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ABSTRACT

THE MICHIGAN.STATE UNIVERSITY SIX GAP B-RAY
SPECTROMETER AND ITS APPLICATION TO THE g- AND y=-RAY
SPECTROSCOPIC STUDIES OF 03sr aND 131Mpe

by Louis M, Beyer

A six gap, iron core B-ray spectrometer has been con-
structed, The instrument, often called the "orange" spec-
trometer because of its geometric similarity to an orange,
is simllar to the one descfibed by Bisgard., The spectrom=-
eter and its associated components are discussed in detail,
A semi-quantitative theory of the focusing properties of a
1/r field is included and the defocﬁsing components'of the
field that are characteristic‘of this type of instrument
are discussed.

The orange spectrometer and the MSU iron free 1/2 spec=
trometer have been used to investigate the internal conver=
sion electron and positron spectra emitted in the decay of
83Sr. Information on the multipolarities of the strongest
transitions has been obtained. The M2 multipolarlty dssign-
ment of the 42,3 keV transition, in conjunction with exist-
ing colncidence and lifetime measurements, show that the
low energy features (S 804,6 keV) of the decay scheme are
uniquely determined., These data, when combined with log ft

values obtained from a Fermi analysis of the positron spec-

tra, lead to spin-parity assignments (in parentheses) to the
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ground state of 838r(7/2+) and to the 5.0 keV(3/27),

42,3 kev(9/2%), 99.2 keV(1/27), 389.2 keV(3/27), 423.5 keV
(5/2%) and 804.6 keV(7/2%) states of 83Rb. ,

The 7/2+ assignment to the ground state of 83Sr does
not agree with the shell model calculations of Talmi and
Unna, although their calculations do predict a low=-lying
7/2+ state at 320 keV, The level scheme of 83Rb is also
discussed with respect to expectations based on shell model
systematics,

The gamma=-ray spectrum of 131lm

Te has been thoroughly
investigated with the high resolution Ge(Li) detectors, ac-
curately determining the energies and relative intensities
of 45 transitions in the spectrum. The use of the NaI(Tl)-
Ge(Li) coincidence technique has resulted in the placement
of all but six very weak transitions into a consistent dew
cay scheme, The orange and nv/2 spectrometers have been used
to investigate the internal conversion electron spectrum,
Conversion coefficlents were obtained for the 80.9, 102.3,
149,7, 200.7, 240.6, 334.5, 452.7 and T773.7 keV transitions.
~Further information on spin-parity assignments has been pro-
vided by the calculated log ft valusgs which were obtained
using gamma-ray intensities, The combined data provide a

level scheme for 131

I with the following energies (in keV)

and spin-parity assignments: O(7/2+), 1u9.7(5/2*), U93(3/2+),
603(3/2%, 5/2%), 773.709/2%, 11/2%), 852.1(9/2%, 11/2%),
1059.7(7/2%), 1315(7/2%), 1556.4(7/2%, 9/2*), 1596.5(1/2%,

9/2%), 1646(9/2, 11/2), 1797(9/2, 11/2"), 1888, 1899(9/2",
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11/27), 1980(9/2°, 11/27), 2001, 2168 and 2270,

Recent theoretical calculations for the states of 131

I
have been performed by Kisslinger and Sorensen and by O'Dwyef
and Choudhury. Although there are insufficlent data availe
able for a quantitative analysls, a qualitative comparison of
the data has been made for both sets of calculations,

Filnally, a survey has been made of the energy level
systematics of the low energy states of all the odd mass
lodine isotopes., Of speclal interest is the observed quadratic
behavior of the energiles of separation of the l/2+, 3/2+ and
5/2+ states with respect to the 7/2+ state, as a function of

the neutron number,
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INTRODUCTION

A. General ObJectives

A large fractlion of our knowledge concerning nuclear
structure ahnd nuclear forces comes from the study of radio=
active decay and nuclear reactions. The low energy struc-
ture of nuclel is often more precisely determined by the
former. However, nuclear reactions have the advantage of
access to the higher excitation energles, as well as being
able to populate new lower states which are forbidden in
radioactive decay, due to the operation of selection rules,
The phenomena which are accessible for study through radio-
active decay are still of basic lmportance for the under-
standing of nuclear structure in general, The studies pre=-
sented 1n this thesis are intended as an extension of such
attainable knowledge using the techniques of beta~ and gamma=-
ray spectroscopy.

Information on nuclear level structure is obtained from
beta- and gamma-ray spectroscopy via the construction of de=-
cay schemes, The decay scheme gives information on the en=-
ergy level structure of the nucleus of interest, as well as
transitions between the levels, and the energy level spins
and parltles., The experihental results thus obtained can
then often be compared with existing theoretical calcula=-
tions, which serve as a test of the proposed models, as well
as providing more complete and accurate information for fue

ture calculations.



B. Specific Objectives of this Study

One of the most interesting series of nuclei to be
studied, both experimentally and theoretically, are those

having odd A and spherical equilibrium shapesl’z).

In
particular, éysﬁematic trends of isotopes having closed
shell plus one or closed shell plus three nucleons are
presumably amenable to calculation by known techniques.,
The single particle states are expected as the lowest ene
ergy states, while the higher enefgy states should arise
from coupling of the single particle states to collective
excitations of the core., To test this hypothesis, a large
fraction of the experimental studles presented in this
thesis 1s devoted to a study of the systematic trends of
the energy levels in the odd mass ilodine isotopes, which
have three protons outside a major shell closure of fifey.
The observed results, although limited in character, are
then compared with existing calculations by Kisslinger

3) 4)

and Sorensen and by O'Dwyer and Choudhury ‘.

A second set of experimentshhas‘ been performed to study
the level structure of Rb populated by the decay of Sr,
Although no calculations have been performed for the levels
of the odd mass rubidium lsotopes, the ground state spin and
parity of 83Sr can be inferred from such a study. Talmi
and UnnaS) have performed shell model calcuiations for 83Sr,
predicting the ground state gto have spin and parity 9/2+.

Thus the experimental results serve as an initial test of

these calculations. The level scheme of 83Rb, hitherto un-



known, serves to extend the energy level systematics in this
little known region of the periodic table. In addition, 1t
is of interest to see if a simple relationship exists be-
tween an even=even nucleus and an adjacent odd nucleus in
this region'of the periodic table., The 83Rb nucleus differs

by a single proton from the 82

6)

well known °, The energy level diagram has, in this case,

Kr nucleus, whose states are

proven to be so complex a3 to mask the effects sought after,
Nevertheless, considerable information has been obtained

for the low lying single particle states.,

C. Methods of Constructing the Decay Schemes

The data analysls approach that 1ls described herein has
been to first construet the proper energy level diagrams for
the nuclel of interest, and then perform experiments to de-
termine the spins and parities of the levels. The former
is accomplished by accurate measurement of the gamma-ray en=
ergles and relative intensities, and by coincidence counting
techniques. The methods employed are not new, but the equip-
ment now avallable 1s a vast improvement over that which was
in use only a few years ago. In the studies presented here,
advantage has been taken of the high resolution Ge(Li) radia-
tion detectors, both in singles and coincidence counting ex-
periments, Multichannel pulse helght analyzers with split
memories and multiple coincidence circuits aided in the

faster accumulation of the data,



The asslignment of spins and parities to the various obe-
served energy levels is not quite so straightforward. A com=
monly used method of spin parity assignment is via gammae
gamma angular correlation experiments7). The anisotropy of
the coincidence counting rate, as a function of the angle
of emission between two cascading transitions, gives an ine
dication of the spin sequence of the levels involved, Cone
version electron~-gamma angular correlation functions contain
an additional term in the matrix element which depends on
the parities of the levels of interest7). However, the two
decay schemes studied by the author were found to be too
complex to allow the obtaining of reliable angular correla=
tion results with present methods., Thus the spin and parity
assignments have been based on measurements of internal con=
version coefficlents and log ft values.

In beta~decay, the quantity f 1s defined a38)

m 2 2
f = dp p™q Fo(p,Z)Sn
(o)

where p = the electron momentum, q = the neutrino momentum,
Fo(p,z) the Coulomb correction factor., The shape factor,
Sn’ is introduced to extend the validity of the calculation
to forbidden transitionsS); For allowed transition, Sl - 1,
The quantity f times the half life of the transition is pro-

1

portional to &~ s Where £ is the square of the beta decay ma-

trix element, Since £ is a quantity independent of the lepton

energles, the "comparative" or "reduced" half-life, ft, should



5

not be very different for transitions with the same degree
of forbiddenness, The ft value 1s also independent of the
decay energy and nuclear charge. | |
Empirical results have shown that log ft values, withw
in specifled limits, are indeed characteristic of certain

spin-parity changesg). The partial half«life t can be easily

obtained by experiment, while f 1is tabulatedg). Thus beta
decay transition probabilities immediately give us an indie-
cation of spin limits,

The ratio of the number of conversion electrons to the
number of gamma-rays emltted in a nuclear de-excltatlon 1ls

the internal conversion coefficientlo) oy

The Internal conversion coefficlents are sensitive functions

of multipolarity, especially for low energy transitionslo).

A measurement of a often can be used to determine the multie

states,g*ivda“f. . The spin change between the two states

is then limited by

< <
|Ji - Jfl - L=J; + Jp

The parity selection rule is

ATl = (-1)L if the transition is electric (EL)

L+l

ATl = (=1) if the transition is magnetic (ML).



Most of the spineparity assignments in the decay schemes in
this study have been made by use of measured a's and log ft
values.,

In order to measure the beta and conversion electron
spectra, a ﬁagnetic spectrometer has been constructed, The
instrument 1s simlilar to the six gap, iron core, toroidal
spectrometer described by Bisgordll). The instrument has
proven to be a valuable addition to the already impressive
array of techniques now at our disposal,

Chapter 1 contains a brief summary of some of the most
popular nuclear models in use today. The discussion is
mostly qualitative in description, designed to give a cursory
understanding of the types of calculations being performed,
Chapter 2 describes the orange spectrometer, the construction
of which accounts for a large fraction of this thesis project,
The applications of the spectrometer, in conjunction with a

gamma=-ray countlng system, to the decay schemes of 131m

Te and
83Sr are described in Chapters 3 and 4, A short summary of

the vesults are presented in Chapter 5,



CHAPTER 1
NUCLEAR MODELS

As in many other areas of scilentific endeavor, the theo=
retical devélopment of nuclear physics proceeds in two sepa-
rate phases., In the one case, people develop models which
correlate experimental results and provide simple descrip-
tions of the phenomena involved., Attempts are then constant=-
ly made to broaden the range of applicability of each model,
remove conflicts between the different ones and ultimately
fuse the various models into a single unifled picture, On
the other hand, theories are developed which attempt to ex-
plain the properties from the fundamental laws of nature,
Nuclear theory has not been able to develop as completely as
some other flelds due to incomplete knowledge of nuclear
forces.,

Since a major objective of experimental study is for
comparison with theoretical predictions, a brief survey of a

few of the more successful nuclear models will be presented,

1,A. The Shell Model: Spherical Nuclel

1.A.1., The Auxiliary Potential

It has been known for many years that nuclel of neutron
or proton numbers of 2, 8, 20, 28, 50 or 82 and neutron num-
bers of 126 exhibit exceptional properties of stability,

analogous to shell closures of atomic electronslz). The

7



above have often been referred to as the mpagic numbers" of
atomic nuclei., Magic number nuclei have been found to have
higher than average binding energy, an abundance of 1sotopes
(maglic Z) or isotones (magic N), very small quadrupole moments
(spherical); and the very small thermal neutron absorption
cross section o(n,y) for N = 50, 82 or 126, The "Shell Model"
or "Single Particle Model", proposed independently by Mayerl3)

and by Haxel, Jensen and Suesslu)

shas enjoyed great success
in explaining the magic numbers and predicting; other pro-
pertles of low lying levels in many nuclel,

It had long been known that the assumption of individual
nucleons moving in an auxiliary central potential V(r) would
produce the magic numbers 2, 8 and 20 15). The requirements
of V(r) were that it be fairly constant inside the nuclear
radius and have a short range, i.e., it does not extend far
beyond the nuclear radius. It was then found that the intro=-
duction of an additional term in the auxilliary potential gave
a unique explanation of the shell closures at all observed
magic numbers., It was postulated that there exists a strong
coupling between the spin and orbital angular momentum of
each individual nucleon, The sign of the term is opposite to
that found for atomic electrons, and its magnitude 1is approxi-
mately 30 times that predicted by relativistic Thomas coup-

11ngl3’lu).

