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ABSTRACT

A STUDY OF NUCLEAR ENERGY LEVELS IN 121sb, 123sp, 12%sp
AND 1271 ysING p- AND y-RAY SPECTROSCOPY

by Ronald L. Auble

The decay schemes of several odd-A tellurium (A = 121, 127)
and tin (A = 123, 125) isotopes have been examined in an effort
'to gain information about the nuclear level structure of adjacent
antimony and iodine isotopes. Beta- and gamma-ray singles and
coincidence spectroscopy were used to determine the ordering of
the gamma-ray transitions, and therefore, the energies of the
nuclear levels. Several levels which had been unobserved in
earlier studies were located in each of the four isotopes. Angu-
lar correlation measurements on the prominent gamma-gamma cascades

121y, 125, end 1271 were made to study the spins of the mu-

in
clear states and the mixing ratios of the gamma-ray transitionms.
The spectrum shape of the beta-rays feeding one of the excited
states :l,n 12381'» was studied and found to yield an essentially
linear Fermi-Kurie plot. This result, in conjunction with f.he
corresponding log ft value, suggests a non-unique, first forbidden o
assigmment for this Seta transition and limits the possible spin
assignments for the 123Sb state.
| Comparisons are made of the existing experimental data with
the predictions of several nuclear modelss In the low energy

regions of 1218‘0 and 127

I, sufficient data on mixing ratios and
lifetimes are available to make quantitative comparisons with

predictions of the single particle model and with the



Ronald L. Auble
pairing-plus-quadrupole residual interaction calculations of
Kisslinger and Sorensen. Partial agreement is found between the
experimental data and the latter predictions.

At highar excitations, only qualitative comparisons can be
made due to the lack of gamma-ray lifetime and mixing ratio
measurements, A model which is found to predict level structure
similar to that observed experimentally is one in which the low-
lying particle states are coupled to excitations of the nuclear

125813 are found to

core. However, several high energy states in |
deviate from the predictions of this model. Thus, other types of
excitation must also be assumed to exist., The nature of these
states can only be determined after additional experimental data

become available.
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INTRODUCTION

Among the more interesting nuclei to be studied both experi-
mentally and theoretically in recent years, are those having odd-
A and spherical equilibrium shapes. ???3 The spherical shape is
deduced from the properties of the ground states of these nuclei,
especially their small electric quadrupole moments., Of particular
interest are those isotopes which have a single nucleon outside a
closed shell. The ground states and, in most cases, the first
few excited states of such nuclei, have been studied experimen-
tally and the spins and parities, where known, are in reasonable
agreement with Single Particle Model predictions. Many of these
states, however, have no spin assignments. Even less is known
about the higher energy states ( > 600 keV) of these nuclei and
it is obvious that additional data will have to be obtained be-
fore any comparisons can be made with theoretical predictions,
This is especially true for the antimony isotopes which have 51
pfotons.

In order to study the excited states of these isotopes, it
is necesséry to populate them by means of the radicactive decay of
adjacent isobars. This requires that the par;ant nucleus have a
_ reasonably long half life (> 1 day). The antimony isotopes
12le’ 1238‘0 and 1255‘0 meet this requirement and are therefore
well suited for this study. (The isotope 137Sb is populated by
long-lived n9‘1‘e. However, the parent nuclide could not be pro- |

duced by the methods available to us at the time.) In addition to
the antimony nuclei, which differ from each other by the addition

1



of pairs of neutrons, it is of interest to examine a nucleus

having an added pair of protons, Thus, the levels in 1‘71 are

studied. This particular isotope is chosen since the known low

121y and it

energy level structure appears similar to that of
meets the requirement of having a long-lived parent.

The experimental methods employed in these studies are
those of beta and gamma ray spectroscopy. The introduction of
more sophisticated electronic instrumentation and the development
of new detectors in recent years has greatly increased the value
of these techniques. Two particularly important advances have
been the introduction of multichannel-multiparameter analyzers
for accumulation of large quantities of coincidence data in a
minirmum of time, and the development of high resolution semi-
conductor gamma-ray detectors. The use of these new develop-
ments, as well as more conventional instruments and methods, in
these investigations, makes possible more accurate and complete
descriptions of the nuclear level structure of the isotopes under

study than were previously possible.



CHAPTER 1

NUCLEAR MODEILS

Since one of the objectives of experimental studies, such
as theée, is to campare experimental data with theoretical pre-
dictions, a brief outline of several nuclear models and some of

their predictions will be presented.

l.A. The Nuclear Shell Mcdel

As already pointed out, the low lying states of many odd
mass nuclei are described, at least in part, by the Single Partd-
cls Model.h’s In this model, which is the simplest form of the
nuclear Shell Model,h’6 the nucleons are considered vo move in-
dependently of each other in an average static potential, for
example, a harmonic oscillator potential. In order to reproduce
the experimental "magic numbers" (deduced from binding energies,
magnetic moments, efc.)h it was necessary to include in the
Hamiltonian a spin orbit term, that is, a term proportional to,
8:1, which eplits the levels having j = [ + Fand j = [ - 5 .
The sign of this interaction is found empirically to be negative
since the states having J = [ + %. 1ie below those with J = [ = %- .
The result is a set of levels described by the quantum numbers
(n1j)e For the nuclei being studied here, which have both N and
Z between 50 and 82, the single particle states available are the
(2d5/2), (1g7/2), (2d3/2), (331/2) and O.‘nn/z). This is the
order suggested by Mayer and Jensen for an unpaired proton., The
excited states of the nucleus, in this model, are assumed to be



due to the pramotion of the unpaired nucleon to the higher energy
single particle states.

As may be expected, such a simple model cannot, and indeed
does not, explain the more detailed properties of nuclei, even
in those isotopes near closed shells. The classic examples
usually given are the E2 transition rates and electric quadrupole

7 These are almost invariably larger

maments in certain nuclei.
than the single particle estimates, often by several orders of
magnitude. One model which has been employed in attempting to
account for these effects is the "Extended" Shell Model (or
Irltermediate Coupling Shell Model). The first attempts to extend
the range of validity of shell model calculations consisted in the
removal of the requirement that the particles move independently
by including two-particle interactions. This was first done for
particles in a single configuration, namely that giving the

lowest energy. This restriction was later removed and "configura-
tion mixing"* introduced. This corresponds to using a wave func-
tion which is a linear cambination of wave functions for single
particle states having nearly degenerate energies and the same
total angular momentum. The principle difficulty in applying

this model was the complexity of the calculations when more than
two or three particles are present outside the closed shell. The
usefulness of calculations including residual interactidns has

recently been extended and will be discussed later.

l.B. The Nilsson Model
A second technique which has been applied to expiain the
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large quadrupole effects in muclei is the use of spheroidal poten-
tials. In this case, the nucleons are still cansidered to move
independently but the potential well in which they move is no
longer spheric#l. This model has been develcoped primarily by
Nilssan (hance, the Nilsson Model).8 In the calculation by
Nilsson, the particles are assumed to move in a potential given
by

Vi = Vo{(l + %'6)(xi + yi) + (1 - %-6)22} + C&i A DAi .
The first term is the axially symmetric spheroidal potential, the
second is the spin orbit coupling term as used in the single
particle model and the third term is introduced, an semi-empirical
grounds, to lower the energy of high spin states. The single
particle energies are then calculated as a function of 6, the
deformation parameter. To apply the model to a given nucleus,
one must calculate the equilibrium deformation by minimizing the
total energy of the nucleus with respect to &6 and then use
this deformation parameter, in general different for each state,
to deduce nuclear properties. Calculations of equilibrium de=-
formations using the Nilsson Hamiltonian, with slight modifica-
tions (principally the inclusion of a pairing force and Coulomb
effects) have been made by Marshalek, Person and Sheline,9 by
" Bes and Szymanski10 and by Szymanski.11 This model has had suc-
cess at predicting spins, parities and relative level orderingé
of nuclear states of odd-A deformed nuclei as well as accounting
for the large quadrupole effects observed in fhe deformed regions.

(The deformed regions are presently taken to include the nuclei
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with A ~25, 150 < A < 190 and A > 22}, and possibly others.)’

1.C. The Collective Model: Even-Even Nucledl

Even with the refinements mentiaoned, many nuclear properties
cannot be predicted by shell model calculations. It appears that
certain nuclear properties, for example the level structure of
many even-even nuclei, can only be explained by the collective
motion of the nucleons. This leads to the collective model, in-
troduced earlier by Bohr,12 in which the nucleus is assumed to
undergo two basic motions, rotation and vibration. For even-even
nuclei far from closed shells, the observed spin, parity and
ordering of the levels are in reasanable agresement with the re-
sults obtained from the rotation of an axially symmetric rotator.
Such a model is characterized by a series of levels with angular

momenta I = 0, 2, 4, 6,.. whose energies are given by

‘h2
EI = Zrl- I(I +1)
where &1 is the moment of inertia about the "1" axis (the "3
axis being the symmetry axis).
The energy levels of a non-axially symmetric rotator have

been studied by Davydov and Filipov.13

One major difference be-
tween the results for axial and for non-axial syrmetry is that the
latter shape gives rise to 3"’, 5t seees 8tates, as well as even
spin lewvels., A relationship which may be applied to test this
model is that the sum of the energies of the first two excited

2* states should equal the energy of the 3+ state. There appears

to be same evidence that this model may be particularly useful in



tha "transition® nuclei between closed shells and regions of
large deformation.

The second type of motion to be considered, vibraiional,
has been introduced to account for certain higher energy states
and the levels observed in nuclel between ths rotational regions
and the closed shells. The nucleus is usually assumed to have a
shaip surface whose shape changes with time. Tha quanta of these
shape oscillations are referred to as rhonons. In the regions
near closed shells, the nucleus is assumed to undergo vibratioms
about a spherical equilibrium shape, while elsewhere the vibrations
will, in general, be about a deformed shape. The resultant level
structure in the spherical case, assuming only quadrupole vibra-
tions are present, will be a 2% state at energy fiw, a triplet,
produced by coupling two phonons, with spins 0%, 2%, L* at 2hw,
etc. Many spherical even-even nuclei show structure similar to
these predictions, although the cases where all three of the
0, 2, L triplet states have been observed appear to be quite
scarce.

In the deformed regions, vibrations can still take place
although the energies are usually much larger than those of rota-
tional levels. In general, the two types of motions will be
- coupled with the result being the construction of rotational
bands on each of the vibraticnal states, mmuch as in molecular

spectroscopy.

1l.D. The Collective Model: 0dd-A Nuclei

Thus far, we have considered the collective excitations only



in the even-even nuclei. Similar excitations can be expected in
the odd mass nuclei as well, requiring the coupling of collective
and particle states. In the deformed regions, the coupling will
be between single particle states obtained using a deformed well
(Nilsson levels in the axial symmetry case) and the rotations of
the deformed, either axially symmetric or non-axially symmetric,
core. This, the strong coupling limit, has been discussed for the
axially symmetric case by Kermar.l.lh The energy level spectrum

obtained is given by
J+ 1

2
EJ,K-€K+§3[J(J+,1)-2K2+6K %-a(-) 2-(J-t-%-)]

where € = single particle energy; J = total angular momentumj;

K = projection of J on the symmetry axis; J = moment of inertia.
The decoupling parameter, a, expresses the strength of the coupling
between particle and rotational motions. The structure is there-
fore that of a rotational band built on each of the particle
states. This model has besn very successful in predicting the
levels in odd-A deformed nuclei.

The excited states of odd mass nuclei having non-axially
symmetric deformations has been considered only recently by
Pashkevich and Sardaryan.ls The several comparisons with experi-
' ment made by these authors are quite good for nuclei in the de-
formed region: A = 25, 150 < A < 190, and A > 224. Calculations

were also made for the "spherical®™ nucleus 119Sb.

The experi-
mental data are still very incomplete for all but the first few

excited states. However, several of the observed states fit
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quite well into the predicted level scheme. Additional spin-
parity measurements will need to be made before the applicability
of the model to nuclei outside the deformed regions can be ascer=-
tained.

