—455)
Fig. 4, curve 8, (545—590)
Fig. 4, curve C, (610-645)
Fig. 4, curve D, (655—700)
Fig. 4, curve E, (705—750)
Fig. 4, curve Il, (810—850)
Data not shown (900—960)

Quanta coincident with
pulse in gating

interval
( eV)

250, 277
205, 273, 277, 448
205, 250, 273, 277
448, 698, 725
340, 630
810) 835
455
340, 660, 698
340, 660
250, 273, 277, 550
250, 277

Initial
nucleus

Te129
Te129
Teugm
Te129
Te129m
Tel29

Final
energy
state in

I129

( eV)

1222
1112
1065
797
725
482

I"p(max)

( ev)

267
377
530
692
870

1007

Intensity in
percent of

disinte-
grations

0.10
1.15
0.06
0.51
8.53

10.20

log ft Classi6cations

5.1 Allowed
5.5 Allowed

10.1 First-forbidden
6.8 Allowed
8.8 First-forbidden
6.1 Allowed

TABLE III. Values of lo t
the beta transitions of Te'"~Te

og and other properties for
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from the percent intensities of the gamma rays de-
exciting the levels fed by the respective beta-ray spec-
tra. These values of log ft are summarized in Table III.
The initial nucleus of each beta spectrum of Table III
is taken to be that indicated by earlier investigations. s "

V. DISCUSSION OF RESULTS

The shell-model orbitals of Te12g and Te12g are h11/2
and d3~2, the 106-keV transition4 being 3f4. The ground
state of I'" has a measured spin'4 of 2, shell-model
orbital g&~2. By lifetime measurements" and study' of
the (L+M)-shells conversion coefficient, the 27-keV
transition has been shown to be Mi, the spin and parity
of the 27-keV state in I"' being —,'+, shell-model orbital
d5~2. If indeed the allowed transitions of Table III do
stem from Te", the possible spins and parities of the
482-, 797-, 1112-, and 1222-keV levels would be as+ or
-', +. The spin and parity of the 725-keV level, fed by
a erst-forbidden spectrum initiating at Te"', could be
—,
'j or —,'+. The 1065-keV level does not de-excite with
a transition to either the ground state or the 27-keV
state. Its spin is therefore assumed to be 13/2+,
making the spin of the 725-keV state more probably

"Ralph Livingston, O. R. Gillian, and Walter Gordy, Phys.
Rev. 76, 149 (1949)."D.W. Hafemeister, G. DePasquali, and H. deWaard, Phys.
Rev. 135, 81089 (1964).

—',+. These various possible assignments of spin and
parity would suggest that the bulk of the observed
gamma-ray transitions in I'" are 3fj or E2 or a mixture
thereof. Others" have suggested possible spins and
parities of —,'+, 11/2+, or 13/2+ for the 1385-keV
level. All of these possible values are consistent with
the gamma transitions from that level as shown in the
decay scheme of Fig. 5.

Some theoretical efforts have been made to compute
the energies of the excited states of I" . Banerjee and
Gupta" have based their theoretical calculation upon
a model which assumes the nucleus to be an even-even
core, with its spectrum of vibrational levels, and an
odd nucleon giving rise to single-particle states. They
And thirty-three excited states between the ground
state and an excitation energy of 1075 keV. Somewhat
better agreement has been found with the calculations
of Kisslinger and Sorensen, "which are based upon the
assumption of spherical nuclear shape with residual
forces. They report the possibility of ten excited states
on approximately the same energy interval. The spins
predicted are such that virtually all the levels of either
theoretical calculation should have been excited in the
decay of Te"' —Te"'. It is concluded that. the proposed
decay scheme produces best qualitative agreement
with the works of Kisslinger and Sorensen. "
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Nuclear-structure calculations, relevant to the evaluation of irregular gamma-ray transition amplitudes
iparity-forbidden multipolesl, have been performed. General expressions have been derived for the case of
one-particle states in odd-A nuclei with spherical or spheroidal shape. In particular, the pseudoscalar
operator e p is discussed. The case of regular M1 plus irregular Z1 transition is considered as an applica-
tion. Results are derived for the transitions of 482 keV in Ta' ', 343 keV in Lu' 5, and 14 keV in Fe' . For
Ta'", it is possible to calculate the magnitude and the sign of the nuclear matrix-element ratio R. Comparing
the theoretical result for the circular polarization, Pfx FR, with recent measurement, gives the following
limits for the amplitude factor F:9&10 XF&110.This result agrees in sign and order of magnitude with
estimates derived from the current-current theory of weak interactions.

I. INTRODUCTION

KCENTLY, experimental proof has been obtained
for the existence of parity admixtures in nuclear

states. "Such impurities are predicted by theories of

weak interactions. The current-current hypothesis'
implies a weak nucleon-nucleon force, with the same
parity-violating properties as the interaction responsible
for beta decay. From this theory a form of the weak

*This work has mainly been performed at California Institute
of Technology, Pasadena, California, and has been supported by
the U. S. Atomic Energy Commission, and by the Swedish Atomic
Research Council.

F. Boehm and E. Kankeleit (private communication); Pro-
ceedings of the International Conference on nuclear Physics, Paris,

July 1964 (Publication par le Centre National de la Recherche
Scientiiique, Paris, 1964l, Vol. II, p. 1181.

' Vu. G. Abov, P. A. Krupchitsky and Yu. A. Oratovsky, Phys.
Letters 12, 25 (1964).

3R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193
(1958); M. Gell-Mann, Rev. Mod. Phys. 31, 834 (1959}.