In such a theory, which neglects tensor forces
between nucleons, conservation of the orbital angular momen

tum 2 1s still implied.
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With inverted spin-orbit coupling, every level of glven
2 splits into two levels with angular momentum J = & - 1/2
and § = ¢ + 1/2, the latter lying lower, The energy differw
ence between these two levels 1s proportional to 2% + 1,
which means that éplitting increases with increasing 2., Cale
culations based on the model predict energy gaps afterﬂprqton
or neutron numbers which correspond to the magic numbers, as
the shells are filled. |

The shell model, as described above, also makes unique
predictions about the properties of nuclei which have only
one neutron or proton outside of, or missing from, a closed
shell, The angular momentum, parity and magnetic moment are
that of the extra nuclédn or hole, For this reason, the model
is sometimes called the "extreme singlé particle model". For
such nuclei, shell model predictions are in substantlal agree=
ment with experimental results, The same holds true in many
cases'fer single pérticles outside closed subshells, :The
more general case, of course, is that of several particles
outslide closed shells, Mayer;and.Jensenlﬁ) have augmented the
shell model by the inclusion of J-j coupling together with
" some very simple coupling rules., With such a scheme, the
ground state spin and orbital angular moméhtum can be predlcted,
as well as more model sensitive properties like electric quade
rupole and magnetic dipole moments, and transition matrix ele~
ments, The modei‘has’enjoyed considerable success, especlally
for ground states and low excited states of some odd A spherie

cal nuclel,
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1.A.2. Residual Interactions

e

a) Nucleon=Nucleon Coupling

Except for low energy excltations in odd A nuclei, the

model of Mayer and Jensenl6)

is not expected to give good re-
sults. The "extended" or "intermediate céupling" single
particie model has been introduced in an attempt to extend

the useful range of predictionsi’), The fact that coupling
rules were necessary in the originalgmodel demonstrated that
the effect of puclear interactions cannot be completely re-
placed by a potentlal well plus spin-orbit coupling., One
expects a residual interaction potential arising from nucleon-
nucleon forces. Such a recsidual interaction is important in
determining properties of excited states,

Initial calculations based on the intermediate coupling

scheme' consisted of solving

v = [H ‘+ A 3 s, + V, . Jy = E&
# o ¥ ALMTEy L Vig

where Ho is the Hamiltonian for independent particles In a
harmonic oscillator we1117). The additional terms are the
single nucleon spin-orbit potential plus a residuélktWO body
interactlon, The procedure 1s to obtain the closely spaced
single particle levels determined by the first two terms in
#+ Nucleons are distributed in these levels in all possible
ways consistent with the Pquli principle. The slngle nucleon

angular momenta and isotopic épihs are then coupled to obtain
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all possible resultant angular momenta and ‘1sotopic spins,

The resultant wave functions, which are many particle wave
functions, are then used to diagoﬂalize-the total Hémiltoniano
The calculation is feasible only if the number of nucleons in
unfilled levels is sgail. Results of this type of calculation
are exemplified by the calculation of Elliot and Flowersls)
for °F, The agreement between experimental and calculated
quantities 15. very gobd excepthfor the electric quadrupole
(E2) transition rates. This discrepancy is typical for intere
mediate coupling calculations, One solutlon to this problem
has been to use a potential which will enhance E2 transition
rates, i.,e,, a potential well with a quadrupole deformation
instead of a spherical shape.

A somewhat different approach to shell model calcula=-
tions with nucleon-nucleon interactions 1is that of Talml and
Unna5) who determine an effective nuclear interactlon rather
than use a phenomenologlical potential, The method, applilcable
to regions near closed subshells, determines the unknown dlag-
onal matrix elements of two=body effective interactions be=-
tween nucleons by comparisons with experimental data, and then
assumes the interaction to be the same for all nuclel in which
the same subshells are being filled, The non-dlagonal ele=
ments, arising from configuration interaction, are determined
along with the diagonal elements by comparison with experi-
mental data., These terms are also assumed to have the same
values in all nuclei in which tﬁe same subshell 1s being

filled. The success of the appnoach depends on the considera=-
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tion of as many data points as possible, Predictions made

by the model in the 9OZr reglon do indeed seem to be realistic,

b) Pairing Plus Quadrupole Forces

The recent model proposed by Kisslinger and'Sorensen3)*
has at least partially removed objectionable features of thé
intermediate coupling shell model., These authors have utilized
the pairing force introduced from the superconductivity theory

by Belyaevlg)

» plus a quadrupole force term. The inclusion

of such a pairing force ten&s to abstract the features of in-
teraction calculations into a more simplirfied form, which can
thus be applied over a wide range of more complicated nuclei,
The quadrupole term has the effect of introducing coherent
behavior amoung nucleons which is needed for enhancement of

E2 transition rates. The main assumption in the caiculations
of K S8 1s that the low lying states of spherical nuclei can

be treated in terms of two basic excitations, quasi-particles
and phonons. The pairing force gives rise to the former and
the quadrupole term accounts for the latter type of excita-
tion, For the most part, K S treat these as separate modes

of motion. The quasi-particle excitations, Ej' are calculated
in terms of the single particle energies ej, the average Ferml
energy A, and a quantity called A, which 1is approximately one-
half the gap in the even proton or neutron spectrum, The ex=

pression for E, is:

J
o Y- 2,1/2
EJ {(eJ AT+ 4%}

Hereafter referred to as K S.
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In order to treat a large group of nuclei, K S have
chosen eJ for the various single particle levels and allowed
them to vary as a smooth function of A in order to agree
with experimental results, Different level spacings were
used for neutrons.énd protons. In the region of thelr cal-
culations, neutrons and protons are filling different shells,
and since the pairing force is most effective for shell model
pairs coupled to J = 0, two palring force strength parameters

were used, G_. and Gn’ The quadrupole force is effective for

p
all types of pairs, and thus has three strength parameters,

X Xn and an.

Having chosen the parameter, K S approximately diagon-

p,

alize the pairing Hamiltonian by use of the quasi=-particle
transformationlg) for neutrons and protons separately. The
quadrupole force is then described as an interaction between
the proton and neutron quasi-particles, which glves rise to
the phonon excitations.

The treatment of the quadrupole force is via the "quasi=-
particle random phase approximation"., The reason for using
this approximation instead of ordinary perturbation theory is
that only 2+ states among the many two quasi-particle states
are affected. This gives rise to a spectrum of energy levels

characteristic of energy levels in even-even nucleil)

S
, U

y 1oeq,
a 2% fipst excited state followed by a 07, 2 triplet at
twice the energy hw of the first 2% state. Thus, for even-
even nuclei, the essence of the QRPA is to neglect terms in

the qdadrupole operator whose effects are spread over many
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palr states of various angular momenta,

The model has been successfully applied3) to nuclel from
Ni to Pb,excluding the strongly deformed region (150 Al 190).
Agreement with energy level systematics throughout the region
is qualitative, and E2 transition probabilitles for the even=
even nuclei are within a factor of two of the experimental
values for the 2+ -+ 0+ gamma transitions.

More recently, Sorensen has performed calculations on
E2 transition rates in odd mass spherical nucleizo). His re-
sults agree with experimental values to within a factor of
two, while the actual values range over a factor of 1000,

Thus, even though the calculations based on pairing plus quad-
rupole forces are, relatively speaking, very simple, the suc=
cess is undeniable., The underlying reason is because thils
particular combinatlon of forces leads naturally to the two
most important residual effects, i.e., pairing effecés and
quadrupole deformationZl).

Although the K S calculations have given good results
for spherical nuclel, they are not intended to be accurate
for deformed regions for the simple reason that K S have con-
sidered the quadrupole term weak in comparison with the pair-
ing effect, Investigations have now been undertaken to ex=-
tend this type of calculatién into the deformed regions by
considering the former to be slightly strongerZZ). Initial
calculations on the samarium isotopes indicate the model to

be very promising23).
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1,B, The Shell Model: Deformed Nuclel

1.,B.1. The Nilsson Single Particle Levels

For nuclel sufficiently far away from closed shell cone-
figuratlions, nucleon couplihg gives rise to non-spherical
nuclei. That such a phenomenon should exist can be pletorially
explained in a progressive manner, If there ls a single nu=-
cleon outside a closed shell moving in a shell model orbit-
al, the nucleon density distribution is already non-spherical
and concentrated in an equatorial plane, The addition of a
second nucleon will best correlate with the average fleld of
the first by moﬁing as close to the plane of the first as pos=-
sible, As can be seen, this is a compounding process, Thus,
far from closed shells, nuclel are expected to be ellipsoldal,
The amount of deformation is limited, of course, by the pairing
correlation which tends to couple pairs to total angular momen=
tum I'z 0 spherical distributions.

Two different models have been used for calculations in
the deformed region., The first, the collective model, sepa=-
rates the nucleus into a core and extra-core nucleons, This
modei is considered in the next section, The second, labeled
as the Nilsson modelzn), is in reality an extended single par=-
ticle model, The auxiliary potential is considered nonspher;
ical, the ehergies of the single particle states are calculat-
ed as a function of a deformation parameter §, and the dis-
tortion which gives the minimum energy is taken as the actual

distortion., 6 is, in general, different for each single par=
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ticle state. The actual potential used by Nilsson is

2

+D2iv

E 2 2 2 .
Vi = Vo{(l + 26/3)(xi Yy ) + (1 - 46/3)zi + Czi-si

The above 1s, of course, an axially symmetric potential with

6, = 8, = 6/3, 8, = -26/3. The term in 22

% serves to depress

higher angular momentum states, leading to better agréement
with the observed ordér. The constants C and D are chosen
to yield the shell model states for 6§ = 0, Nilsson has pre-

24)

sented his results in now famous diagrams, depicting the

level spacing as a function of &,

1.B.2., Additional Levels Built on the Deformed Single Par=

tlcle Levels

Collective motions of the core nucleons are also known
to give rise to rotational levels, i.e,, levels wlth spacing

AE = B— 4 (1 + 1), L 2K, K4 1, K+ 2, 000,

12
24
where K is the projection of j on the nuclear'symmetry axis.
Thus, for odd A nuclel in the weak coupling limié,_the_spec~
trum of energy levels should be a few intrinsic statesiwith

a superposition of bands of7rqtational levels bﬁiit on each,

’ More recent calculations including additiqnai force terms
due to pairing and Cdulomﬁ’effécts have been péfformesz) to
obtalin an expression.forls. Sgch calculabions are twp-fold.'

First, they give a general contour of'deformatiqn over a much
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broader range of nucleivthan have been experimeritally observed,
Second, nuclear reglons are searched where deformations might
be expected but have not yet been experimentally oﬁserved,
serving as a guide to future experiments to test the model,

The Nilsson model has enjoyed tremendous success in ex-
plaining the properties of odd=particle states in deformed
nucle126). It has also been successfully apblied to nuclel
which were not pféviously thought to be deformed, A case in
point is the discovery by Pau127) that the spectrum of lgF
can be described by the Nilsson model and that, 1in addition,
the'quadrupole trénsition rates are in better agreement with.
experiment than those derived from complicated shell model

calculationsls).

1,C. The Collective Modei: Even-Even Nuclel

1.C.1l. The Various Collective Excitations

As introduced in the previous section, the collective
model -treats the nuclear core macroscopically as a deformable
liquid drop with perhaps a few extra nucleons in an unfilled
shell, For nuclear considerations, the core is consldered as
an incompressible, irrotational fluid, and the system then

quantizedlz). Excited states of the nucleus can then arise

from collective motions of the core, either through rotation
of the body-fixed axes about the space-fixed axls, or by vi-

brations of the nuclear surface with respect to the body-fixed
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28)

axes, The system has been treated in detail by A, Bohr and

extended by Bohr and Mottelsonzg).

1.C.2. Quadrupole Vibrations of Spherical Nuclel

Let us conslder the vibrational effect first., The surface

of the flgure of general shape can be expressed as

® A

R(e,0) = R[1+ ] § o7 "6,0]
A=0 u==)

where the Y!(6,¢) are the spherical harmonics,
Surface motions are expressed by allowing aku to vafy in

time. In the quadratic approximation, the kinetic and poten=-

tial energies are of the form

Y-
T=1/2] B aAu[

|
Ay,u A

2
V=12 C,|la, |
XU AT A

CA and B, are related to the equilibrium radius, R, and to the
surface tension, S, Such estimates are useful for nuclei

provided appropriate values of R, and S are used,

The frequency assocliated with the variable % is

SO

E =nﬁww
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The A» = 0 term describes density oscillations of a spherical
nucleus which,if they occur, would be at much higher energles
than incompressible vibrations., The X = 1 terms simply describe
translations of the center of mass and are not internal degrees
of freedom. Thus,the first excited vibrational state corre-
sponds to the A = 2 quadrupole excltation and 1is theréfore a

2% state (the ground state of all even-even nuclel have J = ot
andmost nuclei have a 2% first excited state). Because of A
dependence of Wys W3 3 2w2 and w), = 3m2. Hence, no addition-

al terms are needed to describe low energy excitatlons,

Nuclei which can oscillate collectively about a spherical
shape should thus show characteristic spacing of energy levels,
The first excited state should have a 2+ state corresponding
to A = 2, A A = 3 phonon excitation has about the same energy
as two A = 2 phonons, so the second exclted state should be a

+, yt triplet. The latter is usually sepa=-

3~ state or a 0+, 2
rated by perturbations arising from the coupling of two A = 2
phonons to the 0+ ground state. The center of gravity of the
two phonon triplets should be about twice the energy of the
one phonon state, The hydrodynamlc model predicts ﬁwz should
be about 2 MeV for A near 100 and fall to 1 MeV for A near
200, In reality, E2,/E2 dogs in fact cluster around a value
near 2, butlﬁwz is approxiﬁately half that predicted., This
simply means that the hydrodynamlc calculations for CA and BA
are not accurate enough. The crucial test of the theory is

the comparison of the E2 transition rates with experiment,

They are in substantial agreement, indicating that the low
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lying states of even-even nuclei are probably one and two
phonon quadrupole vibrations. The reglons of deviatlon are

those where nuclel are known to have permanent defoymations.

I.C.3. Excitations of Permanently Deformed Spheroidal Nuclei

Nuclel with permanent, non-spherical shapes can also be
considered in the framework of this model, but a different
set of coordlnates 1s more convenlent. Considering only
spheroidal (A = 2) deformations, the orientation of the prin-
clpal axes of the nucleus with respect tb the space fixed axes
is specified by the Euler angles., By well known transforma=
tion equations, the five variables aZu are replacequy the
three Euler angles, and B and y. B8 1ls a measure ofithe total
deformation of the nucleus and y indicates its shape. The
equations defining 8 and y show that i1f B changes in time,
producing B vibrations, while y remains fixed, the nucleus
preserves its symmetry axls but alters the eccentricity of
its elliptical cross-section, The axial symmetry of the nu=-
cleus is lost in y vibrations.

In the new coordinate system,

.2 . 3
27, = 1/2B(3° + 8°Y%) + 1/2] uf
] K=1
where the wy are the éngular velocities of the principle axes
with respect to the space fixed axes and~JK correspondf to
the moments of inertia., Thus, terms corresponding to rota-

tional motion are automatically lncorporated into the theory.,
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For axial symmetry, such a term predicts low lying stdﬁes

J(J + 1), J =°0,2,4, —m—-,

=
4

i
N

Experimentally.obéerved level spacings agree quite well with
this prediction. Small deviations may be ascribed to weak
coupling of the rotational modes of motion to other modes,
either vibrational or particle. The remarkable accuracy with
which experimentally observed energy levels in distorted

nuclel fit the rotational formulal’lz)

leaves little doubt
about the collective nature of the excitations.