At the other extreme of coupling, that is weak coupling,
the nucleus consists of a particle coupled to a core which can be
excited to various vibrational states. In general, the lowest
lying states will be Jjust the single particle states. At higher
energies, the core can be excited to its first excited state,
which,when coupled to the single particle state j, will give
rise to a multiplet of states having J = J + 2, jJ + 1, ¢ee J = 2,
The center of gravity of this multiplet should have an energy
+w, that is, the energy of the vibrational phonon. Similar re-
sults are also possible for higher excitations of the core.
Possible experimental evidence for such a coupling scheme has
been examined by de-Shalit.16

Intermediate to these situations, the problem is apparently
much more camplex due to the mixing of single particle states due
to the interaction with the core. Calculations have been made,

for exarple, by Choudl'm:t'y,l7 by GZLendenm'.ngl8 and by Bannerjee

and Guptal9

for specific nuclei with a limited number of particle
coanfigurations. The applicability of such calculations is not
clear at the present time due to lack of comparison with experi-

mental datas

I.E. Residual Interactioms

The models discussed above, engendering both particle and
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collective features of the nucleus, have effectively replaced the
particle interactions by a potential which is, in generai, time
dependent and non-spherical., This potential cannot take into
account the entire interaction between the particles and a weak
interaction can still be assumed to exist. Utilizing techniques
introduced in superconductivity theory, Belyaevzo studied the
effect of a pairing force between the particles and found that
the inclusion of this force could explsin the energy gap (i.e.,
the absence of excited states below ~ 1 MeV) observed in even-
even nuclel. The calculations were extended by Kisslinger and
Sorenson™ (XS) who included, in addition to the pairing force,
a long range quadrupole interaction. These two forces have
samewhat opposing effects, the pairing interaction tending to
cauple nucleons to zero angular momentum producing a spherical
shape while the quadrupole force tends to correlate the motian of
the nucleons giving rise to collective features (quadrupole vi-
brations) in the energy level spectrum. The resultant wave func-
tions for the nuclear states are therefore a linear cambination
of particle and particle plus phonon wave functions. These
authors have calculated many nuclear properties for nuclei from
nickel to lead, not including the strongly deformed region

- 150 € A € 190, The agreement with experiment is, in many cases,
very impressive. For example, in the even-even isotopes, the .
agreement between theoretical and experimental reduced electric
quadrupole transition probabilities, i.e., the B(E2) values, is
usually within a factor of two. The predictions for the odd mass

isotopes are even more interesting. Tho experimental electric
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quadrupole moments of many such nuclei are an order of magnitude
greater than the single particle prediction, whereasl the values
calculated by KS are in considerably better agreement. As might
be expected, the states which have large phonon contributions are
usually connected by particularly fast E2 transitions, in agree=-
ment with many of the observed transition rates. However, the
agreement between observed and calculated Ml transitions, as
pointed out by Geiger, et al.,s3 is generally somewhat less im-
pressive.

Although the discussions given here do not exhaust the
various models which have been tried in predicting nuclear levels
and their properties, they may serve to indicate the types which
have been found to give results bearing at least some resemblance
to the experimental data.

Of particular interest for the experimental results to be
reported here are the calculations of KS. The work by Bannerjee

19

and Gupta,”” which is concerned with energy levels in the iodine

isotopes, will also need to be considered.



CHAPTZR 2

SOURCE PRODUCTION AND PREPARATION

The radioactive isotopes employed in these studies were
produced by either charged particle or thermal neutron irradia-

121

tion of stable isotopes. The first nuclide to be studied, Sb,

-is populated in the 154 day and 17 day electron capture decay of
121mTe and 121Te, respectively. These were produced by irradiat-
ing natural antimony metal, 57 percent 21gy and L3 percent 1238b,
with 10 MeV protons and 20 MeV deuterons in the Brookhaven
National Laboratory Cyclotron.

The powdered antimony metal was packed into a ~1/L" w. x
1/32" dp. x 3" long slot milled into a water cooled aluminum
target and covered with ~ 10 mils of aluminum. Typically, irradi-
ations of 200 to LOO microampere hour were required to obtain
sufficient activity. Another 121Te source, produced by thermal
neutron irr.diation of enriched lone, was placed at our disposal
by Dr. G. B. Beard of Wayne State University.

In order to reduce the contamination from other elements
(and also to remove the inactive antimony from the cyclotron
targets) the sources were chemically purified. The technique was
_essentially that given by Fink, et a1.23

IZSSb were populated by the negaton

The levels in “27Sb and
123 125
decay of 125 day ~~“Sn and 9.7 day Sn, respectively. These
parent nuclides were produced by irradiation of 10 mg quantities

of 122 2L

Sn and Sn enriched to 94 to 96 percent. The irradiations

were carried out in the ORR reactor at the Oak Ridge National

12
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Laboratory for periods of one or two weeks in a thermal neutron

1L

flux of approximately 2 x 10 n/cm? sec. These sources were
chemically purified using a technique given by Newton and
McDonnell.2h ‘

The last nucleus to be studied, 1271, is fed in both the

127

electron capture decay of 127Xe and the negaton decay of Te.

However, only the latter decay populates the higher energy states

127

and was therefore chosen for this study. The Te was produced

by thermal neutron irradiation of 10 mg samples of 9L percent
enriched 126Te in the ORNL research reactor for a period of two
weeks. The target was chemically separated using the same tech-
nique referred to in the case of 121Te. The main contaminants in

12th and 119Ag. After repeating the

this source were found to be
chenistry several times, no trace of thesé contaminants could be
found in the scurce.

Two types of mounts were used in preparing a source for
counting: for singles counting on an NaI(Tl) detector, where it
is desirable to use a source geometry which is easily reproducible,
the source was dried on a microscope slide cover glass and mounted
in an aluminum frame by means of Scotch tape. These frames fit
into an aluminum holder and could be readily interchanged with
standard sources mounted in a similar way. For angular correla-
tion measurements, liquid socurces are used to reduce the possi-
bility of perturbing the correlation (e.g., see Chapter L.D.iii.).
Therefore, the sources were contained in thin walled Tefion cups

made by drilling a 1/8% x 1/2" hole in one end of a 1/L" x 1

length of Teflon rod. A 5/8" length of the drilled end was then
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turned to make the walls as thin as practicable (approximately S
to 10 mils).



CHAPTER 3

EXPZRIFURTAL APPARATUS AND TECHNIQUES

121, 123, 125,

The energy levels in the four isotopes
and 1271 were studied using f- and y-ray specirometry. The ex=-
perimental apparatus and techniques were more or less identical
in the four investigations and are therefore described here only.

The bulk of the gamma ray singles and coincidence work was
performed using NaI(Tl) scintillation detectors. These detectors
were commercially packaged (Harshaw Chem. Co.) and were of two
basic sizes. For high energy photons (> 100 keV) detectors 7.6 cm
diameter x 7.6 cm high were generally utilized. These represent
a reascnable compramise between efficiency and resolution and are
particularly convenient for use since extensive tables and curves
of efficiencies and peak-to-total ratios are readily available.25
Finite solid angle correction factors required in analyzing angular
correlation data have also been calculated and measured for such
crystals.26 The crystals were originally mounted on Dumont type
6363 photormuiltiplier tubes using conventional mounting tech-

21 The gain of these tubes proved to be very sensitive to

niques,
both temperature and counting rate and were later replaced by

_ EMI type 9578S photamultiplier tubes. The second type of NaI(Tl)
detector used was designed to detect low energy photons ( ~6 to
100 keV). The NaI(Tl) crystals were 0.6 cm thick x 3.8 cm diameter
and had windows of either 1 mil aluminum or 5 mil beryllium. These
were mounted on either RCA 63L2A or EMI 9536 photomultiplier tubes.

Both the large and small detector units proved to be quite

15
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tenperature sensitive and had to be kept at constant temperature

(+ 0.5° C). This was accamplished by performing most of the ex-
periments with the ajpparatus inside a styrofcam box ( ~ 5' x5 x
5') with the temperature being controlled by a bi-metallic regula-
tcar which operated a lightbulb used to provide heat. This proved
to be a satisfactory low budget answer to a very serious problem.
Gains stabilized in this way were found to be constant t§ within

* 0.5 percent over a period of several days.

In addition to NaI(Tl) photon detectors, a xenon-methane
filled proportional counter (Amperex 300 PC) was used in one ex-
periment. This detector has the advantage of reasonable resolu-
tion ( ~ 10-20 percent) in the energy range from ~3 to ~ LO keV.
However, it also has a serious disadvantage in its low efficiency.

In the later stages of the experimental work ( ~ Dec., 196L),
a new type of gamma ray spectrometer became available which has
created somewhat of a revolution in gamma (and particle) spectros-
copy. These are the semiconductor detectcrs.28 Thus far, only
silicon and germanium crystals have been used successfully, with
silicon being used primarily for particles and germanium for pho-
tans. Prior to the introduction of the germanium gamma ray detec-
tor (designated Ge(Li)) precision energy measurements had to be
- made on crystal diffraction spectrometers or in p-ray spectrome-
ters using internal or external canversion. Both methods re-
quired, in addition to very expensive équipment, extremely intense
sources. The Ge(Li) detectors used in these studiesntypically had
a resolution of 5-6 keV for the 662.6 keV gamma rays from 137cs

(compared to ~50 keV for NaI(Tl)). The efficiencies of such
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detectors have so far been rather small compared to NaI(Tl) detec-
tors because of their small size and low Z. One detector, which
has been used here, has a sensitive volume approximately 2 cm
diameter x 4 mm deep. The photo efficiency vs. energy curve for
this detector is shown in Figure l. The standard intensities
were obtained from a similar curve for NaI(Tl).25

In addition to the use of scintillation detectors as photon
counters, similar detectors were used to study the electrons emit-

123 1258 « The detectors in this case

ted in the decay of Sn and
were plastic (Naton 136). Two types of sourée—detector geometry
were employed: In the case of 1238n, which will be seen later to
have a very simple decay scheme, it was desirable to study not

only the energies of the electrons but also the shape of the
spectrum. Since considerable distortion can result from back-
scattering of electrons incident on the face of the scintillator,
the source was sandwiched between two detectors and the unit
mounted on an RCA 63L2A phototube. The joint between the detec-
tors was sealed with reflecting adhesive tape and aluminum foil
wrapped around the detectors served as a light reflector. Good
performance was obtained with this system down to electron energies
< 100 keV (as indicated by a study of °%o electrons?’). The
second configuration that was used, which is more convenient when
oniy end point energies are desired and some distortion can be
tolerated, was with the source external to the detector. Experi-
ments of this type were used in the study of the decay of 1255n
with a 2.5 cm thick x 5 cm diameter plastic scintillator with a

1.0 mg/cm2 aluminized mylar window to reduce absorption and to
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provide good light collection efficiency.

The data taken with these detectors were of two types,
singles and coincidence. Singles studies, applied here primarily
to the study éf ths gamma-ray spectra, give the energies and in-
tensities of many of the transitions but are usually insufficient
for determining a unique level scheme. .Tha analyses of the data
are quite different for NaI(Tl) and Ge(Li) detectors. The resolu-
tion of the NaI(Tl) detector is generally insufficient to resolve
the peaks in the spectrum and one must rely on spectrum strip-

25,30 to locate the weaker lines. In the Ge(Li) spectrum, on

ping
the other hand, the individual lines are usually well resolved,
affording better energy and intensity measurements and obviating,
in most cases, the need for spectrum stripping.

In order to aid in the construction of the decay scheme,
coincidence relations between the radiations were studied. A
fast-slow coincidence circuit (Cosmic Radiation Laboratories,

Model 801) having a ﬁariable resolving time was used to gate the
multichannel analyzer (MCA). The MCA used for most of the work
(Nuclear Data 150 FM) had a 1024 channel memory and two-parameter
analysis capabilities, which allowed the simultancous study of
spectra in coincidence with several gamma ray transitions.

In obtaining and analyzing coincidence data, one must usually
record two spectra; one including both true and chance coinci-
dences and a second containing only chance coincidences. The
difference between the two is then taken to obtain the désired
true coincidence spectrum. In order to eliminate the need for

recording a separate chance specirum, the analyzer was modified so
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that an equivalent chance specirum could be subtracted as the
true plus chance spectrum is being recorded. This is accom-
plished as follows: The analyzer is normally programmed to
"add-1" to an appropriate memory location whenever a pulse is
analyzed. However, if the pulse is accampanied by a control sig-
nal, the analyzer autormaticaliy switches to the "subtract" mode
and will "subtract-1" from the memory. Upon carrying out this
one operation, the analyzer again returns to the "add" mode. The
required control signal is obtained by the use of two coincidence
circuits having identical resolving times, but one of which de-
tects only chance coincidences. The coincidence ocutput from the
"chance-only" circuit is then used to control ths mode of the
MCA.

