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The low-lying excited states of ~~SSn populated by primary and secondary p-ray transitions
from the reaction 5Sn(n, y) Sn were studied. Both singles and y-y coincidence techniques
were employed with the exclusive use of Ge(Li) detectors. Results obtained from high-ener-

gy y-ray spectra {-5.9-10 MeV) were combined with those from low-energy singles spectra
{-100keV-3. 8 MeV) and low-low coincidence spectra in order to infer the excitation ener-
gies and branching characteristics of 21 states up to an energy of -3.7 keV. A level and de-
cay scheme is proposed including a total of 45 y rays representing 90% of the decay inten-
sity. This scheme includes most of the levels having E„3MeV which were observed pre-
viously in charged-particle reactions and P-decay studies. The existence of the 0+ level
having an excitation energy of 2027 keV has been confirmed and a new level at 2545-keV ex-
citation is proposed.

I. INTRODUCTION

The even-even tin isotopes have been the subject
of a large number of experimental and theoretical
investigations in recent years. ' " The existing
experimental data have been summarized by Beer
et al. , ' and a, review of both the theoretical and
experimental results has been presented by Baran-
ger. "

The tin isotopes are single closed-shell nuclides
(Z=50) and thus any differences in nuclear struc-
ture will be determined completely by the differ-
ences in the numbers of neutrons present in the
outer shells. According to the simple shell mod-
el the valence neutrons will be distributed be-
tween the 2d5/„1g, /27 3s, /27 2d3/27 and 1h»„ lev-
els. The tin isotopes are, therefore, far from a
closed neutron shell. The ",,'Sn«nucleus has the
neutron shells filled up through the Ss„, level and
exhibits accordingly the qualitative features of a
collective motion which is vibrational in nature.

The theoretical calculations have involved the
use of the BCS quasiparticle model including vari-
ous residual forces such as the pairing-plus-quad-
rupole interaction" and Gaussian-shaped poten-
tials. " Recent work by at least two groups has
employed the quasiparticle theory with so-called
realistic residual interaction forces. ' ' ' The cal-
culations have recently met with some degree of
success in the description of many of the low-lying
levels in the '"Sn nuclide (E, (3 MeV).

In spite of the wealth of experimental informa-
tion available concerning ',",Sn« there remained
several ambiguities in the proposed level schemes.
The thermal-neutron-capture reaction is unen-
cumbered by the selection rules involved in

charged-particle and 13-decay studies and is, there-
fore, capable of populating virtually every low-
lying excited state in a product nucleus. " For
this reason it was felt that a comprehensive re-
examination of the levels of this nuclide using the
(n, y) reaction might provide additional or more-
detailed information concerning these states. In
particular the precise determination of the ener-
gies and branching ratios of these levels should
aid in the understanding of the low-lying levels
of this nuclide.

The present paper describes the results of an
investigation of the low-lying excited states of
",,'Sn«populated by the radiative capture of ther-
mal neutrons in '"Sn." Both singles and coin-
cidence spectroscopic techniques have been em-
ployed with the exclusive use of Ge(Li) detectors.
The studies included coincidence data involving
the high-energy (-6-10-MeV) primary y-ray tran-
sitions and the low-energy (-100-keV-4-MeV)
transitions, as well as coincidences between the
low-energy y-ray cascades.

II. EXPERIMENTAL FACILITY
AND APPARATUS

A. External Beam Facility

Figure 1 shows a diagram of the external beam
facility which consists of the beam-port interior
to the reactor and the external shielding and tar-
get cave. The beam port is a 15-cm-diam tan-
gential through tube in the Georgia Institute of
Technology research reactor. The tube passes
completely through the reactor and its center is
adjacent to one of the fuel elements. There is no
straight-line path from the core of the reactor to
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the external target chamber, thus eliminating a
source of background y radiation.

An increase in the thermal-neutron flux in the
external beam was obtained by placing a 30-cm-
long by 15-cm-diam section of reactor-grade
graphite at the center of the through tube. This
graphite block was positioned so that its front
face was at the center of the through tube adjacent
to a fuel element. Two graphite plugs were placed
in the through tube, one in front of and one behind
the graphite block. Each plug was approximately
1.3 m long and 15 cm in diam with a 2-cm-diam
hole in the center. The front section increased
the external thermal-neutron flux by approximately
15%, while the section behind the graphite block
had virtually no effect on the external neutron flux.