B and y vibrational levels are expected to be much higher
in energy than the rotational bands. Thus, distorted nuclei
will,in general, be expected to exhlbit rotational bands built
on the vibrational levels. Due to weak coupling, the rotation-
al spectra of succeedingly higher bands are expected to show
more deviation from the predicted level spacing. Of course,

the possibility of particle excitations is also present, but is

not expected below 1 MeV for even-even nuclel,

1.C.4, Ellipsoidal Nuclei

Davydov and coworkers have considered the rotational
levels of permanently deforﬁed non-symmetric nuclel in a series
of articles, beginning in 1958 30). The model predicts slight
deviations from the J(J + 1) energy level separation of the
rotational states, but such an effect could be masked by coup=-

ling to 8 or y vibrations. A very sensitive test of the model
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lies in the fact that it predicts a 3+ state, whose energy is
the sum of the first two 27 states. This prediction»hés been
confirmed iIn about a dozen cases, The model has also been

tested in the spherical region6’3l)

and, for reasonable values
of the parameters, predicted E2 transition rates are in agree-

ment.

1.D. The Collective Model: 0dd Mass Nueclei

0dd mass nucleil exist with both spherical and deformed
shapes, just as in the case of even-even nuclei, Those with
permanent deformations fall in the same reglons of the periodic
table., The odd nucleon 1s expected to give rise to low energy
states and the ground state should be characterized by a
shell model configuration. For spherical nuclei, the single
particle model predicts the ground state, while the Nilsson
model is applicable in the (axially symmetric) deformed regions.
In addition, there should be states arising from the coupling
of states of the odd particle with collective excitations of
the core . in both regions.

Let us first consider the near spherical nuclei, where

the Hamiltonlian can be written as

o = H, + Hsp * Hynge
Hint is a weak surface coupling term., It is only appreciable
in the tail where the nuclear density 1is changing, and can be

treated by perturbation methods. De Shallit has discussed pos=-
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sible experimental evidence for such a modelgz). The expécta-
tions based on such a model are as follows: The lowest lying
states will be the single particle states., At higher energies
the core can glve. rise to quadrupole vibrations and, when
coupled to the single particle state Jj, can produce a multiplet
of states with spin J = J r 2, J hd 1, or j. The "center of
gravity" of the multiplet should be hw, the filrst phonon en-
ergy of the core, The splitting of the multiplet arises
from, and perhaps gives a measure of, the perturbing effects
of the interaction term,

A more complex problem arises when two A = 2 phonons or
a A = 3 phonon excitation of the core is considered. In such
cases both particle and collective states are expected to be
modified and considerable mixing of the states may occur,
Under these circumstances one can no longer expect to describe
a state as particle or collective, but as an admixture of both.
The situation is then described as "intermediate coupling".
Calculations based on such a scheme have been performed for
specific nuclel by Choudhury33), Glendenning3u), Bannerjee and
Gupta35), and O'Dwyer and Choudhuryu). The calculations of
O'Dwyer and Choudhury are of particular interest here since
they have been performed for the odd mass iodine isotopes.
They have considered the lést odd proton of these 53 proton
nuclei to have the 2d5/2, 1g7/2 and 2d3/2 single particle
states avallable. The proton state is then coupled to the
collective surface vibrations of the even-even core, The re-

sulting Hamiltonian of the coupled system, including one and
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two phonon states assoclated with quadrupole vibrations, 1is
then diagonalized. The inclusion of the d3/2 state was found
to favorably influence the results, depressing the &7 /2 state
sufficlently to make it the ground state for the higher mass
isotopes, 1n.agfeement with experimental results., The model
predictions are discussed further in Chapter 3. It ghould
also be pointed out that this type of calculation 1s expected
to improve as better experimental data for fitting of the
parameters become avallable,

Excited states of deformed nucleil have been dlscussed by
Kerman36) and, from a different approach, by Pashkevich and
Sardaryan31). Kerman has obtained an expression fcr the energy

level spectrum for axlaiiy symmetric nuclel by considering

strong coupling of the Nilsson levels to rotational states of

the deformed core. The energies of the excib@d gtates ”T .~ are
given by
h2 5 J+1/2
= - - . / 9
EJ’K ex *+ 53 [3(I+1) 2K“ + SKglfza( 1) (3+1,2)J

where ex = Nilsson single particle energy, J = total angular
momentum, K = projection of J on the nuclear symmetry axisg
=3= the moment of inertia, and a = the decoupling parametere
The fact that only one moment of inertia, 4 , enters into the
equation stems from the axial symmetry. . -of the motion of
the nucleons. There 1s no quasi-rigid rotation about the
symmetry axis, but collective oscillations of nucleons giving

rise to surface waves, Thus<d; =0 andd =dJ, =J,. The de=-
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coupling parameter expresses the strength of the particle=
rotational motion coupling. The eﬁergy level spectrum is
then a rotational baﬁd built on each single particle level,
All values J = K are permitted, and when K # 1/2, the spec=
"trum order is J = K, K+ 1, K + 2, +ve.. If K= 1/2, the
ordering is determined by the value of a; viz, a = -2.5, the
order is 3/2, 1/2, 7/2, 5/2, ll/?g 9/2, ¢¢es Addltional
qorrectiqn terms arise from weak coupling of rqbational-vie
brational coupling. Kerman's calculgtions have beeﬁ success=-
fully applied to describe the levels of odd A deformed nu-
clei36)°

The calculations of Pashkevich and Sardaryan3l) involve
asymmetric deformations. They are quite successful for nuclel
. in the deformed regions. The authors have also performed cal-
culations for the "spherical" 119y nucleus, Comparison of
the predictions with the most recent experimental data shows
some agreement with the .low energy states, but cannot explain
the observed negative parity state nor the low spin states oce
curring above 1 MeV37). However, the overall agreement 1s prob=

ably as good as that of Kisslinger and Sorensen's calculations3)o

1,E. Summary

To summarize, the model calculations of particular inter-
est to the experimental results reported here are those of

Kisslinger and SorensenB) and of O'Dwyer and Chcudhuryu)

for
the iodine isotopes, and those of Talmi and UnnaS) and Mayer

and Jensenl6) for the strontium and rubldium level schemes,



26

The results are presented in more detall in Chapters 3 and 4

in connection with the decay scheme discussions,



CHAPTER 2
THE TOROIDAL FIELD ELECTRON SPECTROMETER

One of the most valuable instruments in nuclear spec-
troscopy for the study of internal conversion electrons
stil1l is the magnetic spectrograph, in splte of the recent
advances in higﬁ resolution semiconductor detectors. Cone
version electron spectra afford accurate determinations of
nuclear transition energies as well as allowing the separa=-
tion of many peaks not resolved in the Nangl).gamma geintile
vlation detectors, Until recently, typlcal resolutions for
gamma-ray detectors were in the vicinity of 8% while electron
spectrometers operate in the range from 4% down to 0.01%, de=
pending on the type of instrument, The lithium=drifted gev-
manium detectors [Ge(Li)] have ncw veumoved the resolution
problem to a great extent for gamma rays. However, the elec-
tron spectrometer remains important hecause of the additional
information which 1t makes availabis,

The relativé intensities of ti. internal conversion elec~
tron lines and photons from trans.ticns between nuclear en=
ergy levels can give accurate information on the multipolari=
ties of the transitions., In particulzr, the internal conver-

sion coefficlent «o, definedaswj

Ne

O T mese

Nvy?

is a very sensitive function of multipolarity for a particular
27
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energy. Thus, measurements of the electron line intensities
of a single nuclear transition, denoted by K, LI’ Lits LIII
soey With respect to the number of gamma rays of that trans-
ition, determine.the Oy aLI, GLII’ aLIII’ sess When these
numbers are compared wlth the accurate theoretical valueslo)
for the a's, the multipolarities are determined. The conver-
sion coefficients become quite large for low energy, high
multipolarity transitions. Thus, if such a transitlion exists,
conversion electron measurements become essentlal for a com-
plete decay scheme analysls since such transitions afé often
almost totally converted,

Aside from conversion electron spectra, magnetic spectrom-
eters are well suilted for detalled study of continuous beta
spectra, which also yields additional information to the ex=-
perimenter,

The first beta-ray spectrometer that utilized the focusing
properties of a magnetic field was constructed by J. Danysz38)
in 1912 while an assistant in the laboratofy of Marie Curie.
Following the success of this first simple instrument, empiri-
cal and theoretical studies on magnetic focusing have advanced

tremendously39).

Spectrometer design and construction have
taken on many facets. However, the spectrometers can be cate-
gorized into two general types: a) the transverse field or
"plane focusing" and b) the longitudinal field or "space fo=
cusing" spectrometer, In the transverse fleld spectrometer,

the electron orbits are circular, lying in a plane, whille a

longitudinal field produces~helical particle paths. The lat-
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ter is generally referred to as a "lens" spectrometer., The

type of spectrometef constructed is governed by the experi=-

mental situation, e.g., the famous transverse field n/2 ine-

strument gives the highest resolution yet attained while the
lens type has a higher transmission.

Prior to 1950, spectrometers had the‘ihherent (énd un-
desirable) feature that T/RS$2, where T”is'the transm1ssion '
of the instrument and R = Ap/p is the resolving power, Thus
a nv/2 spectrometer operating at 0.,10% resélution would have
a comparable transmission, while a lens spectrometer opera-
ting at 2.0% resolution'may have a transmission as high as
4% for the double lens system, At this point Nielsen and

40) turned their attention to investigating a

Kofoed=Hansen
totally different design whereby, with modest resolution of
the order of 1%, transmissions as high as 10% could be ate
tained, The result of this wyork is the "orange" spectrometer,
so named because the magnet wedges and alr gaps are a geomet-
ric facsimile of orange segments. The original machine and
the majority of those which followed are constructed of six
wedge shaped magnets, separated by six wedge shaped gaps
through which the electrons travel, Thus, it 1s actually six
spectrometers, symmetrically arranged around a circle. The
symmetry of the machine haéyled to additional advantages
other than the originally intended one of higher T/R ratlo.
The orange spectrometer, as originally constructed by
41) dll).

Nielsen and Kofoed=-Hansen and later enlarged by Bisg%r

is a completely symmetric instrument. The source and detector
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are placed on the symmetry axis equidistant above and below

the median symmetry plane of the spectrometer, The gaps and

magnet wedges are placed around the symmetry axis, Iﬁ4theory,
the entrance and.exit profiles of the pole tips are identical,

| Thus, the field is essentially a toroid, with the central

portion of the machine free of magnetic fields. This facili-

tates the placement of an alpha, beta or gamma detector direct-

ly above the source for experiments involving coincidences of

these radiations with the focused electrons,

The geometry 1is also amenable to the introduction of an
accelerator beam, using the target as a sourceu?“)° The high
transmission of the instrument should thus make electron studies
of very short-lived isotopes or states (5 1 sec) feasible. The
group at Chalk River has recently performed such experiments
with a 7 gap orange spectrometer and a Tandem Van de Graaffuz).
It is also possible to use a separate detector for each gap and
with such an arrangement, directly accumulate information on
the angular distributions of the conversion electron spectrum
in coincidence with direct reaction particle groups. The MSU
instrument was originally conceived for such on-line cyclotron
experiments, independent of the above referenceqz). However,

the incomplete beam transport system has thus far limited our

studies to conventional radiocactivity investigations.
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2.A. Theory of Toroidal Spectrometers

i
r
and its application to orange type spectrometers, has been

The theory of the focusing of a type magnetic field,
studled in detall by Jaffey and co-workersu3). For a complete
description, the reader is referred to their work. However,
the semi-quantitatlive features of the theory can be presented
with 1little difficulty if a few simplifying assumptions are
made.

It is convenient to apply cylindrical coordinates to this
situation where the z axis passes through the source and focus,
The magnet wedges and gaps are placed in a circlé about the z
axis. The distance of the electron orbit from the z axis is
r and ¢(0%¢352n) is the angle of rotation about the axis. The
electron orbits thus lie in the z-r plane. The current in
the z-r plane closely approximates a closed curve, so the field
component in the r direction 1s zero. The magnetic fleld 1s
assumed to follow a closed curve, describing the toroidal
boundaries of the pole faces. Thus, neglecting fringing ef=-
fects, the space outside the closed ring has zero magnetic

fleld while inside the ring

and B¢Aa1/r. (1)

B¢ can be calculated by applying Amperes circuital law.

In Gausslan units
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§uNT
- ’» §>H’-d3 v (2)
where N is the total number of turns in the ring of coils

and ¢ is the speed of light. Applying (2) to the different

regions of the field

4aNI _ . i

=== (H -+ al + [H - aI, (3)
_.gap” iron
regions regions

Since B and g are exactly parallel in a vacuum and very

nearly parallel in the iron, assume

B = uf

where u = u_ for vacuum and Hy for iron.

¢

4oNI _ 1 . 1 = .,
IR (fgo dio ¥ Wy )%i dIi (4)
gaps iron

Since (B)N, the normal component of B, is continuous across
the boundaries between the regions of different permeabil=-

itiesi

(B,)y = (By)y = B, (5)

Upon integration, equation (4) becomes
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haNI
c

B.o
a2 (1 + i3 l‘l.g.]
Mo @ ¥y

where o is the total gap width and B8 is the total iron
width. For the present instrument, 8/a¢ = 2 while the ratio

of permeabilities of vacuum to iron is 2510'4 Thus, ne=

glecting the last term,

4aNI _ Byo
(64 uo

With a = 6rd (six gaps each of angle ¢) the ¢ component of
B can be written |
2quNI

1 .
B = — L (6)
¢ 34’0 r

In order to arrive at an expression for electron orbits
in a 1/r fleld, consider the general formula for the radius

of curvature, p, of a curve y = f(x) at any point P(x,y).
o = [1+ (dy/ax)213/2/(a?y/ax?)