One of thq main problems encountered in gamma-gamma coinci-
dence studies was the existence of crystal-to-crystal Compton
scattering, leading to false coincidences and distortion of the
spectrum. In order to eliminate, or at least reduce, this prob-
lem, a scattering shield was designed to fit over the NaI(Tl)
crystals (used in most of the gamma-gamma coincidence work).
These consisted of two parts: a lead cylinder 10 cm I.D. X
15.5 cm 0.D. x 15.5 cm long, and a lead cone whose inside dimen-
sion tapered from 10 cm to 1 cm while the ocutside diameter went
from 15.5 to 3 cm. All surfaces were covered by 0.05 cm Cd or
Sn and 0.05 cm Cu to absorb fluorescent Pb X-rays. The two detec-
tors were normally placed at an angle of 90° and were therefore
separated by ~ 10 cm of lead. Even at 180° , very little scatter-
ing could be detected.
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In addition to providing a clue as to the locations in the
level scheme of lines strong enough to be seen in the singles
spectrum, coincidence studies usually make it possible to ob-
serve additional weak transitions. This was found to be true in
all of the decay scheme studies made here. Also, by measuring
the coincidence rate as a function of angle between the detectors,
that is, by studying the angular correlation of coincident gamma
rays, one can usually learn samething about the spins of the
nuclear states and the character (dipole, quadrupole, etc.) of
the radiations. A sumuary of angular correlation theory and
methods of data analysis have been given preﬁously.n



CHAPTER L
EXPERIMENTAL RESULTS

121
L.A. The Decay of 2lrg and  Mre

L.A.i. The Gamma Ray Singles Spectrum

121 123

The gamma ray spectrum from the combined Te and Te
activities is shown in Figure 2. The source was mounted 10 cm
from a 7.6 x 7.6 cm NaI(T1l) crystal, the unit having a resolution
of 8.7 percent for the 662 keV photopeak from 13703. The relative
intensities were obtained using line shapes obtained by interpola-
tion between spectra from standard sources. These were taken with
the same geometry and approximately the same counting rates as
were used in obtaining the tellurium spectrum.

The peaks at 160 and 214 keV are from known isomeric transi-

121Te, respectively.22’33 The 506, 572 and

tions in 123Te and
1102 keV lines had been reported by previous investigator833 in
addition to a 68 keV transition which is obscured by the Compton
distribution from the intense higher energy transitions. By plac-
ing a graded lead absorber over ths face of the crystal to absorb
most of the 160 and 21l keV photons, it was found that the peaks
at 730 and 790 keviuere due to the accidental summing of the 572
with the 160 and 214 keV photons.

However, the absorbers changed the ratio of the 910 and
1000 keV to 1103 keV peak heights only by an amount consistent
with the difference in absorption coefficients of the three
photon energies. In addition, these peaks were found with the
same relative intensities, within experimental errof, in four

22
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different sources. Of the sources used, three were from proton or
deuteron bambardments, while the fourth was the neutron produced
source. The consistency, both in energy and intensity, with
which the 910 and 1000.keV lines are found, regardless of the
mode of source production and despite repeated chemical separa-
tions, is believed to be strong evidence that these transitions
are in the decay of 121Te. In addition, the decay of the. source
was followed for several months and all of the peaks , with the
exception of that at 160 keV, were found to decay with the same

halflife.

L.A.ii. Coincidence Studies
The ‘spectrum in coincidence with the unresolved antimony

and tellurium K-X-ray peaks is shown in Figure 3. Two NaI(Tl)
crystals with axes at 90° were employed with the source 10 cm
fram both crystals., The spectrum was corrected for chance coin-
cidences by delaying the signals from one of the detectors. When
the singles spectrum was superimposed on this coincidence spec-
trum and normalized on the 572 keV photdpeak, it was found that
the 910, 1000 and 1102 keV peaks were enhanced in the coincidence
spectrum by a factor of 1.96 + 0.06. Since the theoretical K to

L capture ratio is essentially the same for capture to the high
k energy states as it is far capture to the 572 keV state, this
would indicate that the 910, 1000 and 1102 keV transitipns are
in cqincidence with a highly converted transition. In order to
give the observed enhancement, this transition must have a

K-shell conversion coefficient > 9. Assuming that this transition
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12le predicted by the shell

is from the low lying 7/2" state of
model and expected from level systematics, one would expect the
radiation emitted to be primarily Ml. Under this assumption, a

K shell conversion coefficient of 9 suggests that the energy of
the transition be about 30 keV.

It was also found that the 506 keV peak is only slightly
enhanced in the coincidence spectrum. This indicates that the
low intensity of the 68 keV transition cannot be explained by a
high conversion coefficient and that it must therefore precede the
506 keV photon.

The 470 keV region was also found to be enhanced in the
coincidence spectrum showing that there is a 470 keV transition
which is also in coincidence with this highly converted transi-
tion. This lends support to the assumption that the ~30 keV
transition is from the first excited state since the L70 keV will
be shown later to be in coincidence with the 68 keV transitiom and
therefore probably connects the 506 and ~30 keV states.

The energy of the converted transition discussed above was
determined by observing coincidences between 1102 keV photons and
the low energy portion of the gamma spectrum. The xenon-methanse
filled proportional counter was employed as the low energy. de-

- tector while the 1102 keV photons were detected by a NaI(Tl)
crystal (unless indicated otherwise, the NaI(Tl) detector used
is the 7.6 em x 7.6 cm unit). The detectors were 180° apart
with ths source 1.0 cm from the proportional counter and io cm
from the high energy detector. Approximately 0.03 cm of poly-

ethylene, placed between the source and proportional counter, was
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used to stop the conversion electrons fram the highly converted
transitions. Due to the low efficiency of the proportional
counter and the high coaversion coefficient of the low energy
transition, the experiment had to be extended over a period of
several days. However, frequent gain checks showed that drifts
were negligible ( < 1 percent).

The results shown in Figure L indicate that the 1102 keV
transition is in coincidence with a 38 :.2 keV transition as well
as Sb K -, K‘3-, and L- X-rays at 26.2, 29.7 and 3.6 keV, respec-
tively. The improved resolution of ths Sb Kx- ray lines is due
to the absence in the coincidence spectrum of the Ta Ka X-ray.
The peak at 6.5 keV is due to Fe K-X-rays arising from scattering
in the stainless steel body of the proportional counter and the
peak at 1l.4 keV is due to a small amount of selenium carrier
remaining in the source. The enhancement in the 16 to 22 keV’
region is believed to be due primarily to Compton scattering and,
to a lesser degree, to Xe L-X-ray escape. The chance coincidence
spectrum was found to have the same shape as the singles spec-
trum which is shown for camwparison.

The coincidence data and the 1102 keV singles intensity
indicate that approximately 2 percent of the 1102 keV photons
- were in coincidence with 38 keV photons. This is an agreement
with the high conversion coefficient suggested by the K-X-ray

34

coincidence data. Monaro, et al.,” have published an account
of lifetime measurements on the 38 keV transition which confirms
our placing this transition from the first excited state of 1218b.

They £ind the half 1ife of the 38 keV state to be 3.5 + 0.2 nsec
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and assign the transition to be a probable Ml. Beard and Snyder
have recently observed this 38 keV transition accampanying the
negaton decay of 1215n and have performed Mossbauer experiments
on it.35

A two parameter analysis was made of coincidences between
photons in the 25 to 150 keV region and the 700 to 1100 keV region
using the 64 x 16 channel mode of the 1024 channel analyzer. Two
NaI(Tl) detectors were employed to detect the photons, with the
crystals at 90° and anti-scattering shields in place. The results
are shown in Figures 5 and 6. Figure 5 shows the high energy
portion of the spectrum in coincidence with photons from 80 to
120 keV. The dashed line shows the chance coincidence contribu-
tion. Figure 6 is the low energy region in coincidence with
photons in the 970 to 10LO keV region. These data indicate that

the 1000 keV transition is in coincidence with a transition
having an energy of 103 keV. The only low energy coincidences
obtained with the remainder of the high energy reg;on were with
K-X-rays, the 38 keV peak being obscured by the intense X-ray
peak.

A study was also made of the 150-300 keV region in coinci-
dence with the 700-1100 keV region. Any coincicdences, if present,
were masked by chance coincidences with the intense 160 and 21l
keV photons.

The 103 keV photon intensity, determined from the 1000-103
keV coincidence and 1000 keV singles count rates, was found to be
approximately 10 percent of the 1000 keV photon intensity. Since.

the 103 keV transition is not highly converted, as evidenced by
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the similar enhancements for the 1102 and 1000 keV transitions in
coincidence with the K-X-rays, its low intensity requires that it
prececde the 1000 keV transition.

As already noted, the 506 keV transition is in coincidence
with a 68 keV transition. However, when the analyzer was gated
on the 68 keV region, it was found that the L70 keV region, as
well as the 506 keV peak, was enhanced in the coincidence spec-
trum and that the relative intensities of the 470 and 506 keV
peaks.remainad essentially the same as in the singles spectrum.

A search of the high energy region (> 572 keV) was made, and no
coincidences with the 68 could be found as had been reported by
other groups.36

The angular correlation between the 68 and 506 keV photons
was measured using two NaI(Tl) detectors enclosed in scattering
shields. The source, in which the 17 day and 154 day activities
were essentially in equilibrium, was in liquid form and located
12 cm from both detectors. The lead cones used for shielding
eﬁtended to within 2 cm of the source. The multiparameter feature
of the multichannel analyzer was used to obtain an accurate cor=-
rection for the close lying, intense K-X-ray peak. Small correc-
tions for source decay and source asymmetry were made and the
. least squares coefficients camputed and corrected for detector
solid angle.31 The result obtained was W(0) = 1 + (0.066 +
0.009)P2(cos 6) + (0.00 :_0.0Z)Ph(cos 6)s This result is con-
sistent with a 3/2 assignment for the 506 keV state and either
1/2 or ¥2 for the 572 keV state. However, the mixing ratio for

the 506 keV transition has been determined recently to be
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(E2/M1) = +0.29 + 0.09 from angular distribution measurements on
37

nuclear resonance fluorescence. Using this value, it was found
that only two cases were possible: a) spin sequence 3/2, 3/2,

5/2 with a 68 keV mixing amplitude § = -0.3L4 + 0.02; and b) spin
sequence 1/2, 3/2, 5/2 with a 68 keV mixing amplitude & = +0.17 +
0.03. These give E2 to Ml mixing ratios of 6% = 0.11 + 0.0l and
0.03 + 0.01 for a) and b), respectively. Recent conversion elec-
tron measurement838 show that for the 68 keV transition 6° €
0.02, thus the only spin sequence and mixing ratio which is con-
sistent with all available data is case b), requiring a spin as-
signment of 1/2 for the 572 keV state.

The question39

of possible positon branching in the decay
of 116 has been studied by detecting 511-511 keV photon coinci-
dences for various angles fram 90° to 180°. An extremely weak
annihilation radiation was found to exist, since coincidences
were found at 180° but not at 90° or 135°. An estimate of the
positon branching which would be necessary to account for.the
observed annihilation radiation was obtained from the coincidence
data and found to be approximately 0.003 percent of the total
12lm'l‘e decay. The possibility of pair production from the 1102
keV photcons was studied and could account for less than 10 percent
- of the observed annihilation radiation. Attempts to determine
which states are fed by the positon decay and to measure the end

point energy were unsuccessful due to the extremely low intensity
of the transition. '
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L.A.iii. Summary of 1211¢ Results

The results of these measurements on 121’1‘9 are surmarized
in Table 1. The relative photon intensities given for the 21h,.
L70, 506, 572, 910, 1000 and 1102 keV transitions were obtained
from singles spectra with corrections being made for the net de-
tector efficiencies and the peak to total ratios.25 The 68 keV
intensity was calculated from the 68-506 keV coincidence data and
the 103 keV intensity was obtained from the 103-1000 keV coinci-
dence measurenents.,

The equilibrium transition rates were determined by making
photon emission rate measurements on a source in which the 17 day
componenit had essentially decayed out, so that only a small cor-
rection was necessary to obtain the equilibrium transition rates.
It was found that the K-X-ray emission rate could not be completely
explained by the transitions discussed above and the highly con-
verted iscmeric transitions in 121Te and 123Te. This was to be
expected to some extent since the K-capture to positon-emission
ratio is expected to be approximately 1000 for transitions from

121 12
M™re to the 38 keV state of

18b (which is the only position
in the decay scheme which can be assigned to the observed positaon
transition). The electron capture branching to the 38‘keV state
required to account for the high X-ray intensity is approximately
16 percent, which is a factor of ~ 5 larger than the feeding ex-
Ppected from the positan intensity and theoretical capture to
Positon ratio, This may indicate that additional highly converted

transitions are present which have gone unobserved.