The remaining 2 m of the through tube contains
the final collimating plug. The outer coaxial por-
tion of this plug consists of dense concrete inter-
spersed with iron punchings. The inner portion
of the plug (beginning at the point nearest the re-
actor core) is filled with polyethylene (impreg-
nated with 2/q boron) with a 1.25-cm-diam hole
in its center. The final collimator consists of
four 4.5-cm-long steel plugs with tapered holes
which serve to remove the y radiation resulting
from neutron capture in any of the internal ma-
terials while at the same time serving to sharpen
the edges of the beam by minimizing the low-angle
neutron scattering.

The considerable background y radiation in the
beam has been removed by the insertion of a 7-cm
by 1.25-cm-diam bismuth single crystal into the
neutron beam at the location shown in Fig. 1. The

bismuth crystal has a higher scattering cross sec-
tion for fast neutrons than for thermal neutrons
and thus also serves to improve the cadmium
ratio of the beam. The external neutron beam at
the target position is characterized by a thermal-
neutron flux of -4x 10' n/cm' sec and a cadmium
ratio of -80.

Final collimation is provided at the entrance to
the target cave by a 4.5-cm-diam 'LiF disk hav-
ing a 1.25-cm-diam center hole. In this way any
neutrons which may have undergone low-angle
scattering are prevented from entering the cave
and the detectors. A similar disk guards the exit
of the cave. The cave itself consists of a mini-
mum of 3 cm of lead shielding and effectively
prevents room background y radiation from reach-
ing the detectors.

B. Electronic Apparatus

The outputs of two lithium-drifted germanium
detectors are each amplified and addressed to
analog-to-digital converters (ADC) by conventional
pulse amplifying and shaping circuits (Fig. 2).
The analog electronics were constructed from
diagrams supplied by the electronics group at
Argonne National Laboratory. " The following
options are available for application to the analog
signals: (1) pole-zero cancellation, (2) dc restor-
ation, (2) pulse-shape discrimination, and (4)
artificial dead-time insertion. The net result is
that high counting rates can be accommodated with
a minimum loss in the intrinsic resolution capa-
bility of the Ge(Li) detectors. The output from
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FIG. 1. Representation of the external-neutron-beam facility and target cave (not to scale).
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the ADC's is stored either in a magnetic-core
memory (singles spectra) or on magnetic tape
(coincidence studies).

Digital zero and gain stabilization was employed
throughout the lengthy time required to collect
the coincidence data. Stabilization was based on
the output of two highly stable dual pulsers, "one
for each arm of the coincidence system. A "tag"
output from the dual pulsers assured that the
stabilizer operated only on the pulser output and
allowed the pulser pulses to be rejected for stor-
age on the magnetic tape.

The y-y coincidence data were stored on mag-
netic tape using an ADC to magnetic tape drive
interface designed and constructed at Georgia
Institute of Technology. " This system allows the
storage of one-, two-, or three-parameter coinci-
dence events and has been designed to allow the
storage of two 4096-channel energy spectra and
the corresponding time spectrum. The system
was used in the two-parameter mode for this
particular series of studies.

An 8192-channel ADC was empolyed in each
arm of the coincidence system. For the work

described here 2048-channel sections of the spec-
trum were selected for storage. The data were
stored in address pairs on computer-compatible
magnetic tape which was equivalent to performing
a two-parameter investigation with a 2048&& 2048-
channel memory. Each tape held a storage capac-
ity of -3&10' address-pair events.

A time-to-amplitude converter served as the
basis of the fast-timing circuitry. The output
signal of a single-channel analyzer was set on
either the prompt time distribution (true coinci-
dence events) or the chance portion of the time
spectrum. However, the true-to-chance ratio
was always greater than 10, so that chance con-
tributions were always negligible in the resulting
y-ray coincidence spectra.