= [1+ (£ (x))%132/8m(x) (7

The radius of curvature of electron orbits, p, is given

by the famous expression

p = cp/eB (8)

where p = the electron momentum and e = the electron charge.



34

Let
p = br,
Tﬁen, from (6)
b = 3pc?d
53ﬁf?: (9)

The present instrument has a value b =v006. For an inhomoe-
geneous fleld, eq. (8) is still true, except that B and p are
no longer constants.,

Applyiné (7) to (8) and using the identities

£(x) = r(z), £'(x) & r'(z), £"(x) & r"(z) § __ﬁ_dr'&z,z). ,

equation (7) becomes, upon integration,

log(y/z) @
z = -—ﬁl-—-—-—L— + (10)
J1b ~[1log(y/a)1%)1/2 ‘o

where a and z, are two constants of integration,

Equation (10) gives rise to trajectorles of the type
shown 1in fig. 1. These curves are more con?eniently described
in terms of the parameter 6 which 1s defined as the apgle bew
tween the z axis and the tangent to the curve. In thé para=

metric representation,
r = a.e-bccs(e)
z = aebsU(b,8) + Z (11)

)
and U(b,s) = chos(x).e"b°cos(x)dx
"
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Then 2z = zZ, for 6 = 7 and a corresponds to the value of r

for 6 = n/2, Also,

r = ae™P, p = aeP,
min ' "max
“min -2b
Thus, L ope—=e = constant (12)
max ‘

independent of a, the integration constant. a is simply a
scale factor describing the famlly of curves which are sim-
ilar with respect to 2 = z, on the 2z axls, \
FPigure 2 shows how portions of a 1/r field can be ﬁsed
as a focusing spectrometer. Theoretically, the boundaries
of the pole faces can be determined from a numerical inte=-
gration of eqs. (11) if no corrections are assumed necessary
for fringing field. As in fig. 2, a value of b is chosen as
well as the positlion of the source on the z axls, A family
of trajectories is then drawn by varying the parameter a,
From egs. (11), r' = tan® from which it follows that a tane-
gent gan be drawn from the source position (zs, 0) to any
trajectory., Then the points (rj, zj) should trace out the
transition point from a B = 0 to the B = Bk} field, i.e. the
profile of the pole face. The theoretical boundaries shown
in fig. 2 have actually been calculated from closed expres-
sions. In practice, there are fringing fields which distort
the orbits near the entrance and exlt slits. These aberra-
tions are empirically corrected by shaping the pole profile,
Finally, it should be clear that if z, is pilcked as the
point for the location of a symmetry plane, then the entrance

and exit profiles are identical. Then Zp = 220 - Zg o Howe
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ever, as Nielsen et al, point out in their original articleuo),
an asymmetric machine would also produce focusing if the geo-
metrical situation (i.e. z, ¥ 2z - zé) warrants the addition-
al experimental difficulties of shaping both entrance and exit
profiles separately.

In a speétrometer with symmetrical entrance and exit
curves, there should be a first order focusing with a magni-
fication of unity. This should also hold true forvparticles

emitted from points lying at small distances from the z=

plane, as discussed by Nielsen et a1,0),
The instrumental dispersion, defined as D = %;5 P, has

been evaluated both theoretically and empirically. In thils
expression, 4x is the distance between foci of particles with
momentum between p and p + Ap. In both instances the dise
persion has been shown to be a/strong function of ¢, the
angle of electron emission measured with respect to the syme
metry axis. The dispersion varies from about 400 mm in the
inner parts of the gap to 900 mm in the outer portions for
instruments of the size of the MSU spectréheter. For normal
gap openings the average dispersion is about 600 mm,

The major fraction of the resolution problems with this
type of spectrograph are’those assoclated with the; fringing
fields. In the proper shaping of the pole profiles to give
the best resolution, the following effects were Eonsidered:
Axial defocusing; the lens effect, an effect due to a non-
uniform fleld, source size, and mechanical aligﬁment._ These

are discussed in this order.
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Axial Defocusing. The fringing field will have a com=

ponent in the direction of.-the interior toroidal field.
Thus, there will be an additional deflection due to the ef=
fective boundarieé being oﬁtside the real bbundaries. Fure
thermore, the fringing field has different effects for dif-
ferent ¢ values, Thus, the theoretical profiles shown in
ffg. 2 will no longer be quite correct. One would expect
to correct thias effect by reducinglthe region eﬁclosed by
the profile, and chaﬁging the profile somewhat., This is
11)

the procedure followed to some extent by Bisgord e Une

fortunately, B, in the fringling region also changes with ¢,

¢
as can be seen from fig., 3. Thus,a correction for the axial

defocusing in the medlan plane does not work for all ¢ values.
This 1s one of the reasons that the part of the gaps close

to the pole plates are not usually employed in the spectrom-
eter,

The Lens Effect. The fringing field at a given polnt

near the entrance can be decomposed into B, and Brz,'as shown

¢

in fig. 3. Brz can be further decomposed into Bt'énd Bi'

t
it. The net result of B, is to extend point sources into

where B_ is along the trajectory and Bi is perpéqdicular to

line images. The axial defocusing problem discussed above

actually causes the line image to have considerable curvature,

Non=Uniform Field Effect. An indirect effect of the

fringing fileld is to cause a variation of B¢ with ¢ inside

the gap with B, being stronger near the pole plates than in

¢
the median plane, This is then another reason for not using
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Figure 3. The central region of the spectrometer showing two of the six gaps,
as viewed from above, along the symmetry axis. A typical fringing field line
is also shown, and is decomposed into its various defocusing components.



41

those parts of the gap near the poles for the experiments re-

quiring the besf resolution.

Source Size, The theory of focusing is for point sources,

However, sources of a 2 mm extent do not seriously affect the
resolution un;esé detector slit widths of smaller dimensions

are beling employed.,

Mechanical Alignment. - In theory, the instrument should
be constructed as 6 identical spectrometers working in unison
with no problems involved in the focusing properties by the
addition of the several gaps. In practice, this task is dif=-

ficult to overcome. p

As an example, the MSU spectrometer is a 1,0000 ¥ 0.0001

meter dlameter circle. The pole plates are vertical to within
b O.l0 and the radial alignment is better. Even a minor mis-
alignment problem has been found to deterlorate the resolu-

tion by a significant factor,

2.B. The Michigan State University Multigap Spectrometer

The orange spectrometer 1s essentially the same design
as that described by Bisgo.rdll)° However, enough innovations
have been used to warrant a description here for the purpose

of those who wish to use if in the future,
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2.B.1. The Vacuum szstem

The vacuum tank for the present instrument measures
approximately 48 inches in diameter and 22 inches high. It
was constructed by rolling 1l-1/8 inch thick aluminum plate
into semicylihdérS'and Joining the two halves by a heliaré
weld., An additional ribbon of aluminum 1-1/8" x 2" was
welded around the outer upper and lower peripheries to pro=-
vidé.larger vacuum gasket surfaces, The 1lid and base plate
are of the same material with grooves constructed to accom-
modate vacuum gaskets., Six brassrods around the central de=-
tector ports maintain positive separation of the 1id and base
plate. Although considerable difficulties were encountered
in welding such large volumes of aluminum, the tank shows no
leaks when tested with a mass spectrometer leak detector,

The pumplng System consists of 2 mechanical pumps, one
of 15 c¢fm serving as a roughing pump and a second of 10 efm
used as a combination forepump and roughing pump. Tn addi-
tion, a 5 inch diffusion pump is available for those appli-
cations requiring high vacuum, The mechanical pumps, operw
ating in paraiiél, evacuate the system to 100 in'13 minutes.,
The diffusion pgmp can produce a vacuum of 5 x 10'5 mm Hg 1in
an additional 10 minutes, or 5 x 10~ -6 mm in an additional 30
minutes. The quoted pumpdown times are for the assembled
spectrometer, not Jjust the tank along, No applications are
foreseen where better vacuums wlll be necessary. |

The pressure is measured by means of a thermocouple

gauge in the low vacuum range or a discharge gauge at high
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vacuum,

2,8.2, The Magget sttem and Coil Desigg

The iron parts used in the Michigan State spectromepef
were made from prinés provided-by Bisgorduu). These parts
were made of low carbon Swedish steel by Dansk Insudstri
Syndikat, a C;penhagenlfirm. Thus, the magnet section is, in
principle, identical tb Bisgord's design. However, the coll
design has been governed by two factSrs: 1) the maximum number
of ampere~turns which can be.pro@uce@ by an exigting power
supply and 2) a shape reduction required in the?dimension of
the colls to provide spacevtoyallow the cyclotron beam to pass
beside or over the coils, 1f desired. The latter problem was
solved by usingju@-insulatedsquare copper tubing. The insula-
tion is a double dacron-glass fiber tightly bonded with vitro-
tex reéin*. The tube dimensions are 3/16" square outside with
1/8" diameter hole for internal water cooling, The material
was supplied in 1200 foog.lengths, | |

The final configuration of the coils is 12 layers of the
tubing with 10 turns per layer. The total length of wire on
each coil is about 250 feet; Each layer is electrically ine
sulated from the previous by'l/;G" layer of laminated flber=
glass, The cbre is simply a segment of brass pipe macbined to

the desired dimension. After each coil was wound, it was

placed in a mold, saturated with a low vapor pressure epoxy

+Obtained from Anaconda Wire and Cable Company.
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and evacuated, This evacuatlon insured good penetration of
the epoxy throughout the coll, They were then baked as pre-
seribed by the manufacturer, producing an extremely rigld and
durable package.

The procedure followed in winding the coils insured that
the number of turné varied by less than 1/4 turn out of the
120 turns total. Reslstance measurements were also carefully
performed on each, and all were found to be within the variation
produced by slight temperature changes, insuring that they cone
tained no shorted turns. The cooling has been found to be very
effective also, With a parallel flow of 1/4 gallon per minute
per coil, there is a temperature rise of only 10° C at 50 amps,
Of course, such a system construction requires deionized water,
which is readily available in the Cyclotron Laboratory. This
type of cooling is considered much more desirable than the ex=

ternal cooling of the coils of the previous 1nstrumentsll'ul).

2.B.3., The Power Sugglx

The power supply is an all-transistorized constant current |
unit capable of producing 50 amps at 50 volts., The poﬁér source
is a 208 V, 3 phase, motor driven auto-transformer whose output
is a slight modification of that reported by Paglachng)' The
eircult diagram is shown in figs. U4 and 5., The reference vol=
tage is provided by a network of resistors across a mercury
cell as shown in fig,ﬂg: The current, has been found to be

stable to better than 5 parts in 105:ror short term periods
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(5 min.) with extreme drifts of 1/10” over a period of a day.
Although the regulation of the magnetic field itseif, instead
of the currgqt, would give betterkregulation, the present sys-
tem 1s very satlsfactory fof this type spectrometer and the
achievable reso;utions. It is felt that simply using better
resistors and stabilizing the temperaturé*of the power supply
Will give considerably better stabilities,

A very convenient feature of the power supply 1is the
ablility to cheék base-coilector voltage drops of all the power
transistors. Thus, in the event of a fallure of one of the
transistors, it can be located immediately by a quick meter
check, |

A simple, yet very etfective automation system for step=
ping the power supply has been constiructed. A block diagram
of the system is shown 1in fig. 7. The principal components are
a stepping motor driving a potentiometer, a programmed pulse
system to step the motor, mechanical timers, and a printing
scaler, The system is capable of couunting times continuously
variabie from 4 seconds to 20 minutes and read=out times rang-.
ing from 2 sec. to 2 min., The current can be set at any value
between 0.5 and 50 amps and can be Sgepped in increments as
small as 5 ma over any 5 amp range and 50 ma, or larger, over
the entire 50 amp (3.5 MeV) range. At the end of each counting
period, the scaler is printed out and reset, the.currents‘ad~
vanced, and, after a pre~set time, the eouhting begins again.
Limit switches dre provided on each” limit of the 10 turn poe

tentiometer to prevent overdriving, The automation system,



TIMER TIMER FOR
FOR ADVANCING
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BLOCK DIAGRAM OF AUTOMATION SYSTEM

Figure 7.

A block diagram of the automation system.
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2.B.5. Earth Field Compensation

Following the final assembly of the spectrometer, it was
found that the electrons from the various gaps still did not
focus at the same current, For the 624 keV conversion line
of 137Cs, the deviation was found to be as much as 1,2% for
gaps located at 120° with respect to one another, A careful
search of the focusing current vs, angle was found to very
nearly follow a sine wave, Such a phenomenon arises from an
added horizontal field in a particular direction, i.,e., the
horizontal component of the earth's magnetic fleld. Although
the earth's field is only 0.1% that of the spectrometer for
624 keV electrons, the iron core concentrates it by a large
factor in the spectrometer. Therefore, a compénsating field
is very necessary for evénxmoderate resolution,

The problem has been circumvented satisfactorily by the
construction of Heimholtz type coils, These compensating colls
are 7 feet in diameter and 8 feet apart, thus deviating con-
s;derabgy from the Helmholtz condition, irHéwe;g;ezc', with a fleld
produced by 75 amp-turns, the deviation iﬁ,foéusing ecurrents
for the various gaps deviatés by less than ha 0.1%. Eést-west
coils have also been gbnétructed, but have been found unnec=
essary for conversion.electrons of 137030 They may prove to be
of use for fine adjustment of the field for very low energy
electrons, Colls to compensate tﬁé vertical component of the
earth's fleld are not necessary. The lateral déflection'pro-
duced by this field in the upper half of the orbit is reversed
in the lower half,
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Measurements have shown that the spectrum taken with six
gaps;with the descfibed externéimrield, givesresolutions of
about 0.7%., Under the same conditions, a single gap has a
resolution of 0.6%. This is indeed a very satisfactory soluw
tlon 1in view of the fact that without the external fleld, the

six gap resolution was 1.3%.