The decay scheme proposed on the basis of these results is
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Table 1. Summary of the rasultg of measurements on photons emitted
in the dscay of the 1217g isomers.

Equilibrium Coincident

Relative Transition (e)

%ﬁ?ﬁ;it%ﬁgv) Intgggzgges Rates(a) Transi;igns ’

K-X-ray : 117

21l + 2 I.T. 100 81

1102 + 2 3.5+ 0.1 2.6 38

1000 + 5 0.11 + 0.02 .085 (38), 103

910 + Lo 0.1 + 0.05 .08 (38)

103 + L 0.02 + 0.01 .008 1000

38 s 2 20(P) (470,910,1000)
| 1102

5712 + 5 100 65

506 + 5 23 +1 1h.7 68

L70 + 5 1.8 + 0.3 1.16 68, (38)

68 + 2 0.5 + 0.1 0.96 506, L70

(a)

Absolute transition rates for the case where the 154 day and

17 day states are in equilibrium and normalized to 100 decays of
121
154 day "™re, Correction for internal conversion was made by

assuming the transitions are pure multipoles of lowest order con-

sistent with the proposed decay scheme. Theoretical conversion

- coefficients were taken from tables by Roseb'o and by Band and

Slivpoa The X-ray rate is the number of K-X-rays obtained per

121
100 decays of 15L d Tre.

(b)Based on the assumption that the high X-ray count rate is due
121
to direct capture from Mre to the 38 keV state of 121

(c)

Sb.
Those transition energies given in parentheses are inferred from

coincidence measurements with the K-X-ray.
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shown in Figure 7. The arguments for the given time ordering of
the transitions are as follows: 1) the 68 keV transition must
precede the 505 in order to explain its low relative intensity
since the X-ganma coincidence results rule out the possibility of
a high conversion coefficient. This time ordering is in agreement
with the nuclear resonance fluorescence measurements of Metzger
and Langhoff.>! 1ii) Since the 38 keV transition is in coincidence
with both the high energy (910, 1000 and 1102 keV) and the L70 keV
transitions, and since the L70 keV transition is also in coinci-
dence with the 68 keV transition, the 38 must follow these transi-
tians. This is in agreement with the results of other recent
investigations.Bh’BB iii) The low relative intensity of the 103
keV transition suggests that it precedes the 1000 keV transition
and that there is direct capture to the 1038 keV state.

The spin assignments 1/2 and 3/2 for the 572 and 506 keV
states, respectively, are required by the results of the measure-
ment of the angular correlation between the 68 and 506 keV photans.

The log ft valueshl given in Figure 7 were obtained assuming

the ground states of 121Te and 1218b are separated by approximately

1300 keV.32

This value is from nuclear systematics. The log ft
values found for the electron capture transitions to the 572 and
506 keV states indicate that these are allowed transitions and
are therefore in agreement with the above spin assignments. The
allowed nature of these transitions also indicates that the 506
and 572 keV states have positive parity. The 7/2% assignment for
the 38 keV state is based on shell model predictioné and energy

level systematics and is in agreement with the recent lifetime
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measurement of this state by Monaro, et al.,” and the approxi-
mate internal conversion coefficient given above. The log ft
values for capture to the 1140 and 1038 keV states indicate first
forbidden transitions and suggest spins of 7/2%, 9/2% or 11/2°
for each of these states. The mode of feeding the 9L8 kev state
has not been dsztermined and has tentatively been assigned direct
feeding from lzlmTe on the basis of log ft values.

123

L.B. The Decay of MSn

L.B.i. The Singles Spectra

The garma-ray spectra were studied using both NaI(Tl) and
Ge(Li) detectors. The spectrum obtained with the NaI(Tl) detector
is shown in Figure 8. This spectrum was taken with a 3 mm thick
lead absorber to reduce chance summing of the high energy photons
with the much stronger 392 keV lineh2 from 1]f3Sn. The source was
also sandwiched between 7 mm thick carbon absorbers to reduce
bremstrahlung from the intense beta radiation. The high energy
line has been stripped using a peak shape interpolated fram lines

65Zn (1115 keV) and 2O7Bi (1063 keV). This shows that the high

in
energy "peak" actually contains lines from two transitions.

The energies and intensities of these transitions were
- nmeasured with the Ge(Li) detector, the spectrum from this detec-
tor being shown in Figure 9. The energies were found to be
1089‘: 1 and 1032 + 1 keV, with the intensity of the latter being
0.056 + 0.006 times that of the first.

The small peak at L28 keV is due to 1255b (from the decay of

1zsén) and the intense lines at 392 and 255 keV are from 113g,,
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The relative intensities of the 1032 and 1089 keV peaks were -
studied over a period of 7 months and it was found that the two
transitions deccayed with the same half life, in agreement with

123

tha assiganent of the 1032 keV transitions to Sn.

L.B.ii. Coincidence Studies

In order to determine if additional low intensity transi-
tions could be detected, coincidcnce measurements were made. All
regions of the spectrum were stucied, with particular attention
being paid to coincidences with the 160, 380, and 5LO keV regions.
These are regicns in which transitions had been observed in the
decay ot the low spin (3/2+) isomer of 123Sn or in Coulomb excita-
tion stndies.h3 In addition, the 1032-1089 keV rcgion also re-
ceived careful study. In only one case was a positive result
obtained, that being with the gate on the low energy side of the
1032-1089 keV peak. With the gate set on this regian, a very
weak line was observed at 155 + 10 keV. When the gate was moved
to tha high energy side of the peak, this line did not appear.

These results are interpreted as indicating a coincidence
between the 1032 keV transition observed in the singles spectrum
and a 155 keV transition having a relative intensity of approxi-
mately 4 percent of the 1032 keV intensity. The intensity'was
deduced from singles and coincidence counting rates and tables
of detector efficiencies and peak to total ratios.zs Since the
155 keV transition is not highly converted, as indicated by the
absence of K-X-ray-gamma coincidences, this low intensity suggosts

that it precedes the 1032 keV transition, thus requiring a state



at ~1187 kaV.

L.B.iii. Beta Spectrum Studies
Although the shupe of the transition to the ground state

123

of Sb had btasen measured and found to be consistent with

us . - . P
A, 2yes, no information was available on the [ +transitions

Ad
to the excited states. It was scon evident from the measured
relative intensities of the gamma transitions that only the 1089
keV level was pupulated with sufficient strength to allow one to
make any nmeaningful beta-gamma coincidence measurements. Due to
the high relative intensity of the ground state beta transition,
very weak sources had to be used in the beta detector. The Lw
électron detector described in Chapter 3 was used to reduce the
effects of backscattering. The gamma detector was a 7.6 cm x
7.6 cm NaI(T1l) erystal at 180° with the plastic scintillator. A
3 mm thick graded lead absorber was placed over the face of the
NaI(Tl) detector to reduce the number of backscattered photons
entering the two crystals.

The spectrum obtained was corrected for detectour resolu-

L5

tionhh and a Fermi-Kurie plot obtained. This plot is shown in
Figure 10 and indicates that the spectrum has an allowed shape.
This would indicate that the transition is allowed or non-unique
first forbidden.hs The energy calibration was obtained from
Compton edges of several standard gamma transitions and

K-conversicn elactrons from the 392 keV transition in 113

Sn
(gating on the K-X-ray in the NaI(T1l) detector). The end point

of the spectrum was found to be 330 + 10 keV, in good agreement
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with the 1420 keV end-point energy that has been reported for the
ground state transition and the 1089 keV measured for the gamma
ray energy.

In order to check the reliability of the scintillation
spectrometer in reproducing the p-spectrum shape, the 1238n
was replaced by a 60Co source of comparable intensity and thick-
ness. This source is very con&enient in this case since it has an
allowed B transition, with appraximately the same end-point

energy29 ( ~ 31k keV) as 123

Sn. The B spectrum was recorded
in coincidence with the 1173 keV gamma photopeék and a Fermi-
Kurie plot of the spectrum was again found to be linear with an
end point energy of 306 + 15 keV. This is taken to indicate that

the 123

Sn results are correct.,

The relative intensities of the [ transitions wers de-
termined fram the ground state beta singles intensity and the
1089 keV gamna intensity using the known efficiency of the gamma

25

detector™” and assuming 100 percent efficiency for the -
detector. It was found that only 0.6 percent of the 123Sn decays
go to the 1089 keV state. From the gamma ray relative intensities
given above, it was concluded that only 0.0L4 percent and 0.001
percent of the p-decays take place to the 1032 and 1187 keV

L1

levels, respectively. The log ft values  obtained from these
intensities are 9.1, 10.5, 9.0 and 11.3 for transitions to the -
ground, 1032, 1089 and 1187 keV levels, respectively. These
values suggest a first forbidden character for these pg-

transitions, which is consistent with the shape measurement on the



L5

transition to the 1089 keV level.

L.B.iv. Discussion of Proposed Decay Scheme
The results described in the previous sections have been
utilized to construct the decay scheme shown in Figure 11l. The
spin and parity assignments for the 123Sn pareant and 123Sb
ground states have been taken from previously reported measure-

L6 The assignment of a spin of 9/2 or 11/2 for the 1089

ments.
keV 1lzvel is suggested by the allowed (or non-unique first for-
bidden) shape of the beta transition to this state and by the
prampt docay to the ground state. The only evidence for assign-
ment of spins 7/2 through 11/2 to the 1032 keV state is the log ft
value for the bsta transition to this state and the presence of a
prompt ground state gamma transition. The spin of the 1187 keV
state may be > 11/2, deduced from the absence of a ground state
transition. HKowever, no positive information is available on this
level and therefore no assignment has been made. The parities of
these states are suggested to be positive on the basis of log ft
wvalues,

Included in Figure 11, for conparison, is the decay scheme
of the 11/2° state of 121re. Botn decays, as might be expected, are
quite similar, both in the positions of the excited states of the

<orresponding antimony isotopes and in ths log ft values for tran-

sSitions to these states.
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L7

L.C. The Decay of 1255n

L.C.i. The Garma Ray Singles Spectrunm

The spactrum was first studied using a NaI(Tl) detector.
The resulis were essentially the same as those obtained by pre¥
vious investigatorsh7 and therefore are not shown here. However,
it soon became evident upon performing coincidence measurenents
using two NaI(Tl) detectors, which will be discussed later, that
several of the pecaks actually ccntained two or more photcpeaks.
These peaks had bcen previously ascrited to single gamma-ray
transitions. In order to study the spectrum more carefully, a
Ge(Li) detector was erployed. The spectra frcm this detector were
recorded on the 1024 channel analyzer in order to kecp tha energy
per channel less than 2.5 keV. Many spectra were taken over a
period of approximately four weeks to ensure that the peaks ob-
served decayed with the correct half life. Several spectra were
also taken with a 3 mm thick lead absorber to determine the ef-
Lfects of sumning and no differences in the relative intensities
of any of the peaks could be observed (after correcting for ab-
Sorpticn). Figures 12 and 13, respectively, show the low and
high energy portions of the spectrum. The spectrum shown in
Figure 12 was taken approximately two weeks after the chemical
Separation and a number of peaks are observed which can be at-
Ttributed to the growth of the 1258b daughter. The broad peak
at ~ 100 keV is due to backscatter of the 158.5 keV photons.

The energies of the peaks above 700 keV were determined by

Xecording the 1255n spectrum sirmaltaneously with a number of
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standard scurces havingz transitions with well known energies.
These were: 22y, (511.01 keV), 13703 (661.60 keV), 6000
(1173.23 and 1332.L8 keV) and ThC* (261L.L7 keV plus the

1592.46 keV double escape peak).)"8 In the low energy portion of

152

the spectrum, the calibration points uscd were Eu (121.8 and

L9 22 13703. The peak positions were determined

3LL.3 keV), Na and
by subtracting an intorpolated linear background from each peak
and taking a weighted average of the chamnels in the peak. A
least square fit of a quadratic calibration curve was then made
to the calibraticn points. The energies obtained in this way
were reproducible to within better than 1 keV.

1255n peaks were determined

The relative intensities of the
- by subtracting a linear background from each of the photopeaks to
determine the total number of counts in the beak and utilizing
the efficiency curve given in Chapter 3. The results of the

energy and intensity measurements are summarized in Table 2.