III. RESULTS

A. High-Energy Transitions

The singles spectrum representing the primary
high-energy capture y rays from the reaction
'"Sn(n, y)'"Sn is presented in Fig. 3. The ener-
gies of several peaks are given on the figure as
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a guide. Those peaks marked with a C denote
contaminant background radiation. It can be seen
that three peaks were observed for most of the
transitions; corresponding to the escape of zero,
one, or both of the annihilation quanta. The so-
called double-escape (DE) peak is the most in-
tense in this energy region, and therefore the
energies and intensities of the transitions are
based mainly on the location and area of this peak.
The assignment of DE peaks was corroborated by
a pair spectrometer spectrum (which records only
the DE peaks) which included the same energy
region.

The energies of the y rays in the spectrum were
determined by a comparison with the y rays re-
sulting from capture in "N." Correction for non-
linearities, which were present in the analog
amplification and shaping circuitry, were deduced
by using a highly linear voltage ramp generator.
The output from the ramp generator was chopped
and addressed to the test input of the preamplifier.
In this manner any nonlinearities in the entire
analog signal-amplification chain were uncovered. "
Three spectra were recorded for each energy re-
gion of interest: (1) the y rays resulting from
capture in natural nitrogen (melamine target},

(2) the spectrum from radiative capture in '"Sn,
and (3}the ramp spectrum. The peaks in both y-
ray spectra were fitted using a Gaussian function
for the peak shape. " The resulting centroids and
areas were used in the calculation of the energies
and intensities of the various transitions. Figure
4 shows the DE-peak efficiency curve derived
from the known intensities in the nitrogen spec-
trum. This curve was used to calculate the rela-
tive intensities of the high-energy y-ray transi-
tions observed in '"Sn.

The energies of the primary transitions, i.e., y
rays which proceed directly from the capture
state to one of the low-lying excited states, have
been defined by using the usual, well-founded
assumption that in this mass region y rays which
have energies ~70k of the neutron binding energy
are primary transitions. The neutron binding en-
ergy was determined to be 9562 +1.5 keV from
the energy of the observed primary transition to
the ground state (the fact that this y ray was not
observed in the coincidence studies supports its
placement as the ground-state transition}. This
value for the binding energy deviates from the
value of 9.43 + 0.08 MeV determined from previous
(n, y) investigations. " However, it is in excellent
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FIG. 3. Representative high-energy pulse-height spectrum. Single-escape and double-escape peaks are labeled
(SE) and (DE), respectively. Peaks labeled C are due to contaminant background radiation.
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Energy
(keg)

9562+ 1.5
8269 + 1.5
7450 + 1.5
7338 + 1.5
7018 + 1.5
6603 + 1.5
6333 + 1.5 b

6229'] 5b
5904 +1 5b

Relative
intensity '

22
11
76
47
50

100
98
94
91

Low-lying
level

0
1293
2112
2224
2544
2959
3229
3333
3658

' Associated errors are +15%.
b May not be a primary transition.

TABLE I. Primary y-ray transitions.
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given in Table II.
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agreement with the value of 9563 ~ 1 keV calcu-
lated from the mass-difference tables. "

A summary of the high-energy transitions is
presented in Table I. Those transitions which do

not conform to the conservative and somewhat
arbitrary definition of a primary transition have
been indicated in Table I. However, these transi-
tions seem to populate levels which were observed
in (d, P)" or (p, P')' ' reactions and are included
in the event that later evidence supports their
placement as primary transitions.

A coincidence study was performed involving
the high-energy transitions (5-10 MeV) in one
arm of the coincidence system and the low-energy
transitions (-60 keV to 3.7 MeV) in the other arm.
Unfortunately these data are of poor statistical
quality owing primarily to the poor peak-height-
to-background ratio and no new information re-
sulted from this study. In retrospect it is per-
haps obvious that this would be the case for the
following reasons. The ground-state spin and
parity of '"Sn are 2'." Therefore, the compound-
nuclear state produced in the thermal-neutron-
capture reaction (s-wave capture) can be repre-

sented by a mixture of states dominated by spin
and parity 0' and 1'. The most intense radia-
tion resulting from neutron capture is usually of
E1 multipolarity. " However, the low-energy ex-
cited states in '"Sn are primarily 0', 2', and 4'.
Therefore, primary y-ray transitions to these
states must involve at least E2 multipolarity.
For this reason a major portion of the primary
radiation is expected to proceed from the capture
state through the multitude of levels at intermedi-
ate energy (2-7 MeV) where transitions having
E1 multipolarity would be allowed. This fact im-
plies that the low-lying levels would be weakly
populated by primary radiation but could be strong-
ly populated via cascade y-ray transitions involv-
ing the intermediate levels.