2,B.6, The Performance of the Spectrometer

The Michigan State University orange spectrometer has
been thoroughly checked in terms of transmission, resolution,
and linearity. The basis for judgment of the performance has
been to compare the results with those obtained by Bisgord
with the prototypell). Figure 8 shows a comparison of the
resolution vs. transmission curve in the two instruments for
simllar baffle openings. In this figure, the points are those
obtained with the MSU spectrometer and the curve is from the
work of Bisgordll). The source size in the present spectrom-
eter, whiech 1s twice the width used by Bisgordll), may affect
the curve at the lower values, However, the ultimate single
gap resolution which has been obtained in this instrument with
a small source is 0,45%, while Bisgord has operated his machine
at 0,3%. This may be some céﬁse fpr concern that the machining
of the pole tips was not as good as it should be, There are
" differences in the pole faces of the various plates that are

easily visible. However, such effects may not deteriorate the

focusing properties significantly when all 6 gaps are used to=
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Figure 8. Comparison of the six gap resolution vs. transmission
curve of the M.S.U. spectrometer with the prototype. The full
curve is from ref. 11, while the experimental points have been
obtained with this spectrometer.
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gether and 6perating at much higher transmissions. In any
event, the comparison of the two instruments 1is favorable,
The spectrometer has been found to be very linear when

operating above 250 keV, The calibration equation is
Bp = 270.2 I%

where Bp 1s measured in gauss-cm and I in amperes. Unless

46)

meticulous premagnetization procedures are followed s the

Bp vs. I relation 1is non-linear for the lower energies. For
example, the spectrometer constant is reduced from 270 to 245
when focusing 25 keV electrons, This effect is not considered
to be a serious limitation of the effectiveness of the machine
as long as the problem 1s known to exist, The energy measure=
ments of the transitions are usually performed on high resolu=
tion Ge(Ll) detectors, Fermi analysis of continuous spectra
can be easlily corrected for the non«linearity by the inclusion
of a quadratic term in the calibration equation,

A typlical spectrum of the type recorded with the spec=

trometer is shown in fig, 9. The source used was 137Cs.

2,B. 7. Comparison with Other Types of Spectrometers

Direct comparisons of the spectrometers of various types
are difficult, if not impossible, because of the numerous face
tors involved., The spectrometer cannot compare with the res=

olution nor luminosity obtainable with the =v/Z double focusing

Tspectrometero However, the transmission 1is much higher and the
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cost much less, The 100 gap iron-free version of the orange

spectrometeru7)

i1s a superlor instrument in resolution, lumi-
noslty, and transmisslon. However, the MSU instrument has
been constructed at less than 3% of the cost;of"ironffree
system, Other iron-frge orange spectrometers have been cone
structed which actually have charagteristicé inferior to the

iron machineu7)

. However, these are usually designed for
different purposes. N

Probably the best comparison 1s with the lens spectrome
eter which has been very widely used. Both spectrometers are
relatively easy to bulld and their costs are not excessive,
Both have relatively good figures of merit, but suffer ﬁre-
mendously with source size, The theoretical limit for T Vs,
R in the lens spectrometer is T2 = 0,16R, neglecting source

size effectsuu). The corresponding equation for the orange

1) 72 a 1.25R - ,0075. Thus, the lens spec=

spectrometer isl
trometer 1s capable of attaining better resolutions as long
. as transmissionsof less than 2% are involved, However,‘the
'luminosity, L = AT, for the 6 gap orange spectrometer is
probably a factor of 10 better than for the lens type instrue
ment. In addition, the optimum angle of emission for the
lens spectrometer is 45°, which means that, in general, larger
counters must be used in’thié‘instrument. This has the effect
of increasing the background to true count ratioc.

From these arguments, it may be concluded that the multie

gap spectrometer is, in reality, a very versatile instrument.

It is capable of achieving both high resolution and high trans-
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misslon., It is ideal for e-y coincidence counting experiments,
and the single gap version is well suited for e=-y angular cor=
relation studlies, The geometrical arrangement is such that
charged particle beams can be introduced withoﬁt any serious
instrumental mgdifications. Finally, the cost 1s small in
comparison with other tools of nuclear research in use today,
Once the instrument is constructed, the operating costs are
indeed nominal., These consist mainly of replacing the anthrae - .

cene detector which deteriorates in a vacuum,



CHAPTER 3

131m

THE DECAY SCHEME OF Te:; SYSTEMATIC TRENDS

OF ODD MASS I ISOTOPES

3.4, Introduction

The study of the B and y decay of the odd-mass
(127 £ A < 133) tellurium isotopes to iodine daughters
presents an excellent opportunity for the examination of the
systematic trends of the 53 proton levels as a function of
(even) neutron number, With the exception of 133Te, the
isotopes are easlly produced by thermal neutron capture.
The half=lives of the isotopes are of sufficient duration to
allow a fairly detalled study. In addltlon, the B decay of
both 11/2" and 3/2% isomers can be observed, Therefore, a
wide variety of spin-parity states are expected to be popu-
lated and not as many levels are missed as in many radloactive
decay studies., The systematic trends in this region should
thus be informative for comparisons with recent model calculaw
tions, such as those reported by Kisslinger and Sorensenu)
and by O'Dwyer and Choudhurys).

The work:reported here is primarily concerned with the

131m 131

decay of 30.5 hr Te, populating the states of I. The

states of 1271 ana 1?71 have recently been re—examinedu8"50)
and the states of 1331 are under investigatlon elsewhere5l).

‘Early 1nvestigation52’53)

of the internal and external
conversion electron spectra ofl31mTe gave some indications

of the complexity of the gamma spectrum. The beta endpoint

58
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energy was measured to be 2,45 MeV and the existence of an
isomeric transition of 182 keV energy between the 11/2° and
3/2+ parent isomers was found to account for 18% of the decay

131m

of the 11/2° state of the Te parent., Badescu, et al.,

later published a serles of paper354'56

) over a period of
several years,‘in which scintillation techniques as well as
magnetic spectrometers were utilized., This group was able

to arrive at a decay scheme which would place the most promi-
nent transitions. Measured values for Gy indicated the prese
ence of El transitions, leading to the assignment of part of
the low energy states 1n the proposed decay scheme as negative
parity states. That such a situation should exist is somewhat
doubtful since all of the known low energy states of 1271 and
1291 have positive parityuB'SO). In addition, Badescu, et al.,
reported the strong 774 and 852 keV transitions to be in
cascadeSS) with a crossover transition 6f 1645 r 1 keV, .Qn
the basis of energy sums, such a situation cannot exist, 6f
course, These discrepancles, coupled with the fact that

the high resolution Ge(Ll) detectors were now available, Wars
ranted a reinvestigation of the décay scheme.,

During the course of this investigation, Devare, Slingru
and Devare published a more comprehensive study using scintile
lation coincidence techniqugs, béta spectrometry, delayed co=
incidence techniques and some limited data recorded with a
Ge (L1) detector57). Even though some of thelr data wére quite
informative, our technique of using a Ge(Li)-NaI(T1l) detector

combination for coincidence experiments made it obvious that
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thelr proposed decay scheme was in error, The investigation
was continued in order to establish a more complete disinte=
gration scheme of l31mTe, as well as to find and remove er=

rors which still existed,

8
’#.B. Source Preparation

i
1

l31mTe were produced by the lrradiation

The sources of
- for one week periods of 10 mg samples of tellurium metal, en-
riched to >99.5% 139Te, in the ORNL ORR reactor. The thermal

lun em™? sec"l. Sev=

neutron fluxes were approximately 2 x 10
eral sources were used during the course of the experiments,
All of the sources were chemically purifiedSs) to remove con=-

taminants, especially the 131

I daughter, silver and antimony
activities. The chemical procedure entalled dissolving the
metal target in aqua regla and transferring to a distillation

flask. The 131

I activity was then distilled into an ice
water bath or acetone, which dissolved the lodine gas. The
solution was then boilled to near dryness three times to re=
move all the nitrate ions, Tellurium metal was precipitated
from a 3N HCl1l solution with 802 gas and a trace of hydroxyl-
amine hydrochloride, leaving any antimony in solution. The

tellurium metal was again ﬁﬁt into solution with HNO,_ and

3
AgNO3 carrier added., A drdp of HC1l then preclpitated the
sllver activities.

| The sources thus purified were prepared for gamma counte

ing by drying the nitric acid solution that contained the
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sample onto a thin glass microscope sllide or mylar film,
The samples were covered with mylar. Sources for singles
counting were typically about 30 uc strength, while those
used for coilncidence counting were 150 uc,

The sources'for the electron spectrometers were pre=-
pared by vacuum sublimationlﬁf the téllurium metal obtalned
in the SO2 precipitation., These sources contgined trace
amounts of 110Ag activity, but this did not interfere with
the measurements performed, B

The sources for the orange spectrometer were 2 mm diame
eter while those for the /2 iron free spectrometer were 1 mm

x 15 mm, The low speciflic activity made source thickness a

limiting factor in the resolutions obtained with both spectrom=

eters,

3.C. The Gamma-Ray Singles Spectrum

The singles spectrum has been recorded and analy#ed

with both NaI(Tl) and Ge(Li) detectors, The NaI(Tl) spectra
were taken with a 7.6 ecm x 7.6 c¢m crystal having approximately
8% resolution for the 662 keV gamma-ray of 13703. The results
do not differ significantly from the previous results of DSD57)
and are, therefore, not shown here. The high resolution data ‘

were recorded with a Ge(Ll) detector with a sensitive volume
| b mm deep and 2 cm diameter which was made in our laboratory.

The assoclated electronics consisted of a low nolse preampli=-



62

fler and a low noise RC pulse shaping amplifier coupled to a
1024 channel analy?er. Near the completion of the.study, a-
room temperature field effect transistor preamplifier was
used., The low energy portion. of the spectrum shown in fig.
10 was recorded with this latter system.

The singles spectrum, shown in figs. 10-and 11, consists
of 45 gamma=-rays identified.as belonging to tﬂe decay of
l3lmTe° These range in energy frqm 81»to 2270 keV, The 159
keV gamma=ray belows to 123@Te. Gamma-rays with energles
284,3, 364.5 and 638.4 keV belong to the decay of the 1317
daughter. The 80.2 and 723.8 keV transitions in 131, are
masked by the strong 80.9 keV peak and theyhiéh Compton dise
tributions respectively, ’

The energies of the gamma-rays were determined by counte-

l3lmTe, both simultaneously and consecutive=

ing the source of
ly, with a number of well-known standard source359). The best
results were obtalned by making separate runs with the low and
high energy portions of the.spectrum, and recording the sin=
gles and callibration data simultaneously. The peak positions
were found by first subtracting a third order least squares
curve that had been flitted to several background channels

~on both sides of the peak and then calculating the centroids
of the peaks, The centroids of the calibratlion peaks were
then fitted to a least squares quadratic cﬁrve, thus account=
ing for non-linearities in the electronics. These calcula-

tions were performed on the Michigan State University CDC3600

computer. The energies of the calibration points typically
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reproduced to within r 0.15 keV or better, thus determining
the energles of even the weakest gamma-rays to within ha 1 keV,
Typical results of a linear vs, quadratic fit are shown in
table 1, Gamma peak areas, in conjunction with the detector
efficiency curve, were used to determine the relative inten=
sitles of the gamma=-rays, A list of the l31m‘1‘e gamma=-ray
energies and their relative intensities is given in table 2,

The errors quoted are RMS deviations from average values,

3.D, Gamma=Gamma Coincidence Studies and the Construction

of the Decay Scheme

3.Ds1. The Present Coincldence Spectrometer and Its Advantages

One of the main difficulties in interpreting previous
colncidence data has been due to the multiplet of seven gamma=-
rays in the region of 740-910 keV, This region of the spec=
trum accounts for a large fraction of the combined intensities
of all gamma-rays and six of the gamma=rays are in coincidence
with one or more of the remainder, The entire region is on
top of the Compton distribution of the strong 1126 and 1207
keV gamma-rays, which are also in coincidence with the stron-
gest gamma-ray 1in this region. A part of the difficulty in
analysis has beén removed Sy using a NaI(Tl)=-Ge(Ll) coinci=-
dence spectrometer. Although the pulse shaping requirements
from the Ge(Li) detector to the coincidence circuit prevent

optimum resolution, the coincidence spectra recorded with the
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TABLE 1

Typical linear vs. quadratic least squares fit to calibration points

' Linear Quadratic
Source Energy, keV Linear deviation,Quadratic deviation,
fit, keV keV £1t, keV keV
22\a 511.006%0.005%) 508,313 2,690  510.938 0.065
13705 661.595%0,0762) 660,329 1.266 661,730 -0.135
60, 1173.226%0,0402) 1174, 472 -1.246  1173.143 0,083
2242 1274.6 0,220 1276.157 -1.557  1274.546 0,054
6006 1332.483%0.05%) 1334,144  _1.661 1332.410 0,073
ThC" (D.E.) 1592.46 $0.10%) 1594.56 -2.10  1592,62 -0.16
ThC" 2614.47 20,10%)  2611.86 2.607  261h.46 0,01

Linear equation
Energy (keV) = 7,187 + 2.582 (Channel)
Quadratic equation

Energy (keV) = 15,195 + 2,549 (Channel) + ,000027 (Channel)2

a) Ref, 1l
b) Ref, 18
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Table 2

Te gamma ray energles and relative intensities.

Present Work

Devare, et al.a)

Energyb) Rel.Int.c) Energy Rel,Int,
(keV) (Gamma ) (keV) (Gamma)
80,9 £ 0.1 48 81.1 23

102,3 L o.4| 107 102.1 56

115 L 1.5 2

135 X 1.0 10

149.7 £ 0.2 280 149, 7 209

183 X 1,0 18

189 % 1.0 3

200,7 £ 0.4 79 200.5 80

215 1,5 3

231 1,0 8

240.6 X 0,4 914 241.5 82

254 X 1.0 12

279.5 L o.5 | 269 278 37

310 1.0 3

334.5 2 0,4 | 100 335.8 1008

343 21,0 79)

3548 L1,0 6

388 La.s 5

y38 a5 7

452,7 L o0,y 59 452 66

462.6 X 0,4 23

493 L 0.8 11
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Table 2 (cont.)

l31mTe gamma ray energies and relative intensitiles,
Present Work Devare, et a1.2)

Energyb) Rel.Int.c) Energy Rel,Int,

(keV) (Gamma) (keV) (Gamma)
586 % 1,5 10

603 1,0 10 602 17
665 X 1.0 33 650-~665 28
7112 X 1,0 11

8 X 1,0 14 740 7
773.7 L 0.4 | 380 775 370
782.7 £ 0.6 80 786 33
793.6 X 0.4 130 797 63
822.1 £ 0,4 55 831 17
852,1 X 0.4 | 210 854 190

870 X 1,0 | b.E, 869

910 X 1.0 35 915 46
922 X 2,0 5

980 + 1,0 | bp.E.