L.C.ii. Gamma-Gamma Coincidence Studies
Extensive coincidence studies using two NaI(Tl) detectors

L7 Similar experiments wsre performed

have been made previously.
in these studies and the multi-parameter feature of the 102L
channel analyzer utilized to study the siape and position of
specific peaks in coincidence with various portions of the
spectrum. This technique was used to shdw a definite downward
shift in the "1075" keV peak, which consists primarily of the
unresolved 1066.9 and 1089.0 keV photopeaks, when the gate was

moved fram the 332 or 470 keV peaks to the 822 or 915 koV peaks.



Table 2.
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Energy and intensity measurements on garma rays emitted

in the decay of

©Sn using a Ge(Li) detector.

Energy (keV)a) Intensity Energy (keV) Intensity
7%+ 0.008 + 0.004 1066.9 1.000
8+ 0.009 + 0.005 1089.0 0.641

271+ 0.010 1151.6 0.012
331.9 0.166 1173.6 0.0152)
351.2 0.030 1221.2 0.024
u69.6 0.163 1350.3 0.0066
799.7 0.113 1419.8 0.06L
821.8 0.L468 1806.9 0.017
893.1 0.016 1890.6 0.0090
915.1 0.LLk 2002.0 0.288
934.0 0.020 2199.7 0.006

1017.2 0.029 2276.0 0.028

a)

The energies, except where noted, were reproducible to within

1 keV and ara believed to be accurate to at least 0.5 keV. The

accuracy of the relative intensities of the strong transitions

is limited by the accuracy of the efficiency curve, which is ap-

proximately 10 percent.

The intensities of the weak transitions

(< 0.05) are all within + 20 percent except where noted.

b)

Corrected for the unresolved double escape peak from 2199.7

" keV photons by estimating the ratio of tha double escape psak to

photopeak from ths values obtained for the 2002 and 2276 keV

transitions which were 1.95 and L.17, respectively.
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This indicates that the 332 and L70 keV transitions are in coinci-
dence with the 1089 keV transition while the 822 and 915 keV
photons are in coincidence with the 1067 keV transition. In order
to confirm these results, coincidences between the NaI(Tl) detec-
tor and the Ge(Li) detector were studied. The analyzer was gated
on the 1067 and 1089 keV photopeaks in the Ge(Li) spectrum separate-
ly . The spectra observed by the NaI(Tl) detector in coinc: i tuca
with the 1089 and 1067 keV photopeaks are shown in Figures 1k @)
and 14 &), respectively. These spectra have been corrected for
chance coincidences using the aﬁtomatic chance correction feature
of the multichannel analyzer (Chapter 3). In addition to bearing
out the conclusions made above, these spectra show that there are
still transitions in the 820 and 915 keV regions which are in
coincidence with the 1089 keV transition. Also observable in
part (a) is a peak at 1150 keV and in part (b) there is a very
broad peak in the 1170-1220 keV region.

In order to better determine which transitions are in coin-
cidence with the 1067 and 1089 keV transitions, a Ge(Li) spectrum
was taken gating the analyzer on the combined 1067-1089 keV photo-
peaks in the NaI(Tl) counter. The result, shown in Figure 15,
indicates that the following gamma rays are in coincidence with
- one, or possibly both, of the 1067 and 1089 keV transitions:

272, 332, 351, L70, 80O, 822, 893, 915, 93L, 1153, 1173, 1221 keV.

Using the two NaI(Tl) detectors fof higher efticiency, coin-
cidences batween the 332 and L70 keV transitions and photons above
1000 keV wore studied and the results are shown in Figure 16.

Part (a) of Figure 16 shows the spectrum in coincidence with the
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unresolved 332 and 351 keV transitions. Chance corrections were
made as mentioned above. Corrections for underlying Campton
distributions were made by subtracting coincidences obtained

with regions slightly above and below the peak being studied.

This coincidence spectrum shows that, even after thesé correc-
tions, a weak coincidence between the 1420 and either 332 or 351
keV transition still remains. Part (b) of Figure 16 shows the
spectrum in coincidence with the L70 keV photopeak. Here it can
be seen that, in addition to the previously observed L70-1089 and
L70-1420 keV coincidences, there is a very weak line at approxi-
mately 1800 keV. In order to study this coincidence more thor-
oughly, the gate was moved to the low energy side of the L70 keV
photopeak, giving the spectrum shown in Figure 16(c¢). Here the
ratio of the height of the 1800 keV peak to that of the 1420 keV
peak is obviously enhanced over that of part (b), indicating that
the transition in coincidence with the 1800 keV photons has an
energy dlightly less than 470 keV. In order to confirm this con-
clusion, the analyzer was gated on the 1420 and 1800 keV regions
separately, giving the spectra shown in parts (d) and (e), respect-
ively, of Figure 16. Here it was observed that, whereas the peak
in coincidence with the 1420 keV transition came at 470 keV, the
 peak observed in coincidence with the 1800 keV region was shifted
down to L35 keV. This coincidence, which had not been reported
previously, is in good agreement with the appearance of the 1806
keV peak in the singles spectrum. The fact that a L35 keV peak is
not observed in the Ge(Li) singles spectrum is not surprising
since the intensity of this transition was found to be only

[
i
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approximately 50 percent of the intemnsity of the very weak 1806
keV line. With this intensity, the peak height would have been
much less than the statistical fluctuations in the L35 keV region
of the Ge(Li) spectrum.

Multi-parameter coincidences with the 272, 332 and L70 keV
regions with photons between 700 and 1200 keV were also studied
 using two NaI(T1l) detectors. Spectra obtained in coincidences
with these regions are shown in Figures 17 (a), (b) and (c),
respectively. The weak coincidences of the 272 keV #ransition
with the 915 and 1075 keV regions have not been reported pre-
viously. The fact that the 1075 keV region is somewhat enhanced
over that of the 915 may indicate an incamplete subtraction of the
coincidences with the partially unresolved 332 keV peak. However,
the absence of an 822 keV peak, within statistics, indicates that
the correction for the underlying Compton distribution was reason-
ably accurate.

The spectrum obtained in coincidence with the 332 keV peak
is shown in part (b) of Figure 17. It was found that, in addition
to the previously observed 1089 keV coincidence, peaks at 822 and
1017 keV were also evident. Again, corrections for coincidences
with the strong underlying Compton distributions have been made
and the absence of a 915 keV peak shows that the cerrection was
accurate. Unfortunately, the 332 and 351 keV peaks are unre-
solved so the peaks in the 822 and 1017 keV regions may be in co-
incicence with either or both of these transitions;. Thé 820 and
1017 keV peaks are reduced by a factor of approximately 5 over
the 1089 keV peak, indicating that only a fraction of the 532'p1us
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351 keV photons are in coincidence with these transitions.

The coincidences obtained by gating on the LT70 keV pesk,
shovn in part (¢) of Figure 17, are identical to the results ob-
tained in previous studies, and shows only the strong 1089 keV
peak. The enhencement seen in the Compton valley is due to the

Corpton distribution of the 1420 keV photons.

L.C.iii. Beta-Garma Coincidence Studies

Severzl studies of beta-gamma coincidence relations have
been made to help confirm the location of a number of transitions
in the decay scheme. The beta detector geometry utilized an ex-
ternal source, as discussed in Chapter 3, while a NaI(Tl) crystal
was used to detect the photons. The observed end-point energies
of beta rays in coincidence with the 332, 470, 822, 915 and 1089
keV photons weres (L50 plus 940), (L50), (L20, (350) and (1300
plus 500) keV, respectively. Due to the inaccuracy of the calibra-
tion curve, obtained by using Compton edges of known gamma rays, an
error of ~50 keV is assigned to each of these end-point energies.
The end-point energy obtained from the beta singles spectrum for the
ground state transition was 2360 + 50 keV. These values are in

L7

good agreement with previous measurements.

L.C.iv. Construction of a Proposed Decay Scheme
The decay scheme constructed on the basis of these studies
is shovn in Figure 18. Many features are quite similar to those

proposed previously.h7

The location of the states at 1089.0,
1890.6 and 1982.0 keV are fixed by the beta-gamma coincidence data

obtained both in this and other studies. In addition, beta-gamma
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coincidences with the 2002.0 and 1419.8 keV transitions have been
reported and determine the position of these transitions.

Since no gamma-gamma coincidences could be observed with
the 2276, 2200, 1890 or 1350 keV transitiéns, those provably go
to the ground state. The high intensity of the 1067 keV gamma
indicates that it also is a ground state transition.

The assignmcnt of le#els at 1017 and 1350 keV, which is
only tentative, is based on the observation of the 1017 keV transi-
tion in coincidence with the 332 keV region and assumes that a
333 keV transition, which would be unresolved in the Ge(Li)
spectrum, exists betwecen these states. The presence of such a
transition is also indicated by the fact that the energy differ-
ence between the 1419.8 and 1089.0 keV levels is 1.1 keV less
than the 331.9 keV obtained for the transition between these levels.
‘This is believed to be outside the precisicn of the present measure-
ments., (It scems unlikely that the proposed 333 keV transition is
the same 25 the transition from the first excited state of 1258b |

125

seen in the decay of the 9 min activity of Sn. This has been

reported to be 326 kev.h7

The latter value should be accurate to
better than L-5 keV while the separation of the 1017 and 1350 keV
peaks obtained here is accurate to better than 1 icV.)

The level at 2240 keV is suggested by the 1151-1089 and
1173-1067 keV gamma-gamma coincidences. The enhancement of the
822 keV region in coincidence with the 330 keV region can also
be explained by assuming that the 351 keV transitioﬁ connects the
2240 and 1890 keV levels, thus adding additional evidence for the

2210 keV state.
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A level at 2288 keV has been proposed to explain the
existence of the 1221 keV transition in coincidence with the
1066.9 plus 1089.0 keV photopeaks. The 1221 keV tramsition is
believed to proceed to the 1067 keV state since a very broad peak
is produced in the 1173-1221 keV region when gating on the 1066.9
keV photons. This is corpared to the much narrower peak obtained
in this region when the gate is set on the 1089 keV photopeak.

A 913 keV transition connecting the 2002.0 and 1089.0 keV
levels has been prcposed to explain the existence of the 1089~
915 keV coincidence, which was found to be much too strong to be
due solely to the weak, unresolved 893 keV transition. Such a
transition can be expected since the 934 keV transition to the
1066.9 keV state was observed and it appears, from the angular
correlation studies to be described later, that the 1066.9 and
1089.0 keV levels may have similar spins. This assignment is
also supported by the fact that the intensity of the 915 keV
peak, relative to that of the 822 keV peak, is reduced by ap-
proximately 10 percent in coincidence with the 1066.9 keV transi-
tion. In additiocn, such a transition can explain the existence
of the 272-915 keV coincidences.

The 76 and 84 keV transitions are placed between the 2276
and 2199.7 keV states and the 1890.6 and 1806.9 keV states,
respectively, on the basis of energy differences.

One rather large discrepancy still exists in the energy
measurements., The 821.8-1066.9 and 799.7-1089.0 kevhcaséades
both add up to 1888.7 keV, whereas the encrgy measured for the

transition which is assumed to proceed to the ground state is
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1890.6 keV. This may indicate that additional levels exist near
1890 keV. Ons possible test would be tho detection of 351-1890
keV coincidences. Unfortunately, this coincidence is extremely
weak and no conclusions concerning its existence could be made

in this study. |
L1

Also shown on the decay scheme are the log ft values

‘beta transitions to the various levels in 125 « The relative

for

beta intensities were determined fram the beta singles and beta-
gamma éoincidence épectra in conjunction with the gamma ray in-
tensities. These log ft values suggest that the transitions are
probably first forbidden, which, in conjunction with an 11/2°

125

assignment for 9.7 day n, suggests positive parity for the

125

states in Sb which are populated in the beta decay of 9.7 day

125

L.C.v. Angular Correlation Measurements

The angular correlations between all of the prominent garma
ray cascades werc measured using two NaI(T1l) detectors and the
coincidence circuitry discussed in Chapter 2. The detectors were
enclosed in anti-scattering shields and care vas taken to keep
the source-detector geometry such that the dectection solid angle
was defined by the NaI(Tl) crystal and not by the cpening in the
lead cone of the shield.. Coincidences were recorded on the multi-
parameter analyzer in L5° steps fram 90° to 270°. In this manner
the analyzer could generally be used to measure.several correla-
tions simultaneously. Equivalent chance coincidences were‘sub-

tracted automatically and corrections for underlying Compton
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distributions were obtained from coincidences with regions above
and below the photopeak being studied. The results, after cor-

rection for scurce decay and finite detector size, are given in

Table 3.