B. Low-Energy Transitions

The spectrum of the low-energy transitions re-
sulting from the reaction '"Sn(n, y)'"Sn is shown

in Fig. 5. The numbers on the figure correspond
to the list of low-energy y rays given in Table II.
DE and single-escape (SE) peaks are represented

TABLE II. Low-energy y-ray transitions.

Energy
(keV)

Relative
intensity

Assignment
(keV)

Energy
(keV)

Relative
intensity

Assignment
(keV)

179.5 + 0.3
329.2 + 0.3
334.1 + 0.3
355.0+ 0.3
359.6+ 0.3
374.1 + 0.3
416.7 + 0.3
435.4 + 0.3
439.1s 0.3
463.4 + 0.3
476.9 + 0.3
500.0+ 0.3
506.2 + 0.3
733.8+ 0.3
769.1 + 0.3
806.7 + 0.3
818.1+0.3
830.1+0.3
931.8 + 0.3
962.4 + 0.3
972.6 + 0.3

1096.9 + 0.3
1114.9+ 0.3
1119.5 + 0.3
1124.8 + 0.3
1187.0+ 0.3
1199.6+ 0.3
1202.9 + 0.3
1251.9 + 0.3

0.40
0.22
0.67
0.49
0.34
0.23
1.6 ~

0.13
0.22
9 0 a

0.65
0.38
1.0
6.4 s

0.18
0.94
8.7 s

0.41
73a
1.2

10.6 s

1.6
1.2
0.91
0.71
0.70
1.7
1.8
2.1 s

2112-1757

3334-2959
2528-2112
2 701-2266
3089-2650
1757-1293
2701-2225

2027-1293

3334-2528
2112-1293
2586-1756
2224-1293
3230-2266
2266-1293
2390-1293

3230-2112

3453-2266

3230-2027
2544-1293

1293.5 + 0.3
1356.6 + 0.3
1408.6+ 0.3
1496.8 + 0.3
1507.8 + 0.3
1545.9+0.3
1550.8 + 0.3
1935.5 + 0.5
2021.7 + 0.5
2051.3 + 0.5
2112.2 + 0.5
2224 7 10.5
2586.3 z 0.5
2843.5+ 0.5
2960.5 + 0.5
3089.4 + 1.0
3097.2+ 1.0
3231.0 + 1.2
3334.2 + 1.2
3405.4 + 1.5
3454.9+ 1.5
3499.8 + 1.5
3658.5 + 1.5
3712.4 + 1.5
3777.3 + 1.5
3809.1+1.5
3853.7 + 1.5
3869.3+ 1.5
3968.0 + 1.5

100 ~

54a
0.46
0.51
0.94
1.1
1.5
0.68
0.36
1.6

13.8 s

7 7a
3.2
2.1
2.0
2.8
1.1
1.6
4.0
2.0
2.2
0.9
2.2
1.7
1.0
0.7
0.7
0.8
1.6

1293-0
2649-1293
2701-1293

2801-1293
3658-2112
2844-1293
3230-1293

2112-0
2224-0
2686-0
2543-0
2959-0
308 9-0

3230-0
3334-0
3405-0
3455-0

3658-0

' Error +10% error +~25% for other peaks.
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in Fig. 5 by **and *, respectively. The energies
were determined using the ramp method discussed
in Sec. IIIA. The 511-keV transition resulting
from the annihilation quanta and the 1778.7-keV
transition resulting from the decay of "Al (which
was present as background radiation) were used
as energy standards. A set of absolute intensity
calibration sources (International Atomic Energy
Agency, Vienna, Austria, 1969)served to define the
efficiency curve up to 1.33 MeV. This curve was
extended to 4 MeV by observing the spectrum
from a melamine target ("N) for which the rela-
tive intensities of lines in this energy region are
well known. " Coincidence relationships between
the low-energy (100-keV-4-MeV) transitions were
recorded in a 2048 x 2048-channel array on com-
puter-compatible magnetic tape. The results of
this study are presented in Table III.