995

1059.7 £ 0.5 11 1050-1065 17
1125.5 % 0.4 | 120 1126 102
1148.5 £ 0.5 38 1145 29
1206,5 £ 0,5 95 1206 100 + 20
1238 % 1,0 5
1248 % 1,0 | D.E,
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Table 2 (cont,)

l3lmTe gamma ray energies and relative intensities.
Present Work Devare, et al.a)
Energyb) Relolnt.c) Energy Rel.Int,
(keV) (Gamma) (keV) (Gamma)
1315 %10 9 1340 11
1583
1646 X1,0 14 1629 9
1888 X 1.0 15 1860 9
2001 1.0 20 1965 19
2168 Y 1.0 3 2130 Y
2270 ri1.0 3 2240 5
2330 2

a) Ref. 12,

b) Errors are based on rms deviations from the mean
value of several runs and include the quoted er-
rors of the standard energles.

¢) Uncertainties in relative intensities are estimated
to be * 10% or less, except for peaks of intensity
less than 15 on the present scale, In these cases
the uncertainties are greater,

d) This peak is considered to be a possible doublet.,
e) Normalization point for relative intensities. 1In

the original work, relative intensities were nor=-
malized to I(774) + I(783) + I (793) = 100,
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germanium detector are, in general, quite satisfactory.

In addiﬁion to the detectors previously mentioned, the
coincidence spectrometer consisted‘of conventionalkfast-slow
coincidence circuitry, resolving time =40 nsec, and a 1024
channel analyzer. The analyzer was operated in the automatic
chance-coinci&ence subtract mode described previouslyso).
Thus all spectra (with the exception of the 150 and 1126 keV
coincidence spectra) have been corrected for chance coinci=
dence contributions. In the cases where peaks were well
separated, coincidence spectra were recorded with separate
gates, set first on and then off the peak in order to correct
for uhderlying Compton distributions. Usually the NaI(T1l)
detector was used for the gate. Figures 12 through 15 show
the majority of these coincidence spectra, In some cases,
such as those shown in fig. 16, the Ge(Li) detector was used
as tae gate in order to eliminate interference from photons
of comparable energy. The counting geometry was generally
90°, with some runs recorded at 180°, - The spectra shown in
figs. 12 through 15 have been galn shifted by the computer

for the ease of comparison in this presentation.,

3.D.2, Evidences for Levels at 150, 603 and 1060 keV

With the NaI(T1l) crystal gating the analyzer on-the 150
keV peak, gamma-rays of energies,ﬂ53 and 910 keV are eépe-
cially prominent, as shown in fig., 12, The peak areés have

been measured and compared to the peak areas of the photons
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CHANNEL NUMBER

Figure 12, The L3lmp, coincidence spectra recorded with a Ge(Li)
rdetector of 0.8 cm” active volume, gated by a 7.6 cm x 7.6 cm
MaIfT1l) detector on the neaks indicated below each spectrum in
the figure:

a) NaI(Tl) gate
b) Nal(Tl) gate
c) Nal(Tl) gate
d) NaI(Tl) gate

on
on
on
on

the 150 keV photopeak
the 665 keV photopeak
the 600 keV photopeak
the 452 and 462 keV photopeaks
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recorded by gating on the high energy side of the 150 keV
peak. The U453 and 910 keV gamma=-rays are enhanced by a face
tor of 2 more.than the other gamma=-rays that are présent in
poth runs. The U453 keV photons_have{been reported previouss
ly52'56’61’62) as depopulating the 603 keV level in 1318
to the 150 keV level, The 603 kév level 1s also fed in

the decay of 131m

Te via the isomeric transition and, as shall
be shown 1in section 3.D.3, from the higher energy s;apes.

The 910-150 keV coincidence 1s interpreted as evidengélfor
the placement of a level at 1060 keV and is cohplemepgéd by
the existence of a 1060 keV photon seen in the single;‘spec-
trum. The remalnder of the peaks 15 this spectrum, as well
as those not discussed explicltly in the following spectra,

are due to colncidences with underlying Compton distributions,

3.D.3. Evidences for States at 852 and 1315 keV

The results of runs taken wlth the analyzer gateﬁ on the
665 keV peak énd the Compton distribution in the region of
600 keV are shown in figs; 12b and 12c¢, respectively. With
the 665 keV gate,, gamma-rays of energies 150, 453, U462, 712
and 852 keV were observed. The remaining transitions were
found to be due to underlying Compton distributions by com=
paring relatlive peak areas with those in coinci@ence with
the 600 keV Compton region. Due to the low efficiencies of
thé Ge(Li) detectors, higher energy photons are difficult to

observe. However, using NaI(T1)-NaI(Tl) coincidence teghe-
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niques, DSD have observed a transition of about 1300 keV in
coincidence with the 665 keV gammauray57). This result is
conslstent with our similar measurements., There ié a level
at 1980 keV which can{depopulate to a level at 1315 keV via

a 665 keV transition., (This level is discussed further in
section 3,D.M;) The 1315 keV level, in turn, depopulates

via the U462 and 712 keV transitions to levels at 852 and 603
keV, respectively, as well as by a crossover transition. As
. a consistency check, a coincidence spectrum was recorded with
the 452-462 keV region in the gate. The results are shown in
fig. 12d. The 150 keV peak was greatly enhanced due to the
452 keV photopeak, as expected. Also, the 852 keV gamma is
enhanced by a factor of 4 above that seen in coincidence with
the 600 keV gate, whiie the ratios of intensities of the 852
keV quanta are comparable with those obtained with the 462
and 665 keV coincident gates. The peak at 910 keV in fig,

1l2¢ is explained in section 3.D.7.

3.D.4, Evidences for the 1646 and 1980 Levels

13lm'I‘e, the infense

In previous works on the decay of
774 and 852 keV photons have been placed as a cascade de-
populating a level of approximately 1626 keV, along with a
55,57)

crossover transition of the same energy In each ine
stance, the 334 keV gamma~-ray has been shown to be in coine
cldence with the crossover transition and has been substan-

tlated in this study. However, our energy measurement of
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the photon is 1646 X 1 keV which rules it out as a crossover
for an 852«774 keV cascade. Thus, a colncidence run was re=
corded, gating on the 334 keV region of the spectrum. The
results, fig, 13a, show the 793 and 852 keV quanta to be enw
hanced, Evidence for such a cascade 1is supported by the en=
ergy sum 852,1 + 793.6 = 1645,7 kev; which agrees with the
measured crossover energy to within experimental error,
Thus, the 334 keV transition depopulates a level at 1980 keV
to one at 1646 keVs, which, in turn, depopulates vla a cross=-
over transition and a 793 keV photon to a level at 852 keV,
The conclusion that the state musé-be at 852 keV rather than
at 793 kgV is based oh inﬁensity considerétion§ as well as
on the evidence for the 462-852 keV coincidence presented in

1

gsection 3.D.,3.

3.D.5. Evidences for the 1556, 1596, 1797 and 1900 keV Levels

The colncidence data recorded with the 81 and 102 keV
regions of the spectrum are shown in figs. 13b and 13c, re=
spectively., Peaks of energles 102, 200, 241, 774, 793, 822,
852 and 1126 keV are found to be enhénced in the 81 keV co-
incidence run; Awith the exception of the 102 and 1126 keV
gammas, the same peaks shcwfequal enhancement with the 102 keV
gate. The 81 keV transition does not show in this figure,
but another measurement, with a lower analyzer threshold set-
ting, also showed it to be 1in coincidence with the 102‘keV

photon. The existence of the 102 and 1126 keV peaks in fig.



COUNTS (ARBITRARY UNITS)

73

F X T T
: il o & ]
- ‘k’ }l g 8 T -
- s - ; ;’ -
e, |
| '.. Py "";.--"\l ¢ " 'I'..f v..._".
‘ ."HAa I, ,,O.I .'t L
. L) \. "'"n ! ",
I 04 | 8 ' "l"ﬁ"‘"'""'.. b4 o _
o N s~ o ]
™ o'\r'n'. ": e 7
- , COINC. WITH 334 keV " R N
o “'I
- A o o | H .
I = & . \
L i P W o ., , \" J
- i LY “'.-n " o WY ‘n» g R
o
A ~-
10 R . .
o ’ S ~_/\ - "‘\.,*,"'-. ]
- ) o ’ y s
!’ (<] Voo
: ‘c L1 JAI rN v \'.'IH\ "' ""4'-"' v"" W "..- My o EE ""n‘ "ot + 0 ) ! :
. < l‘ .u I"'I" W X [ , s
- L.-."' ] I; COINC. WITH 81keV "t !\ LR L
- . H L 3 / ' N LR I“ L I" I_
rs 8 v, ® 3 " I‘\§§§ O
- w, A ) s )
loz 3 ' if /1 ' """"\'\‘w"w'...-' ‘u-.n"«"""\c e '. K :*"JJ “ JA I'AI -
o SR L A k ", .
- o ‘ COINC. WITH 102 keV ™, .A":" )| s o B
o . Wy v oo . o ]
- [ o b . .
- " N, " W, .I =3 § RS .\ 1
T O 4 f e |
“”_m . whe' L ° v ! ]
hl ", Wy n"" .." A " " ".I hE W ' Vet I
o'k R " ""'J\ v | \ =
= < ," nt -
o n.‘. ’,n ": . v a n-.,. [ .
- COINC. WITH 1126 keV ““3:, /s 3 N .
i [ ﬁ . ]
. I:. '\ 1 |‘ "' :II "‘l [
» 0 ‘, Y !‘ o o . , i
v, Vot , ]
loo : y N .'. R LN \ [ |' 3 I'I ] .
100 200 300 400
CHANNEL NUMBER
Figure _13. The 131mTe coincidence spectra recborded with a Ge(Li) detector of
0.8 cm” active volume, gated by a 7.6 cm x 7.6 cm NaI(Tl) detector on the peaks

indicated below each spectrum in the figure:

a) NaI(Tl) gate
b) NaI(Tl) gate
c) NaI(Tl) gate
d) NaI(Tl) gate

on the
on the
on the
on the

334 keV photopeak
81 keV photopeak

102 keV photopeak
1126 keV photopeak
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13c 1is attributed to the incomplete resolution of the 81 and
102 keV peaks 1in the NaI(Tl) detector, The coincidence spec-
trum recorded with the 1126 and 1148 keV quanta in the gate,
is shown in fig. 13d. The 81 and 774 ﬁev peaks are enhanced
by coincidences éue to the 1126 keV photon, while the 852 keV
peak is attributed to a 852-1148 keV coincidence. The con=
clusions based on these data are then as follows: The 81 keV
transltion depopulates a level at 1980 keV to an 1899 keV
level., The 1899 keV level, in turn, depopulates via the 1126
keV transition to the 774 keV level and the 102 keV gamma to
a level at 1797 keV., The latter level can feed levels of
energy 1596 and 1556 keV via the 200 and 241 keV quanta,

Thls ordering of the 81, 102, (200-241) keV cascade is in
agreement with the delayed coincidence evidence of DSD57).
The levels at 1556 and 1596 keV are further supported by the
coincidence data and energy sums presented in the next secw
tion. The weak peak at 253 keV and the possibility of a peak
at 343 keV in fig, 13b, taken with the gate set on the 81 keV

peak, 1s consistent with the proposed level scheme,

3.D.6. Further Evidence for the 1556, 1596, 1646, 1797, 1899

and 1980 keV levels

The data shown in figs, 1l4a and lle¢ are coincidence spec=
tra recorded with the 200 and 241 keV photons in the gate,

respectively, while fig., 1l4b was recorded with the gate set
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¢) NaI(Tl) gate

The 131Mpe coincidence spectra recorded with a Ge(Li) .detector
active volume, gated by a 7.6 cm x 7.6 cm NaI(Tl) detector on the

in the figure:

on the 200 keV photopeak
on the 200-241 keV valley
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between the two peaks. Besldes the (81 and) 102 keV transition,
the 744, 774, 822 and 852 keV transitions are enhanced in the
200 keV coincidence spectrum while the 783 keV transition is
more intense in the spectrum recorded with the 241 keV gate,
Again, there Waé considerable overlap in the peaks of the 200
and 241 keV photons in the NaI(T;)‘gate as well as the under-
lying Compton distributions. However, by taking a third gate
between the two peaks and comparing photopeak areas in all
three runs, the results Just stated were clearly verified,
Thus the 1596 keV level depopulates via 744 and 822 keV tran=
sitions to the 852 and 774 keV levels, respectively, The
1556 keV state depopﬁlates by a 783 keV transition to the 774
keV level, The corresponding energy sums agree to within exe
perimental error,

In order to complement the data presented .above, a series
of NaI(Tl)=Ge(Li) coincidence spectra were taken gating on
small regions across the intense T7U40-850 keV region of the
spectrum, The results are shown in figs. l5a=15e, Due to
the poor resolution of the sodium iodide detector, one cannot
accurately determine the relative intensity of each transition
in the gate. However, a definite trend can be observed as
the gate 1s moved across the region in small increments. The
principal contributions to the gates are those given on fig,
15. The results are seen to confirm the data presented above,
l,e. coincidences between T744-852, 783-774, 793-852 and 822-
774 keV transitions,
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3.Ds7. Evidence for the Placement ofthe Qther Gamma