Many of these correlation functions are limited in accuracy
by the presence of unresolved transitions or by intense Corpteon
distributions. For example, the 332-1089 and L70-1089 keV corre-
lations had to be corrected for the Compton distributions due to
the 822 and 915 keV photons arising from coincidences with the
unresolved 1C67 koV photopeak. These corrections were made using the
technique mentioned above. Similar corrections were necessary for
the 332-470 keV coincidsnces due to the presence of the 1067 and
1089 keV transitions. Even more serious than the Corpton correc-
ticns is the existence of unresolved photopeaks as is the case for
both the 332-1089 and the 822-1067 keV correlations. The 332-1089
keV coincidences contain approximately an 18 percent contribution
from the 351-1067, 1089 cascades while the 800-1089 keV cascade
ccntributes approxiﬁately 20 percent to the 822-1067 keV correla-
tion data. Unccrtainties introduced by these unresolved transi-
tions in the A, coefficient of the desired correlation function
were estimatcé by assuming a functicn of the form 1 + A2P2(cose),
withjAI< 0.2, for the unresolved cascade. This appears to be a
reasonable assumption in view of the magnitude of the correlation
coefficients obtained for other cascades in this nucleus. The co-
efficients and errors given in Table 3 for the 332-1089 and 822
1067 keV cascades include the corrections thus deduced for these

correlation functions. No corrections were made for the Ah
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coefficients since the experimental values are very small there-
forc, these values are nct to ba considered very reliable. The
L70-1520 and 915-1086.9 keV cascades are relatively free from
interfering radiations and no such correcltions wers made. The
915 keV peak dces contain a cmall contribution from the 893 and
34 keV transitions (and a possible 913 keV transition proposed
above) but the net contribution is less than 10 percent and should
have litile effect oan the measured correlation function. _

No atterpt was made to analyze the 1151-1089 and 1173-1067
keV correlation data since the two are completely unresolved and
have approximately the same intensity.

Also included in Table 3, for compariscn, are several coef-
ficients cobtained by Devare and Devare.So The values obtained for
the U70-332 and 915-1067 keV cascades are in good agreements those
for the 332-1089 and 822-1067 keV correlations are in better
agreement if camparison is made with the coefficients cbtained in
this before correcting for unresolved peaks. These were
1 - (0.CL6 :_O.C29)P2(cose) + (0.01L + 0.036) Ph (cos6) and
1+ (0.157 + 0.010)P2(cose) + (0.02 + 0.02)P.,u(cose) for the 332-
1089 and 622-1067 keV cascades, respectively. |

The large uncertainties introduced by these corrections
make it irpocsible to find a unique set of spin assignments for
the nuclear levels and mixing ratios for the transitions between
them. In an effort to gain some insight into the nature of the
transiticns, the following spin assignments, obtained in previous

47,50

studies, have been assumed. The ground state and 1089 keV

excited state have been assigned spin-parity 7/2+ on the basis of



67

beta spectrun shape measurements and arguments presented above
concerning the measured log ft values. The beta transition to the
1420 koV stato has also boen studied’C and the results indicate
that the transition has a statistical shape, suggesting that the
transiticn is either allowed or non-unique first forbidden.hs
The log ft value is in agreement with the latter assignment
which suggests a 9/2+ or 11/2+ spin-parity assignment for the

1420 keV state (higher values being ruled cut by the strong

ground state transition).

Under these restrictions, the 11/2 assigrnment for the
1420 keV state can be ruled out on the basis of the L70-332 keV
and the L470-1420 keV correlaticn functions since, for this assign-
ment, the two functions would be identical (assuming negligible
octupole contributions). The possible spins for the 1890 keV
state were limited to 7/2, 9/2 or 11/2 since there is a beta
branch (probably first forbidden) to this state. This limits the
possible spins to 7/2 through 15/2, and a transition to the 7/2
ground state, which suggests spins assignments 3/2 through 11/2.
Only the 7/2 and 11/2 vzlues were found to bs consistent with the
angular correlation data.

The two remaining spin sequences for the 1890, 1u20, 1089 and
ground states, 7/2-9/2-7/2-7/2 and 11/2-9/2-7/2-7/2, were analyzed
using the double mixture curves of Arns and weidanbcck.Bl The re-
sults for the first sequecnce suggest quadrupole mixtures of 0 fo
12 percent (=), 99.5 to 100 percent (-), 6 to 12 percent (-), and
99.5 to 100 perceat (-) for the 1089, 332, L70 and 1L20 keV

transitions, respectively. In the second case, ihe respective
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mixtures are L to 10 percent (-), 99.7 to 100 percent (-), 15 to
3l percent (+) and 99.5 to 100 percent (-). The signs in paren-
theses refer to the sigas of 6, the mixing ;mplitudes, with the
sign for the 332 keV transition being for the case where it is the
51

first transition in a cascade. This sign must be reversed”  when
analyzing the L70-332 keV correlation.

Analyses of the 822-1067 and 915-1067 keV cascades were at-
tempted but only a limited amount of information could be deduced.
Possible spin assignments for the states involved were limited by
" the following arguments: the 1982 keV state could be limited to
7/2 through 15/2 by the existence of a first forbidden (from the
log £t value) beta transition to this level while the values for
the 1890 keV state were limited to 7/2 and 11/2 by the analysis of
the L70-332 and 470-1420 keV correlation functions given above.
The possible assignments for the 1067 keV state were limited to
3/2 through 11/2 in view of the prompt decay to the ground state.
With these restrictions, it was found that the only spin assign-
ments consistent with the 915-1067 keV correlation function were
7/2 or 11/2 for tha 1982 keV state and 5/2, 7/2 or 9/2 for the
1067 keV level. The latter values are also coasistent with the
822-1067 keV correlation function. The quadrupole mixtures in
the 822, 915 and 1C67 keV transitions could not be determined

since nearly all values were found to agree with the correlation

data,
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127
L4.D. The Decay of 1?7Te and e

127,
T

L.D.i. Gamna Ray Spectrum of e Iscmers

The v ray spectrum of the 127

Te source is shown in Figure
19. The top curve shcws the spectrum cbtained with a NaI(Tl)
crystal having approxirately 8.5 percent resolution for the
0.662 YoV lire fircm L3765, The toltom curve shows the spectrum
obtained using a Ge(Li) cdetector. Singles spectra were recorded
over a 5 month pericd and it was found that the peaks at LS8,
694 and 728 keV decayed with a half life of approximately 30d

129

and are believed to be due to Te. By comparing spectra, it

was found that the 572 keV line is due to a sirong transition in

12104 204 that the 159 k¥ line is due to 12-Te.>?

127

Te. The remainder

of the pecaks are due to Te. Of particular interest are the two

at 591 and 657 keV. Only the latter transition had been previously
observed.52 The lower encrgy transitions have all been previously
observed, although the 203 and 21l keV peaks had not been resolved.
127

The relative intensities of the garma rays due to Te are given
in Table L. The 1L5 kaV peak is not observed in the singles
spectrum due to its low intensity. However, its presence has

52

been established in previous studies”™ and in coincidence studies

discussed belowv.

;.D.ii. Coincidence Studies
Coincidence measurements were made using two NaI(T1l)
crystals., These detsctors were separated by 90° and enclosed in
lead shields to reduce the effects of crystal to crygtal Campton

scattering. Copper absorbers 0.25 mm thick were placed on the
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Table L. Sumary of data on photons emitted in the decay of 127’1‘9.

Transition . R?ii:t:e Transition ngizzigzﬁz
Energy GioV)®) Intensitya) Ratest) © (MeV)
0.0576+0.0005 61+1 0.89 0.145, 0.214
- - 0.360, 0.591
0.657
0.087+0.001(I.T.) 25+1 99.2
o.1h5f_o.oos°) 0.5110.06") 0.0023 0.0576, 0.21L
0.203+0.001 5.4+0.2 0.018 0.214
0.21L4+0.C0L 3.9+0.2 0.013 €.0576, 0.1L5
0.203
0.360+0.0005 1k.8+0.1 0.0L65 0.0576
0.417+0.0005 100 0.313
0.591+0.001 0.22+0.04 0.00062  0.0576
0.657+0.001 1.43+0.06 0.00L3Lk  0.0576

a)These data, with the exception of the 0.1LS MeV transition

data, were obtained from the Ge(Li) runs.

b)

Number of transitions, photons plus conversion electrons, per
127
100 disintegrations of Mre. Corrections for internal conver-

sion wers made using the conversion coefficients calculated by

Lo

Rose™ "~ assuming the lowest multipole order for the transitions

consistent with tha proposed decay scheme.

c)Energy and intensity obtained from coincidences with the 0.21L

MeV transitica.
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faces of ths crystals to reduce the intensity of the strong
K-X-ray.

The coincidence spectra obiained betsieen the 0 to 100 keV
and 70 to 720 keV regions are shown in Figure 20. The data were
recorded on the multi-parameter analyzer operating in the 6l
channel by 16 chonnel mode. Part (a) shows the specirum scen by
the first detecior in ceincidence with 57.6 keV photons entering
the sccond detector. The 591, as well as the previously observed
360 and 657 keV transitions can be sscn. These results suggest
the prescnce of excited states at L17, 649 and 715 keV. The 1L5
and 214 keV lines, expected on the basis of previous measure-

52 are too weak to be observed above the Compton distribu-

ments,
tion of the strong 360, 591 and 657 keV photopeaks. Similarly,
parts (b), (¢) and (d) are spectra seen by tﬁe second detector in
ccincidence with the 360, 591 and 657 keV photons seen by the

first detector, respectively. Parts (¢) and (d) have not been
corrected for the overlap of the 591 and 657 keV photopeaks.

They serve only to indicate that there is no appreciable broaden-
ing of the 57.6 keV peak in coincidence with the 591 keV region as
would be expected if there were a transition connecting the 715 and
6L9 keV states.

The spectrum in coincidence with the unresolved 203 and 214
keV transitions is shown in Figure 21. This spectrum has been
corrected for chance coincidences but not for coincidences with the
underlying Compton distribution. Any such correction would have
limite§ accuracy since the 203-21k keV peak lies so closs to the

Compton edge of the 360 keV Compton distribution. Coincidences
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were recorded at both 90° and 180° and an average of the two sets
of data uscd to obtain the approximate relative intensity of the
145 keV transition. The 57.6 keV peak is also visible, but an
accurate intensity measuremcnt cculd not be made due to the large
contribution from the Campten distribution of the 360 keV transi-
4ica. The peak at approximately 86 keV is dus primarily to back-

scatter of the 203 and 21l keV gamma rays. These results suggest
127

that 127Te and Tre decay to excited states at 57.6, 203, 417,
649 and T15 keV in 2211,
127