The left-hand column represents the energy of
the y-ray transition which was used as a gate
while searching the magnetic-tape data. The
right-hand column includes the energies of the
transitions which were observed in the resulting
coincidence spectrum. Those energies followed
by (? ) indicate a less certain coincidence assign-
ment and should not be considered unambiguous.
Figure 6 shows some representative coincidence
spectra. The upper entry LFig. 6(a)J depicts the
singles spectrum. The coincidence spectra [Figs.
6(b)-6(d)] have been corrected for events involving
the relatively large underlying Compton distribu-
tion. The vertical lines in the coincidence spectra
correspond to 1 standard deviation.

IV. LEVEL SCHEME

The results of the high-energy primary y-ray
study listed in Table I have established the posi-
tions of five excited states up to 2959 keV. Figure

7 shows the excited states up to an energy of -3700
keV which were observed in this study. States
which have been observed in the various charged-
particle studies' "are indicated schematically
by downward-pointing flags on the right. The en-
ergies of these states have been corroborated
and more definitely established from the energies
of the primary and secondary thermal-neutron-
capture y rays. Levels which have been previous-
ly observed in P-decay studies' ' have been indi-
cated in Fig. 7 by downward-pointing flags on the
left. Those transitions which were observed in
the coincidence studies have been indicated by a
dot at the initiating level and/or the terminating
level.

The primary y-ray transitions are observed
not to terminate at all of the levels reported in
the (d, p) studies, "as expected. There also is
no apparent correlation between the intensities
of the primary y rays and the population strengths
of the low-lying levels in the (d, P) reaction.

When the low-energy singles data (Table II) and

the summary of the low-low coincidence studies
(Table III) were combined with the results of the

primary high-energy y-ray investigation, the
existence of several states which were not popu-
lated by the primary y rays was detected. These
additional states and the intervening y-ray transi-
tions have been reliably and unambiguously placed
in the proposed level scheme.

It should be noted that with the exception of the
relatively high-energy, high-spin states (i.e., the
5 level at 2367 keV and the 7 level at 2890 keV),
which are not expected to be populated by the (n, y)
reaction, every state observed in the charged-
particle and JB-decay studies is also present in
the (n, y) investigation. Some question still re-
mains as to the exact correspondence between the
present levels and previously defined levels be-

TABLE III. Coincidence relationships.

Transition
energy
(kev)

Observed coincidence transition energy
(keV)

357
417
463
734
818
932
972

1202
1293
1356
1935

463, 1293
818, 1293
357(?), ~ 1293
1202, 1293
1293
1293
1293
1293
417, 463, 734, 818, 932, 972, 1097(?), 1202, 1252, 1356
1293
1293(?)

' Transitions followed by (?) are less confidently assigned and should not be considered as completely unambiguous.
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FIG. 6. Typical portions of the low-energy spectra in
coincidence with particular low-energy coincidence
gates specified by the numbered and cross-hatched
peaks of the singles spectrum shown in the upper por-
tion of the figure [part (a)]. The three lower coinci-
dence spectra [parts (b)-(d)3 correspond to gates 1 (417
keV), 2 (734 keV), and 3 (1293 keV), respectively. The
three lower spectra have been corrected for the under-
lying Compton events but have not been corrected for
chance coincidence events. The chance contribution can
be estimated by comparing the singles spectrum (which
has the shape of the chance contribution) and the magni-
tude of the "self-coincident" peak at 1293 keV in part (d)
[spectrum (d) should contain the largest chance contribu-
tion of any coincidence spectrum, since it represents
coincidence events with the most intense transition in
the singles spectrum].

cause of small but possibly significant energy mis-
matches. The present studies also serve to de-
fine several levels which were unobserved (or
observed only weakly) in the charged-particle and