Transitions

Further coincidence studies were performed on the 910

and 1060 keV photons, as shown in figs. 1l6a=16d4. The épec-

@

tra, in this case, were takén with a large volume germanium
detector* as the gating crystai, while recording the NaI(T1l)
spectrum in coincidence., The highef resolution fgcilitates
separating information of interest from underlying Compton
distributiops by gating on the peak in one run and on. the
neighboring Compton distribution in a second run, Thus, CO=
incidence information was obtained on the weak 910 and 1060
keV photons without the interference of the strong gammae=
rays that were within 60 keV of each., However, due to the
low efficiency of the Ge(Li) detector, good statistics were
difficult to obtain., By comparing the sﬁéctrum with @he gate
on the peak to the one with the gate on the Compton distribue
tion, photons of energy 150, 586 and 920 keV are seen to be
in coincidence with the 910 keV gamma-ray. By the same
method, the 586'and 920 keV gamma-rays are seen to be in co=
inclidence with the 1060 keV photon, The 910-150 keV' coincil=-
dence is taken as evidence for a 1060 keV level, while the
920-910 and 920~1060 keV colncidences are interpreted as
arising from a 920 keV transition between the 1980 and 1060
keV levels., The 586 keV gamma is then a transition between

the 1646 and 1060 keV levels., A summary of all the colncl=

# 5
A 12 cm3 Ge(Li) detector obtained from Nuclear Dlodes, Inc.
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dencé results 1is presented in table 3,

3,.E. The Internal Conversion Spectrum

The internal conversion electron spectrum has been in-
vestigated with the orange spectrometer described in chape
ter 2 and with the Michigan State University iron-free nv/2
spectrometer63). The spectrum from 45 to 240 keV recorded
with the orange spectrometer is shown in fig. 17. The K
conversion line of the 334.5 keV trénsition, recorded on the
same instrument, is shown in fig, 18, The K and L conversion
lines of the 149.7 keV ground state transition, recorded
wlith the high precision /2 spectrometer63)§%e shown in filg.
19, Additional lines corresponding to the K conversion lines
of the 452,6 and 773.7 keV transitions have also been ob=-
served in both instruments., The relative gamma-ray and cone=
version electron intensities thus being known, the internal
conversion coefficlents can be calculated 1f the conversion
coeffilcient 1s known for one of the transitions., This number
has been obtained by assuming that a correct value for oy of
the 1%9.7 keV transition can be derived from the theoretical

10)

conversion coefficlents and the experimental K/L ratio,

This can be done using the ekpression

Ay (K/L)aL(EZ)-aK(EZ)

eEw—a ]
A2 ay - a M1
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Table 3

Results of l3lmTe gamma-~gamma coincidences,

Gate
(keV) Photons in coincidence (keV)
81 102, 200, 241, 774, 783, 822, 852, 1126
102 81, 200, 241, 774, 783, 822, 852
150 452, (665)2), (713)8), 910 (922)2)
200 81, 102, 744, 774, 822, 852
211 81, 102, 774, 783
334 774, 793, (1646)2)
452
%2} 150, 665, 713, 852
550-600 150, 334, 910
| 665 150, 452, 462, 713, 852
774 81, 102, 200, 241, 334, 783, 822, 1126, (1206)2)
852 (81)8), (102)2?, 200, 33, 462, 744, 783, 1148°)
1060 586, 922
1126 81, 774
>1600° s¢) 81, 102, 189, 231, 279, 334, 353

a) The peak may be too weak to be seen in this particular run
or is masked by coincidences with underlying Compton dis-
tributions, but evidence exists from other runs,

b) The data are not shown.

¢) The gate includes sum peaks.
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Figure 18. The K conversion line of the 334 keV photopeak of
13lmre. This was recorded with the orange spectrometer.
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where K/L 1s measured, a's are taken from the tableslo)

s and
Al and A2 are the percentages of M1l and E2 multipole mixtures
in the transitions, respectively,

The results of the data analysls are summarized in table
4, as well as the theoretical values of the conversion coef=-
ficlents for £he various possible multipole orders., The
data do not differ significantly from the results of Devare
32_25,57)0 The most important aspect of the data is that they
confirm the El assignment for the201 and 241 keV transitions,

indicating the presence of negative parity states in 131

I,

The results still do not indicate which of the levels have
negative parity. However, a measurement of the multipolarity
of the 822 keV transition, when coupled with the information
already determined, would allow the assignment of the parities
to the levels at 1556, 1596, 1646, 1797, 1899 and 1980 keV,
Unfortunately, it was not possible for us to measure the con=
version coefficlent for the 822 keV transition. Because of
the very small energy difference between the 793.6 L and 822,1
K lines, such a measurement would require operating a spec=
trometer at 0,05% resolution with mass separéted sources, In

the discussion which follows, the 822,1 keV transition has

been assumed to be an E2 + M1 transition.

3.F. The Proposed Decay Scheme and Discussion

A proposed decay scheme, based on the extensive results

of the colncidence measurements and energy sums, is presented



The results of

Table 4

conversion electron measurements of

prsem

Amm<v MWWWWWWMW AHMMm.ﬂ AMMMMV QWHAdsmowmwwomwva AMMWnV xmwmwﬁwmowmdwmwwvcvzcwauvowm
=100) =100) M1 B2 M1 E2 bmmpmsam5¢ov
80.9 Kk 103t10 17  1.25%.1(0) 3.2(0) 2.3(0) 1.2¢0) 9f3 8.4 2.0 7.6 1.8 M1
L 11¥ 4
102.3 K 108%10 38 5.8%.5(-1) 1.7(-1) 1.1(0) 6.2(-1) 9¥3 8.4 2.8 7.6 2.7 M1
L 12 £y
&149.7 K 1007 100 2.1%.1(-1) 5.6(-2) 3.3(-1) 2.1(-1) 7.9%.4 8.4 4.1 7.6 2.9 M1, 10% E2
L 12.6%.6
200.7 K 3.85.5 28  2.6% 4(-2) 2.6(-2) 1.2(=1) 9.6(-2) E1
2406 K 3.0%1.0 32 1.85.6(-3) 1.5(=2) 6.7(=2) 5.8(-2) El
3345 Kk 4585 36 2.6%.3(-2) 6.6(-3) 2.3(=2) 2.4(-2) M1,E2
52,7 k 1.4%5 21 1.4%.5(-2) 3.1(-3) 9.7(-3) 1.1(-2) M1,E2
773.7 K 1.2%.6 wa H.mw.oﬁuwv 9.4(-4) 2.4(-3) 3.1(=3) E2, 20% M1
0

myezm number in ﬁmeaaSmme is the appropriate power

b)

oveum conversion oomnwwowmzam are in good agreement with the results of Devare, et al.”’.

5)

Reference”’.

¥

of 10, i.e., 1.25%0.1(0) means (1.25%0.1) x 10

2)
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in fig., 20. The levels and transitions presented with dasmed
lines are those for which no direct coinciéeﬁce evidenqes
exlst, but are indicated on the basis of enengy sums. How-"
ever, these Qhotqns are all very weak and the principal
features of the decay scheme afe not dependent upon theirA
placement.

The spin-parity assignments are based on lqg £t va}ues
calculated from ﬁhe measured gammae-ray intensities and ;n the
measured internal conversion coefficients., The ground staﬁe

1317 15 known to be 7/2% from microwave absorption and

magnetic moment measurementsl). The 150 keV state is assigned

of

a spin of 5/2+ on the basis of the M1l predominance of the 150
keV transition, and the allowed nature of the beta transition

l3lgTe6l).

from the d3/2 ground state of The assignment 1is

also consistent with the shell model systematics in this re=-

1) The 3/2% spin assignment to the 493 keV state is obw-

gion
tained from the study®l) or 1318re, The 603 keV state can
only be 3/2% or 5/2% since 1t de-excites to both the 7/2* and
5/2" states, and the beta transition from the 3/2% parent
state 1is allowed6l). The conversion coefflcient of the 452
keV transition indicates an M1l + E2 transition and confirms
the parity assignment. On the basis of the systematics of
the Sther known odd mass iodine isotopes, the 5/2+ asslgnment
is favored,

The 774 keV transition is predominately 52 on the baéié

of the measured conversion coefficient. The log ft value of

9 indicates the beta transition to the 774 keV level is proba=
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bly first forbidden. The spin of the level 1is then limlited
to 9/2+ or ll/2+. Similar arguments apply to the same spin
parity assignment to the 852 keV state.

The log ft value of the beta transition to the 1060 keV
level is48.6,'so the parity 1is positive, The level depopu=
lates to both the 7/2% ground and 5/2% first excited state.
Assuming both transitions to be Ml + E2 mixtures, the level
has 7/2%. The 1315 kev state 1s 7/2% or 9/2% when the assign-
ment 1s based on the same arguments as for the 1060 keV state,

The M1l character of the 81 and 102 keV transitions, the
El character of the 201 and 241 keV transitions, and the
M1 + E2 mixture of the 334 keV photon define a parity dif-
ference in the higher excited states, The 1556'and 1596 keV
levels must be of one parity, while the 1646, 1797, 1899 and
1980 levels are opposite., The log ft values of the higher
endrgy group range from 6.1 to 6.8, possibly indicating al=
lowed beta transitions and negative parity states., The log
ft values to the 1556 and 1596 states are high, but probably
not high enough for second forbidden beta transitions. They
are probably first forbidden transitions, leading to posi=-
tive parity states, Furthermore, if the 1556 and 1596 keV
levels were not positive parity, the Tili, 783 and 822 keV
transitions would have to be of El character. This is ine
deed an uhlikely situation, Finally, Singru and Devare6u)
have measured the g factor of the 1797 level and found it to
be small and negative. Théy interpret thelr results as ine

dicating the level to be a three quasi-particle state, with



- 90

(g7/2p,d3/2n,hll/én)or (d5/2p,d3/2n,hll/2n) configurations
possible, This measurement may not be conclusive, but it
at least lends additional support to the evidence presented
above, _

The positive parity assignment to the 1556 and 1596 keV‘
levels are indeed plausible with respect tot he core coupling
model: The 774 keV state would correspond to a one phonon
excitation of the core, while the 1556 and 1596 keV levels
would arise from two phonon excitations. The average energy
of this palr, 1576 keV, is 2,0 times the 774 keV one phonon
energy, as the model predlcts. It should be noted, however,
that no weighting factors have been used in this simple
averaging procedure, The absence of crossover transitiohs
and the high log ft values may be another indicatlion of the
collective nature of the states.,

Another interesting*feaéure Qf the decay scheme 1s the
852 keV level and the transitions tohito If the TT74 keV
level is a one phonon exditation of the core coupled to the
ground state, one would actually expect a multiplet of levels
in this vicinity which would arise from the coupling of the
2+ phonon with the 37/2 quasi-particle state. The 852 keV‘
level is thus a very good candidate, However, upon examin-
ing the decay scheme, it isMhoted that thbse levels whilch
account for 95% of the gamma-ray feeding to the 852 keV level
also give rise to ground state transitions., Such a situation
could arise from phonon-quasi~particle admixtures in the wave

functions of the excited states., One possibility would be
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that the 852 keV state is a one-ph;hon coupling with the
ground state, while the-1315, 1646 and 2001 keV §tétes arise
from two phonons admixing with the same g7/2 single quasi-
particle stéte.. The center of gravity of this multiplet
1s 1.94 times the 852 keV energy. The large splitting of
the levels could arise from the stronger coupling between
the quasi-particle and phonons invo;vedo

In addition, one can conclude from such arguments that
the 774 keV state is probably 11/2% and the 852 keV state
9/2+, since the 774 keV photon may be pure E2, and the 852
keV photon probably is an M1l + E2 admixture,

3.G. Systematics of Odd Mass fodine Isotor

An illustration of the presently known levels of the
odd A lodine isotopes that are populated by the decay of
both the 3/2% and 11/2° tellurium iscmersns"50’61’65 is:
glven in fig, 21, Figures 22 and 23 show the results of
recent theoretical predictions of Kisslinger and Sorensen3),
and O'Dwyer and Choudhuryu)o Although there 1s insufficient
experimental information available concerning the properties
of the states to allow a detailed quantitative comparison
with the predictions of transition rates and lifetimes, it
is interesting to make some qualitative comparisons and to
note systematic trends,

The calculations of Kisslinger and Sorensén, as dise

cussed in chap. 1, are based on palring plus quadrupole
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forces., The pairing interaction tends to couple like
nucleons to zero angular momentum, producing a spherical
shape, while the long range quadrupole force tends to cor-
relate the motion of the nucleons,giving rise to collective
features in the energy spectrum. The application of this
model to the lodine isotopes 1s successful in predicting
the low lying single quasi-particle states of spin 5/2*

and 7/2+, corresponding to the d5/2 and 87 /2 shell model
states, It also predicts l/2+ and 3/2+ states below 500
keV, 7/2%, 9/2% ana 11/2% states in the vicinity of 700 kev,
and a large energy gap between the first and second 5/2+
states, Although the actual energy values of the calculated
states differ considerably, the predicted systematic trends
are remarkably accurate, In addition, Kisslinger and
Sorensen explicitly state that the l/2+ state is mainly of
phonon character3)o Experimentally, the 1/2+ state at 877
keV 1is very weakly populated by the negatron decay of the
tellurium parent having a spin and parity 3/2+° On the
basis of spin differences alone, this should be an allowed
transition. This may then be an experimental indication
that the 1/2% state is actually coilective in nature.