L.D.iii. Te Anzular Correlation Neasurements

Angular correlation measurements were made using the same
experimental apparatus as in the coincidence studies. The rmlti-
parameter feature of the multichannel analyzer was again utilized
in correcting for underlying Ccmpton distributions. Coincidences
were recorded at angles of 90, 135, 180, 225, and 270 degrees be-
tween detectors and corrections made for source decay and source
asyrmetry. The resulting correlation function coefficients were
corrected for finite datector size.26 The results are given in
Table 5. The source used to obtain the cosfricients for the cas-
cades invclving tie 57.6 keV transition had to be kept very dilute
since it was observed that the anisotrcpy of thcse correlations was
sircongly dependent on the source density. A scri-quentitative
study of the effect of source density was made by adding or evép-
orating conc. HCL +to change the volume of the source. The
3

volumes used ranged from appraximately 0.02 cm? to 0.1 cm” and

contained approximately 5 mg of source material. The measured



76

*U3EP UOT}RTOILI00 JeTn3ue ssoy} JupzATTuUB UL PSZYTIIn pus

133

Je3ten £q uaAaTd exem ‘Learyoadsax

fSUOTITSURIY AST 915070 P €020 BU3 JOF €900°0+E0G0°0~ PUT S0°0+E5 O+ JO sopRIFTdue BUPCH

2/s-2/L-2/1t

TO°0+00°* €~
0 )0°0+i2°0~ 2/a~2/L-2/6
g0*0+NT 2+ - -
I0 gO*0+€€°0~ 2/a-2/L=2/L 650°0+€€0° 0~ L€0°0+gLo° 0~ 9.50°0~159°0
60°0+99° G+
20 €T°0+12°0+ 2/s5=2/L-2/6
€orl T~  2/5-2/L-2/L ST°0+ST 0+ 90°0+L2°0+ 9150°0-T65°0
_lo°0o+ _ _
62°2~ 0 gO*0+gT°0O~ 2/s=2/L-2/s 20°0+00°0 20°0+2€°0+ 9150°0-09€°0
002 < J0 20°0+02°0+ 2/a=2/€~2/s 600*0+500°0~ 500°0+122°0+ £02°0-1[T2°0
(T ewweD) oousubag :< N.q. g Euwen-T Buue)
(= utdg opeOSE)

epr TTduy Sutxyy

*sunqoud 9J

L2t

U0 SHUSUAINSTSU UOTFBRTOLIOd JeTndue Jo Aituumg °§ eTqel



77

anisotropy varied from 0.33 + 0.08 for the smallest volumes used
to 0.58 + C.08 for the largest volumes. The larger value is be-
lievéd to be approximately the unperturbsd value since the an-
isotropy was essentially constant for the more dilute sources
employed. The possibility that this effect is due to increased
small angle Compton scattering at the higher source densities was
investigated by placing a 3 ma thick aluminum absorber around the
dilute source. No attenuation of the anisotropy in this and other
similar experiments was observed. The attenuation of angular
‘correlation anisotropies in liquid scurces is believed to be due
to the interaction between the electric quadrupole moment of the
nucleus in its intermediate state and electric field gradients
existing at the nucleus.Sh These gradients may be expected in
radioactive nuclei since, in the beta-decay process, the nucleus
acquires a net positive charge which leads to a rearrangement of

127

the atomic electron structure. The 57.6 keV state of I may be

susceptible to such an interaction since it has both a large

55 53 The effect

quadrupole moment”” and a relatively long lifetims.
of the interacticn will be dependent upon the length of time during
which the nucleus exists in its intermediate states. It is ex-
pected that the atomic rearrangement process wculd occur very
quickly. The degrece of attenuation of the anisciropy is, there-
fore, scmewhat surprising. By measuring the anisctropy as a
function of the delay between the two radiations, one may be able
to deternine the magnitude of the Interaction more directlj. An

56

attempt was made by W. Chaffee”  to make this measurement on the

360~57.6 keV cascade in 127I. Unfortunately, in order to obtain
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usceful results the resolving time of the apparatus must be much
shorter thzn the lifetime of the nuclear state. The apparatus
available did not have this capability and no positive results
could be obtained. .

The 21L-203 correlation did not show any attenuation ef-
fects. This result is expected on the basis of the short life-
time of the intermediate state (as measured by GeigerSB).

In analyzing the results of the angular correlation experi-
ments, spin assignments 5/2, 7/2 and 3/2 were used for the ground
states and the 57.6 and 203 keV excited states, re;gectively.s3
In addition, the 2 admixtures 0.6L + 0.10 percent and 21 + 3
percent obtained by Gei.gers3 for the 57.6 and 203 keV transitions,
respectively, were used. With these restrictions, it was found
that, while the 214-203 keV correlation is consistent with 1/2,
3/2 or 5/2 for the spin of the L17 keV state, the 360-57.6 keV
correlation, obtained with a dilute source, was consistent with
only the 5/2 assignment. These results require that the mixing
amplitude §(E2/ML) of the 203 keV transition be positive. The
214 ke? transition is required to be either L.L + 0.7 percent
or > 99.9 percent B2 (assuming positive parity for the L17 keV
state as indicated by the log ft values given belcw) with E2/M1)
positive in the first case and either positive or negative in the
second case. The 360-57.6 keV correlation also required that the
mixing amplitude for the 57.6 keV transition be negati#e anq‘that
the 360 keV transition be either (3.1 + 1.L) percent or (84 + 3)
percent &2 (again assuming positive parity of the L17 keV state)

with the mixing amplitude negative in both cases. Unfortunately,
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very 1little can be concluded from the 657-57.6 keV correlation
since it is consistent with 5/2, 7/2, 9/2 or 11/2 for the 715
keV state spin. Similarly, the 591-57.6 keV correlation is con-
sistent with the 5/2, 7/2 or 9/2 assigrment for the 649 keV
state.

A sumrary of the spin sequencss and mixing amplitudes sug-

Table 5. The 5/2 spin assigurcats ior wac iniiial state in the
657-57.6 and 591-57.6 keV cascades, although consistent with the
éngular correlation results, can be excluded on the basis of log
ft values as discussed in sec. L.D.iv.

An altempt was made to measure the 21L4-1L5 keV anisotropy

but the strong 214-203 MeV peak made such a measurement impractical.

127

L.D.iv. Suwamary of Te Results

127

The decay scheme of Te suggested by these studies is

52,53

shown in Figure 22 and is similar to that previously proposad
with the addition of a B branch fram 127m‘1‘e to the 6L9 keV
state of 127I. The angular correlation measurements, in conjunc-
tion with previously published conversion electron data,53 allow
unique spin assignments for the first three 2/T excited states

populated by 121

Te p decay. They also limit the possible spin
assignments for the 6L9 and 715 keV states.

Log ft values,hl obtained using f energies and intensities
deduced frem  y-ray energies and intensities, suggest that the
transitions froml27mTe to the 57.6, 6L9 and 715 keV states of

1271 are probably first forbidden. This suggests a spin
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assignment of 7/2, 9/2 or 11/2 and positive parity for these
states. This is consistent with the angular correlaticn results,
. . . won 127, X
The log ft values obtained for tha decay of tre TG ground
state suggests that the transitions to the grouad and L17 keV
states are allowed which would recuire a 1/2, 3/2, or 5/2 spin
ascignment and positive parity for these states, in agreesment
P B ~nt . - § . . ~
with the 5/2" assigaments macde to those states ca tic basis of

53

other data.



CHAPTER 5

DISCUSSICH OF IXPERLTNTAL RESULTS AND COMPARISCHS WITH TuHIORY

With the excepiicn of the ground or first excitcd, 7/2+,
state, the energy lcvels of the ruclei studied here cua be diviced
into two groups: a) those populated by the low spin (1/2+ or
3/2+) isomer of the parent nucieus, and b) those excited in the
decay of the 11/2" state of the parent. The discussion of the
states will be divided accordingly. Thoses in group a) will be
confined to the lcw energy rezion (< €CO keV), because first, oaly
such states could be studied here, and second, relativcly little
data are available on the higher energy states populated by %the

low spin isomers.

S5.A. The Low Energy Statcs
In addition to the work reported here, several other cexperi-

i
121gy ana 271 nave been

mental studies on the low-lying states of
made reccatly (see sces. L.h. and L.D.) and much of the data now

available arc surmarized in Tables 6, 7 and 8. Table 6 lists

]

some of the informaticn aveilable on the states themselves while

¢

Tables 7 and 8 zre concerned with the 1 and I2 irensiiion rates
between these levels. The dipole mcments (u) and quadrupole
momcnts (Q) ziven in Table 6 are ccrparcd with the singie proton
values (“:p and Q,sp)57 and the values obtaincd by Xisclinger and
Sorenscnzo (“KS and QKS) using pairing-plus-quadrupole resicual
forces, The agreement between the experimental and the latter pre-

dicted values of the cuadiupole maments is cbvious.

82
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S.A.i. Compariscn of Electric Quadrupole Transition Rates
The reduced clectric quadrupole transition probabilities
are presented in Tables 7 and 8 as B(E2)/(2:jf + 1), in units of
-50 2 L

10 e cm , for ease of camparison with theoretical predictions,

58

in particular those of Sorenson. These values are for the case
of de-excitation of a state. The corresponding reduced transition
rate for the population of a state by Coulomb excitation will be

denoted B(E2)ex. The two values are related by

. 23! :
B(2253 » §') = g B(E2; 3 = d)gy -

The experimental B(E2) values are c¢otained from the paritial E2
58

mean-lives for garma ray emission by use of the expression

60

B(E2),,_ = 0.0825 x 1070 x EY-S x TY-I(EZ) o? cal

where E, is in lMeV and TY(EZ) is the partial mean-life in seconds

given by
T (82) = 1.hhe‘]*rl/2(1 +ap)(1 + 6_12. )

Here, € is the branching ratio, T1/2 is the measured half life
of the nuclear state, ap is the total conversion coefficient and
62 is the [2/M1 mixing ratio.

The experimental B(E2)/(2jf + 1) are coxpared with the
single provon estimate given bys

B()q 2
23';;1?- - (2§:+1>)u,, [S(2Jf+1)(2,(f+1){w(/(fjfxiji% 2) x

(Xf200[1f2[i0)}2182 .

The quantity in square birackets is the "statistical fzctor,% S,
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which, for many cases,59 can be approximated by S = 1. The quan-
tities W(Apdphs 35 7 2) and (£;200]{;24,0) are Racah and Clebsch-
Gordan coefficients, respectively. The expectation value of the
square of the nuclear radius, <r2> , is oftenéo taken as
(3/5)R°2 where R = 1.2 x 10713 A1/3 cm is the "nuclear radius.”
This value has been used to calculate the single proton estimates
given in column 6 of Tables 7 and 8.

The experimental B(22) values, given in cclurn 5, are, in
every case, considerably larger than the single proton walue.
This result is not unique to these nuclei -~ similar results
having been obtained throughout the regions of spherical nuclei.

(The same goes without saying for the deformed regions, where, as

already mentioned, very large quadrupole effects are observed.)

The B(E2) values for 121Sb have also been calculated by 50rcnson58
using KS wave functions and the expression
1
. 2 Ja=
B(®) 3 I {(r%) £T7,.. 1 1
s = |C. 0 C e pn (=) (3:3, 5 - 7 1353,20) x
2341 35007300 efi‘vh—“ i9f 2 T 7 1YidetY/

B(E2) q4sn+ \ 1/2 Jg=J - J J;
2
-7 3 %
. by
(2 Ji+1) Cjil?.CjiOO .

<!
The coefficznts CgNR are the contributions to the wave functions
of the state j' of configurations ccnsisting of quasiparticles
of spin J coupled with N phonons with angular momcntum R to the

resultant j' . These cigenvectors are given by KS for a large

121 127

number of states including several in Sb and

I. The
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quantities U and V are defined in such a way that Ui2 gives the
probabiiity that the state (i) is unoccupicd and vi2 has the op-
posite meaning. They are restricted by the relatica U12 + Vi2 =1,
Mcthods fer their calculation are given by KS. (They may also be
determined experimentally, as has teen done by Cohen and Price6l
for the Sn isotopes, using strippinz and pickup reactions.) The
B(¥2) values obtained for 121Sb, given in colurm 7 of Table 7,
agree quite well with the experimental ones for the L69 and 572
keV pure E2 transitions. However, that obtained for the 506 keV
transition is still an order of magnitude too small. The experi-
mental value for the 68 keV transition is much larger than ex-
pocted cn the basis cf values obtained for other transitions in
this nucleus and may indicate that one or more of the data used in
its calculation are in error. To bring this B(EZ)/(ij+1) into the
range of other wvalues (i.e., < 1) would require an increase by a
factor of > 20 in the partial mecan-life of the 68 keV transition.
The possibility that the mixing ratio of the 68 keV garmas deter-
mined in this study is in error wic .-ziined as follcws:. the
mixing ratio required to give B(Z2)/(2j f+1) <1lis &< 0.0k,
Using this value to calculate the angular correlation coefficient
of the 638-506 keV cascade and erploying data frem other studies as
diccussed in Chzp. 3.A., one obtains A2 = 0.17 &s ccrpared to the
experimental values A, = 0.066 + 0.009. This is well outside the
error of our measurement. Thus, the suspected error is expected
to exist elsewhere.

Similar compariscns with XS values of B(E2) were made in

12 . .
7I using Sorenson’s expression, given above, and eigenvectors



90

for the 1271 states calculated by Sorensen and quoted by
Langhoff.53 The U’s and V’s were calculated using the expressions
given by KS, except for the U418 keV state for which the values

U =1, V = 0 were assumed. The results are gi#en in column 7 of
Table 8. Only the values for the 145, 375 and U418 keV transi-
tions are seen to be in reasonable agreement with experiment
(within a factor of ~3). Tgere appears to be a slight incon-
sistency in the data on the 203 keV level: the lifetine of the
203 keV level has been measured by Geigérs3 as < 0.55 x 10-9 sec,
while the value daduced frem the Coulomb excitation measurements
203 = 40,52
obtained by GeigerSB) is 0.75 x 10~7 sec. This result is reflected

of Davis, et al.,61 (using the E2/Ml mixing ratio &

in the discrepancy in the B(E2) values for the 145 and 203 keV
transitions. It is interesing that a similar disparity exists in
123Te, as has been pointed ou£ by Schmorak, et al.62 The devia-
tion in that case is in the same direction as found here, namely,
the B(E2) obtained from Coulomb excitation cross section measure-
ments is less than that from half life and mixing ratio measure-
ments,

Quantitative data are also available for the 161 keV first

123Sb from other studies. This state was not

123

excited state of

* populated in the long-lived iscmer of Sn, when it decayed.