P-decay investigations.
For example, the 734-keV transition to the first

excited state at 1293 keV delineates the existence
of a level at 2027.3 keV which has been unobserved
in recent P-decay' and (P, P') ' studies, but was ob-
served weakly in previous (p, p'), (p, d), and (d, p)
studies. ' ' In addition, the energy of this level
has been accurately determined and its branching
characteristics unambiguously defined for the
first time in this study. The 7018-keV primary
transition defines a level at 2545.4-keV excitation.
This level was probably unobserved in previous
studies, although an energy mismatch allows that
it may have been observed in the (P, d) work of
Yagi et al. '

Several of the transitions observed in the singles
y-ray spectrum were too weak to be seen in the
coincidence studies. A few of these transitions
have been included in the decay scheme shown in
Fig. 7 on the basis of energy and intensity bal-
ances alone. These transitions and the corre-
sponding excited states are considered to be less
well established than those supported by the coin-
cidence studies.

V. DISCUSSION

In the usual case the primary y rays resulting
from the radiative capture of thermal neutrons
have intensities which are a decreasing function
of the multipolarity of the transition; i.e. , El
radiation is most intense and E2, AI1 radiation
is relatively weak if it is observed at all. How-
ever, the lowest-lying levels of '"Sn are expected
to have spin and parity of (0, 2, 4)'." Therefore,
primary radiation populating these lowest-lying
levels must be of E2, M1 multipolarity. For this
reason the relatively weak population of the ground
state and the first excited state at 1293.5 keV by
primary y radiation is consistent with the previ-
ous spin and parity assignments' "of 0' and 2',
respectively. The 1756.9-keV state has been
assigned spin and parity of 0' in the I3-decay, ' '
(p, t), ' and (d, p)" studies. This state was ob-
served to decay solely to the 2' state at 1293 keV
in this study. The fact that there was no observ-
able transition to the 0' ground state from the
1756.9-keV level is consistent with the 0' assign-
ment (the absence of a primary transition to this
level is not significant in view of the Porter-
Thomas" distribution of radiation widths).

The existence of the level at 2027.3-keV excita-
tion energy has been indicated previously by the
older (P, P'), (P, d), (P, t), (d, P), ' ' and P-decay' '
studies; however, it has remained unobserved in
more recent (p, p') ' and p-decay' investigations.
The decay of this level to the 2' first excited state
and the notable absence of transitions from this
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level to the ground state or to the 1756.9-keV
level support the 0' assignment. The energy and
y-ray branching of this level have been unambig-
uously defined in this study.

The level at 2111.8 keV has been observed pre-
viously' "and both the primary (n, p) population
of this level and its subsequent decay character-
istics support the previous 2' assignment. The
2225.0-keV level has been observed previously' "
and has been assigned spin and parity 2'. The
population of the 2225.0-keV level by primary
radiation and its subsequent decay to 0' and 2'
levels support this assignment. The 2266. 1-keV
state is probably the collective 3 level due pri-

marily to core excitation. " The decay of this
level is consistent with a 3 assignment.

The 2390.4-keV level was not populated by pri-
mary (n, y) radiation and is only weakly observed
in the coincidence studies. This level is, there-
fore, less well defined than in previous P-decay' '
investigations. The decay properties of the level
at 2528.5-keV excitation are consistent with the
previous" 4' assignment.

The level at 2545.4-keV excitation energy was
populated by primary radiation which limits its
spin to 0, 1, 2, 3 if population by either E1 or E2-

Jl41 radiation is considered. An ambiguity exists
in the comparison of the energy of this level to
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LEVEL STRUCTURE OF THE LOW-LYING EXCITED STATES. . . 931

the levels observed in the charged-particle reac-
tions. However, the possible candidates for the
corresponding level in these studies have been
assigned 4'. It is, therefore, most likely that
this level has not been observed previously and

represents a new level having j' of either (0, 1, 2}
or (0, 1, 2, 3)'.

12 levels have been shown with an excitation
energy greater than 2550 keV. The spin assign-
ments (if shown) are those of previous investi-
gators. ' The placement of these states is less
certain than those states which have been men-
tioned previously. Those levels which have been
populated by primary radiation or observed in the
coincidence studies are more definitely placed
than the levels which are based only on energy
and intensity balances.