L3

Coulcmb excitation cross section measurements by Fagg -~ give

B(E2)/(2jf+l) = 0.0L4 o® x 10-50 cmp, which is ~ 0.9 x
[B(EQ)SP/(2jf+1)]. The half life of this state was determined by

10

Schmorak, et al.,62 as 6.4 x 10" sec. The E2/Ml ratio has not

yet been determined for the 161 keV transition so the two
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measurements cannot be cenmpared for ccmpatibility.

S.A.ii. Coxparison of ML Transition Rates
It is also possible to ccipare experimental and theoretical
values for the probability for emission of Ml radiaticn. The
method used to make these cormparisons is to prescnt the ratio of
the theoretical over the experimental reduced transition proba-
bilities. The experimental values are obtained from the life-

63

times of the nuclear states by use of the exgession

_1.13 x 1070
exp E3(24eV)TY(}D.)

B(M1)

where TY(Ml) is the partial mean-life for M1l cmissica given by
T_(A) = llbe™ T (1 +a)@ + 8%) .
Y 1/2 %
In ccrmparing the experimental result with the single protcn esti-
mate, it is found that the statistical factor for Ml emission is
a rather cumberome ccmbination of 9-J and Racah ccefficients. A
reasonable estirate is given, however, by setting S = 1. This then

yields the wWeisskcpf estimate.6h Tha ratio of the Weisskopf esti-

mate to the experimental value is given bty

B(ML),, EYBTY(m)
BGI)

= - s Where E_ is in MeV and T_ is in sec.
exp  2.24 x 10 4 Y Y

These quantities, the }1 retardation factors, are given in column
8 of Tables 8 and 9. The experimental transition rates are :rom

one to two crders of magnitude slower than the Weisskopf estimate.
This is consistent with the Ml retarcaticns found in other nuclei

in {this region of the isotope table.
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l271 with respect

53

The retardations of the Ml transitions in
to KS predictions have been calculated by Langhoff” and are
given in column 9 of Table 9. Similar camputations have been

1215b by Sorensen63

made for the.[-forbidden Ml transitions in
and these results are given in column 9 of Table 8. A similar
retardation factor was obtained by Schmorak62 for the 161 keV

1235y, Using the half 1life quoted sbove, this gives

transition in
2 retardaticn of 140 over the single proton estimate. The cor-
responding value obtained by Sorensen is only ~ 3.

Although it has been pointed out by t:}eaigers3 that the KS
predictions are not, in gerneral, as good for ML as for E2 transi-
tion rates, it appears that in these two nuclei, the agreement is
rather good. In facﬁ, all of the predicted values are within a

factor of 10 of the corresponding experimental ones, which is

better than for many of the theoretical E2 transition rates.

S5.A.iii. Energy Level Systematics
In addition to predicting electrcmagnetic transition rates,
as discussed above, any usable mcdel shculd be able to give the
spins, parities, anﬁ relative energies of the excited states of

the nucleus. Tha low energy states of 1218b and 127

I are in quali-
tative agreement with predictions of several modecls. The single
particle levels available to nuclecns in the 50 to 82 shell, given
in Chap. 1, are consistent with all of the observed low energy
levels with the exception of the L18 keV (5/2%) state in 271,

The KS calculations have been carried out only for the ground and

first three excited states of 1?':LSb. Since these three states afe
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essentially pure quasi-particle states, according to the KS calcu-
lations, the predicted spin sequence is essentially the same as

for the single particle model. They do predict, however, the ob-
served variation of the energies of the.states with the addition of
nucleon pairs. This variation is evident from the observed cross-
ing of the 5/2% and 7/2% ground and first excited states between

121 123

Sb and Sb. Similar computations have been made by
65

Silverberg ~ for different values of the model parameters. The
experimental variation of the energies of the d5/2 and g7/2
states in the odd-A antimony isotcpes iS shown in Figure 23, as is
the corresponding trend in the iodine isotopes.

The KS calculations have been carried out for a much larger

nunber of states in 127

I. The results are not too encocuraging,
however, since the first predicted spin 5/2 excited state lies
considerably higher than is observed experimentally. .Calculations
have also been made using an intermediate coupling unified model
in which the particle motion is coupled to collective vibrations
of the nuclear core. This mocdel has been applied to the study of

127 129 19

I and I levels by Bannerjee and Gupta. Although these

calculations predict the approximate energies of a number of ob-

served levels in 127,129

I it also predicts a preponderance of low-
lying statcs which, as yet, have not been obscrvcd experimentally.
Oae possible explanation of the poor agreement is that only the
?ds/z and 1g7/2 single particle states were considered, with the
renaining low erergy states being treated as phonon-plus-particle

states. It is believed that a more realistic intexrpretaticn of

the cobserved levels, on the basis of this model, would be to
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consider the ground and first three excited states as predominantly
single particle states and treating those states at higher excita-

ticn ercrgies as phonon-plus-particle states. This interpretation

is based on the similarity tetween experimentzal observations and

single particle predictions of the spins and parities of the

ground and first three excited states of 1271.

5.A.iv. Beta Transition Ccmparicons
It is also interesting to ccmpare the zlilowed electron capture

(121Te) and beta (127Te) trensitions to the low-lying states in

121 127

Sb and I, respectively. The log £t values for the transi-

121

tions to the 1/2+ and 3/2+ states in Sb and to the two 5/2+

1271 are in the high end of the range usually considered

i

states in

for an allowed transiticn. However, the transition to the 203

keV, 3/2+, state in 1271 is at least 3 orders of magnitude slcwer

than expected (log ft ~ 10.2). The same is true for the transi-

1271 2t 375 keV which, within experi-

tions to the 1/2+ state of
mental error, is unpopulated in the decay of 127’1‘3. Both of these
states are populated in the electrcn capture decay of the 3/2+

127Xe with transition probabilities well within the range

state of
for allcwed transitions. The reason that thesz transifions are So

unusually hindered is presently unknown.

S.B. The High Energy States
At higher excitation energies, very little information is
available, making it impossible to make any quantitative compari-
son3 with theoretical predictions. e can then only speculate

121, 123

as to the character of the nuclear states. In Sb, Sb and



96

1271, the decay energy of the 11/2” state of the parent is suffi-
cient to populate cnly two or three of the multitude of high
energy levels expccisd on the basis of comparisons with other
nuclei iﬁ this rcgion, fer examle, 1193 o Those which are popu-
lated in these three nuclei are found to be quite similar in that
they all lie near the energy of the first excited state of the even-
even nucleus corresponding to the core of the odd-A nucleus. Thece

first excited states lie at 1180, 1140 and 665 keV in 20, 1%2sn

and 126Te, respectively. This result is in qualitative agreement
with the level structure one would expect by coupling the low-
lying single particle states to core excitations. The resultant
Ucore-multiplet® should have its center of gravity near the energy .
of the excited state in the corresponding even-even nucleus, since
the states should be only slightly perturbed by the interaction
with the odd nucleon.16
Cne interesting feature of the higher energy states observed
experimentally is that they all decay to the 7/2+ groﬁnd or first
excited state. This fact may have a plausible explanation: if
we assume the 11/2° state of the pareat nucleus is essentially a
lh11/2 single particle state, the beta or e;ectron capture transi-

tions to rmltiplets built on the 2d5 proton state would be ex-

2
pected to be [—forbidden (i.e., &f ﬁ 3), whereas, those to states
formed from coupling the phonon to ths 1g7/2 state would not be
[-forbidden. This assumes that the particle-core coupling is suf-
ficiently weak that the particle character of the stéte is main-
tained and f remains a good quantum number.

125

The same arguments can be applied to the levels in Sb.
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1258n

Here, sufficiesnt cnergy is available in the beta decay of
to populate states which may arise from coupling fhe particle
motions to higher excitaticns of the core. The cualitative
agreement with the core-coupling mcdel is again cbtained, with
groups of levels being observed in the vicinity of excited states
in lthn. One possible interpretation of the observed 125Sb
levels is to consider those up to and including the 1419.8 keV

state as due to coupling of the 1lg particle state to the first

excited statz of the core, while those at higher energy can be

-

considered as due to coupling to the second and higher excited
states of the core. Houwever, all of the observed states may not
be explainable on the basis of core coupling: for example, the
1806.9, 2002.0, 2199.7 and 2276.0 keV states which decay primarily
to the ground state. Such transitions would correspond, in the
even-even nucleus, to transitionsrfram the second or higher excited
state to the ground state, which are usually observed to be weaker
than transitions.to the first excited state.66 Such states may
therefore be duc to some other type of excitation whose character
can cnly ba dccided when more quantitatiz data on these levels
become available.

One is also tempted to interpret the 1419.8 and 1890.6 keV
levels as members of core multiplets on the basis of the E2/ML
mixing ratios for the L469.6 and 1890.6 keV transitions. These

were found to be > 103

times the Weisskopf estimate, in keeping
with the expected enhancement of the E2 transition rates from the
second to the first multiplet and from the first multiplet to the

ground state. Thls result appears to lose same of its
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sigrificzance, hciever, when it is found that a similar enhancement

Hem=

is obtained for the 331.9 keV transition, which, in the presant

interpretation, is assumed to_be between two states of the same

mltiplet. Such transitions, according to de-Shalit,16 are ex-

pected to proceed predominantly by emission of ML radiatio:n.

One disconcerting fact, which tends to cast some doubt on

121

the present interpretation of the high energy levels in Sb

1238b as core-multiplets is that, as far as can be determined,

and
they have not been excited in Cculomb excitation studias.h3 For a
multiplet built on the first 2% excited state of the even core, we
should have16

z B(EQ;Jg +J) = 3(z;0" +2%)
J
That is, the sum of the reduced transition probabilities from the

ground state, Jg, of the odd-A nucleus to the multiplet states,
J, is just equal to that for éxciting the 2¥ state in the even core
nucleus. The probability for exciting a given J state can then be

written as

2J + 1 +
B(Q;Jg "J) ‘WWB(E’Z; 0+ > 2 )

The values of B(z2; 0 + 2%) are found to be relatively large;
for example, ~20 x 1070 o? cal* ana ~ 1,0-65 x 10'50 o2 et
for the even tin and tellurium isotopes, respzsctively. Thus, at
least the high spin multiplet states should be strongly excited.
This assumes, of course, identical experimental conditions for
both the odd-A and the eren isotope cases. The cross section for

E2 Coulcmb excitation, as given by Alder, et al.,66 is
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(mov)2
op = \izs) *BR)gy * fp,

where the function sz decreases rapidly with decrecasing enérgy

of the incident ions. In the cases being considered here, that

121 123

is, Sb and Sb, the earlier studies by Fagg were made with

~ 5.2 MeV alpha particles, while ~ 10 MeV alphas were used in

67

the measurements on the corresponding tin isotopes. Using the

f_, curves given by Alder, et al., this change in energy by a

w2
factor of ~ 2 is found to result in a change by a factor of ~10

for sz. It rmay be, therefore, that the non-observation of the

higher excited states in these earlier works was due to the reduc-
tion in the cross sectiion by the decrease in sz rather than to a
decrease in B(I2). No conclusions can be drawn on the later report
by Robinson, et al., using 7-9 MeV alphas, since no spectra are
presented arnd no indication given of whether high energy transitions
were sought. 7The need for additional information on the higher
energy regicas cf the level spectrum of these antimony isotopes

is clearly indicated.

127

In contrast, levels in I at 630 and 750 keV have re-

52

portedly” beca excited by Coulomb excitation using ~ 3 MeV pro-

tons. The relatively large values B(E2)ex =10 x 10-50 ez.c:mlL
are found for both states. These can be campared with the B(ER)

1260, hich is ~ LO x 10~°

ex
for exciting the first 2% state in

2 L

e cm', These states could therefore constiitute part of a multi-

127

plet built on the 5/2+ ground state of I.
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