In recent years it has become fashionable to
describe the levels of '"Sn in terms of the BCS
quasiparticle theory using various realistic inter-
action forces (the discussion of this nuclide in
terms of the vibrational model has virtually dis-
appeared in recent work). A discussion of the ex-
isting calculations and experimental results has
been presented by Baranger. " The theory has
recently met with some success in the description
of the properties of the even-even nuclides in this

region by using a two-quasiparticle description of
the low-lying excited states. The positions and

decay properties of the 2' and 3 collective states
(i.e., the 1293-, 2112-, 2225-, and 2266-keV
levels of '"Sn}have been characterized quite well

by these calculations. However, there are more
experimental than theoretical levels having spin
and parity 0', 2', and 4'.
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III. Gamma Transitions in Hf, Tb, Ta, I 1, and vY
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We have further studied the parity admixtures in nuclear y transitions by measuring the
circular polarization of y rays from five nuclei with a technique different from that of our
work I and II in this series. The experiments were performed with a forward-scattering rap-
idly reversing Compton polarimeter and a phase-sensitive detection system. The analyzing
efficiency of the Compton polarimeter, including effects of multiple scattering, was deter-
mined by Monte Carlo calculations. It was necessary in most experiments to apply correc-
tions for polarized bremsstrahlung associated with P decays. Calculations of bremsstrahlung
effects were verified by experiments on ~ Au and 7 Lu. The residual asymmetry of the po-
larimeter itself was determined by control experiments on Ru. The values of P obtained
were Hf 501 keV, P =(-23+6)&&10; '~Tb 363 keV, P =(-1+5)&&10 ~ ~Tl 279 keV, P
= (-Q.Q4 ~0.10)&&1p . 8 Ta 482 keV, P = (-0.031+0.025) &&10 . W 1189 keV, P = (-p.25
+0.40) &10 4. A survey and a discussion of these results is presented.

I. INTRODUCTION

In two prior communications' ' (herein referred
to as I and II) results were presented on measure-
ments of the circular polarization of y rays in
'"Ta, '"Lu, ' 'Tl, and "As. The observation of
a net circular polarization was reported, sup-
porting the presence of parity-nonconserving
(PNC) nuclear forces as predicted by weak-inter-
action theories of the current-current form. The
measurements had been performed with a Compton
polarimeter using a technique of integrating the
detector current. A specially designed switching
pattern was used to suppress effects of drifts
such as that due to source decay.

In this paper we report on studies of the nuclei
"'Tb and '"Hf, a preliminary account of which
has been communicated earlier, ' as well as '"W.
These nuclei were chosen because of the presence
of close-lying states of opposite parity which are
expected to enhance the parity admixture. For
comparison, measurements of the previously re-
ported cases "'Ta and '"Tl were undertaken.

II. EXPERIMENTAL CONSIDERATIONS

To analyze the y-ray circular polarization a
forward-scattering Compton polarimeter was

built. Just as in I and II, the statistical limita-
tions were surmounted with an integral detection
technique. In contrast to our earlier current-
integration system, which used a complex switch-
ing pattern' at relatively low frequency to sup-
press drifts, the present system uses ac coupling
and fast switching.

A block diagram of the system is given in Fig.
1. A 10-Hz reference sine wave from the lock-
in amplifier (LIA) is converted into a square
wave in the magnet control unit, controlling the
power amplifier which in turn drives the forward-
scattering magnet. y rays reaching the detector
after scattering in the magnet produce a detector
current, which has dc and ac (10-Hz) components,
the latter being a measure of circular polariza-
tion. The dc component is retained in the inter-
face and the ac component is passed to the LIA
which measures the amplitude of the in-phase
10-Hz component of the signal by synchronous de-
modulation. The output of the LIA is long-term
averaged by means of a bipolar voltage-to-fre-
quency converter and a pair of scalers which are
read out every 100 sec onto a magnetic tape.

In Fig. 2 we show the Compton polarimeter. y
rays originating in the source material within the
titanium capsule scatter off electrons in the inner
region of the magnet and are detected by the coax-