The calculations of O'Dwyer and Choudhury predict the
energy levels arising fromxphonons coupling to 87/29 d5/2
and d3/2 single particle statesu). In these calculations,
the phonon energy 4w, thg_single particle energiles EJ' and
the coupling strengths £ are used as adjustable parametérs

to optimlze the fit of the predicted states with the known
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experimental levels., In the case of 1291, the U488 keV state,
rather than the 279 keV state was assumed to be thef3/gf
level in these preliminary calculations, The more'reéent
experimental results sﬁggést that the U488 keV state in this
nucleus correspoﬁds to the Ul7 keV 5/2+ state in 1271. The

position of the 3/2+ state in 131

I is as yet uncertaln, bﬁt-
the 493 keV state 1s more likely to be the 3/2% séate than
the 603 keV state used in the above calculations., As in the
case with many core coupling oalculatians33'35), a multitude
of states aré'predicted, all of which may not be populated
by radioactive decéy° Reaction type experiments may be a
more sensitive test of this model, The correspondence ofi
the predicted 778 keV 9/2% and 881 keV 11/2% with the ex-
perimental 774 and 852 keV states is tempting, but may be
fortuitous,

Both models predict states of 9/2+ and 11/2+ in the 600~
800 kéV region, These states probably lie at 649 and 715
keV in 1271, 696 and 730 keV in 29I, and 774 and 852 kev

in 131

I, although the ordering is not certain, Insufficient
information is known about the higher energy states to afford
even a qualitative com.parisc_m°

Perhaps the most interesting phenomenon observed in this
study of systematic trendS"is'shown in fig, 24, The energy
level separation of the 1/2*, 3/2+ and 5/2+ states, with
respect to the 7/2% states have been plotted as a function of -

neutron number for the ilodine l1lsotopes, A least squares quad-

ratic fit has been performed on each curve for the known ex=
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perimental points, As can be noted from the figure, the rit
1ls exceptional., The curves have been extrapolated to the
neighboring isotopes (i.e. to 1231 and l331), effectively
predicting the energy levels expected., In the case of 1331,
the extrapolated curve gave very good agreement with some new
experimen%al investigations being performed at MIT66). This
same type of analysis technique has now been applied to low

energy levels of Sb isotopes, with equally good results67).
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CHAPTER 4

CONVERSION ELECTRON AND POSITRON MEASUREMENTS OF 34,5hr 83Sr

4,A, Introduction

The study of the decay scheme of 83Sr has been underw
taken for two reasons, First, using an effective configura-
tion interaction in shell model calculations, Talmi and

UnnaS)

have predicted some of the energy levels of 83Sro
The ground state spin and parity of the parent 83Sr can be
inferred from the experimental study, thus serving as an
initial test of the calculations. Second, the energy

ggRb are obtalned, extending the study of the sys-

levels of
tematic trends of the low lying levels of the Rb isotopes to
the more neutron deflcient side of the stable isotopes. This
is an interesting region of the periodic table in which to
obtaln systematics, since there are subshell closures at
Z = 38 and 40, Hence, there should be low energy shell model
states avallable for particle-hole confilgurations on both
sides of the subshell closures, A wilde varliety of spin=-
parity states are expected from such a situation, |
Previous to the recent study by Etherton, Beyer, Kelly

and Horen69)

, very little was known about the decay scheme
of 83Sro Previous investigations had determined the half-
life, the existence of the strong conversion lines of the
42,3 keV transition, and the positron end point eﬁérgy70’7l).

Some groups had reported studies of the gamma-ray spectrum
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using scintillation techniques72'7u) but conclusions about
the intense 42,3 keV transition remained in question. In
addition, the decay scheme was known to be incomplete and
thus no conclusions could be reached about the ground state
spin-parity assignment for the S3sp parent, Internal con-
version electron studies were thus undertaken in order to
complement and extend the coincidence studies of Etherton
et a1°69), A search has also been made for the presence of
the isomeric state in 83Sr that was predicted by Talmli and
UnnaS).

The decay scheme of Etherton, et al., 1s presented in
fig, 25, Although the colncidence arguments for the decay
scheme constitute an entirely independent study, the final
decay scheme depends very sensitively on the M2 multipolar-
ity assignment of.the highly converted 42,3 keV transition,
Because of the requirements of intensity balance in the de=
cay scheme, the level structure below 805 keV would be quite
different if the 42,3 keV transition had another character,

e.g. E2,

4,B, Source Preparation

The sources of 83Sr utilized in thils study were produced
by a 85Rb(p,3n)838r reaction using natural RbCl targets, Pro=
ton energles from 34 to 42 MeV from the Michigan State
Universit& cyclotron were used with different targets., With

careful carrler-free chemical procedures, at least one source
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of sufficient specific activity was obtainable for the spec=
trometer studies from éach bombardmenﬁ.

| Two entirely differentAchemical procedures were used
to separate the~strqntium fragtion from the RbCl target.
The first invplvéd the standard ﬁrecipitation procedures of
strontium in fuming nitric acid75), The target was dissolved
in a minimum amount of distilled water and transferred to a
centrifuge tube immersed in an ice water bath, To this solu-
tion was added a few milligrams of BaCI2 in water solution,
Chilled fuming nitric acid was added in sufficlent quantity
to bring the solution to at least 70% concentration., The
solution was allowed to digest for 30 minutes at ice water
temperature andkthen centrifuged, The Ba(N_O3)2 precipitates
under these conditions, carrying the strontium fragtion with
it while the rubidium remains in solution. The bariume-
strontium precipitate was dissolved in a few drops of 0,1N
HC1l and the fuming nitric acid precipitation repeated to
remove the trace amounts of the rubidium remaining, The
final precipltate was dissolved in a few ml 0,1 NHC1l and then
saturated with dry HC1l gas in an ice bath, The BaCl2 will
precipitate under these conditions, leaving the stréntium
fraction in solution., This solution was found to be radio=

8”Rb and 86Rb which were also proe=

chemically free from 83Rb,‘
duced in the bombardments, However, complete removal of the
barium was difficult to achieve,

The second procedure involved a slightly modified ver-

sion of the extraction technique that was originally reported
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by Kiba and Mizukami’®277), The RbCL target was dissolved
in a few miliiliters of a 0.5 M buffer solution composed’ofv
acetic acld and ammonium hydroxide, adjusted to pH 8, This
solution was transferred to a separatory funnel, to which
was added an gquél volume of an organic solution consisting
- of 0405M TTA (o-thenoyl triflouroacetone) in hexone (methyl
isobutyl ketone), After shaking the vessel for a few mine
utes, the phases were allowed to disengage. The aqueous"
phase was drained into a second separatory funnel and re=
extracted with the same organic solution. The two organiec
phases were combined and again extracted with the buffer
solution to remove any rubidium carried down in the first
operation, The resulting organic solution was found to cone
tain greater than 90% of the 838r produced in the activation,
and radiochemically free of rubidium contaminants.,

This organic solution is very convenient for preparing
gamma sources, since it can be evaporated to dryness very
easily., However, for an electron source free of the large
TTA molecules, it was found very easy to back extract the
strontium activity into a very small amount of 0,2N HNO3
solution. When the resulting solution was evaporated to
dryness 1n a centrifuge tube, a small amount of massiétill
remained, Thils residue was driven off by simply heating over
a flame, A few drops of water will then take up the stron-
tium activity, leaving one with the desired source of high
specific activity in a neutral solution. This extraction

procedure has been used exclusively from the time of its pere
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fectlon, It offers the,obvious;advantage of being very rapid
as well as avolding the use of potentlally hazardous fuming
nitric acld, 1In add;tion,'electrdn sources are easler to
prepare because @he solution is'not corrosive to the thin
alﬁminum folls used in mounﬁing.' Fufthermore, vacuum evabor-
ation 1s easler with Sr_(N03)2 than with SrClz. In one series
df experiments designed to search.for a short li&ed isomer
of 83sr; the chemistry was performed and counting begun with-
in two minutes of the time the target was removed from the 1

beam pipe.,

4,c, Apparatus -

The 1lnternal conversion electron spectrum of 83Sr was
measured with the "orange“-spectrometer, described in Chap.,
2, The baffles and detector slit were set for resolution of
0.8%'and about 5% transmission, Some measurementé on the
42,3 keV transition werg recorded with the Michigan State
University iron frée n/? spectrometer63). The baffles were
set for resolution of S 0.2%, but, in actuality, the source
thickness determined the resolution of these low energy
lines.

Photon spectra have been recorded with Ge(Li) crystals
ranging in size from 0,8 to 7 ce, as Wéll as with NaI(Tl) |
crystals. The low energy portion of the spectrum is shown
in fig, 26 and the remainder in fig. 27, Table 5 1lists the

results of energy and relative intensity measurements.,
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Table 5

The 83Sr gamma ray energles and relative intensities

Energya) Relat;veb) Energy ?i%:ﬁgzzy Energy ?ﬁ%ggizzy
(keV) In@gnsity (cont,) (cont.) (cont.) (cont,)
5,0 805.6  weak 12960 0,4
42,3 5.5  818.6 2,4 1324,6 0.5
94,2 1.0 848,7 0.4 1339.5 weak
290,2 1.4 853.8 0.4 1374,0 0.2
381,5° 23.5 889,2 0,4 1384,3 0.3
381.5%) 36,5 907.5 0.5  1396,0  weak
389,2 4,0 916.7 0.1 1528,8 0,2
418,6 17.8 Shh,2 0.1 1562,5 5.5
423,5 4,6 994,2 1.5 1596,6 0.07
438,2 2.7 1020,1  weak 1653.1 0.3
511,0 163,2 1037.8 0.2 1666,0 0.1
540,69 weak 1043,7 0.5 1710,3  weak
559, 4 weak 1053.7 0.6 1722,3 weak
56542 weak 1069.4  weak 1749,1 0,08
644,5 weak 1087.2 weak 1756.5 0.09
652, 8 weak 1098,0 0.6 1778.5 0,08
658.6 0,4 1147.3 3.8 1795,7  weak
674,0 weak 11600 b,5 1874.5 weak
714,2 0.2 1202,0 0.4 1911,6 0,14
732.0 0.15 '1214,8 0.4 - 1952,2 2.6
736.8 0.55 1237.6 0.5 2o;u;7 0.1
753.2 weak 1242,6 0.3 2047,9 0.3
762.5 100 1273.1 weak 2090,0 043
778.4 5.5 1284,6  weak  2137.0 0,1

2147.8 0.5
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These gamma ray data are taken from a more complete discussion

which will be reported elsewhere69).

4,0, Conversion Coefficlents and Multigolarities

4,D,1., The 42.§_keV Transition and the Search for an

. Isomer in 83Sr

It is well known that the isotopes 87Sr and 858r possess
isomeric states, arising from the large spin difference of the
1/3" excited state and the 9/27 ground state. In addition,

5) predict the same type structure for 838r, so

Talml and»Unna
an lsomerlic state was expected in this latter isotope. The
absence of transitions in prompt coincidence with the 42,3
keV photon initiated the question as to whether this might

be a transition in thebparent. In order to answer this ques-
tion, as well as to determine the multipolarity and the ac-
curate energy of the transition, the conversion electron
spectrum was studied in the /2 Spectrometer63). The K, L
and M electron spectra that were obtained are shown in fig,

28, When compared to the x-ray binding energiesg)

, the meas-
ured K-L and K-M energy differences were found, however, to
deviate by only 0,07 keV from the values for Rb, as shown in
table 6, Thus, the 42,3 keV transition occurs in 83Rb. Se V-
eral different experiments were then performed to specifi-

cally search for an isomeric state in 83Sr. No evidence has

been found to indicate its existence. The fast chemical pro=-
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eral different experiments were then performed to specifi-
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been found to indicate its existence. The fast chemical Pro=



*J232Wo1302d8 ZAu 93IF UOIT ASW Y3 YITM PAPIOODII Sem WnIoads STYL °*qHg, UT
UOTITSUBIAL ADY €°ZH @Yl JO SSUTT UOIJOITD UOTSIAU0D | pue‘T *y ¥yl °gz 2and1d

ONILL3S ¥313IWOILN310d
Ooo..vm ooo..nw ooo.mw oo.o._w ooo..ow Sooo..hw ooo..ww ooo..mw ooo.ww Ooo..nw

109

] | L ] AR ! i | )

\

—+000'6

neep

I+ ~+000'0!

et
—1-000'G!

—+000'02

—-000's2

Ine2y
—t-000°0¢

31v0S Auvyligyy ‘d8 / SINNOD

—-0006¢

—t000'0%

—1000'6Y

000'0%

T
.




110

o

n'€ R'€T 9E°0  n’€ 9's  9'8 2'€ 6 6'2€ 25°T 2'9T  90°T
NS HS Nm Hm : 4,,.N2‘.,,dz Nm Hﬂ NS AE. Nm ﬁm

‘unTpTqnd UT SUOT3TSUBJIG A9H

g£°ech 8ujg Ja03 w»m

oah»ﬂhmaoaapass JO uoTaoung B se
3T0TJJO00 UOTSISAUOD TBOT3I8I08Y[ %)

T°0 s 0°GT £0°0 e 02°ET jususaNseSul
TejusuTaadxy
0'a1 ET°ET ay
08°ST 68°¢ET ag
(as3n) 7 (A®Y) s®aTonN
zm - xm . qm w.mm

UMTPTANI UT UOT4TS
-uBlq ® €T couosa A®Y €°'2f 8U3 3eyul mcﬂpwnpmcoEmv ¢goTBaous FUTPUTQ UOIJOSTH °'d

2 05 2'038°2 T°05 &S S'Eg £°62|T'0 3 0°ST | £0°0 7 02'€T 50°0 7 €2
wy g 4 gy gy Ip (A®) (ASH) ¢ AB3)
I T ,
P Ny - dg qm S g:

syq U0 sjuswWSINEBOW UOILHOTS

9 9TqeL

.nOHpﬂmcmap Ko €24

cOﬂmpm>coo aannmpnﬂ 8ys JO sgInssa Tejusutaadxm 'y



111

cedures described in section 4,B. have been utilized to place
an upper 1limit of 2 minutes on the half-life of any existing
short-lived isomeric state., (If the half-life of an isomer
was long relative to the 35 hour ground state, it would have §
been detected in fhe gamma-ray studies69). There is, of |
course, the remote possibility of comparable lifetimes for

the two states in question. Final "evidence" for the ab=

sence of the 1/2° isomeric state stems from the fact that a
consistent decay scheme can be constructed without the pre-
sence of such a 1/2° state.)

In addition to the K«L and K~M energy differences, an
absolute value of 42,30 % 0,05 keV was obtained for the trans=-
ition energy.

The measured K/L, LI/(LII + LIII) and K/M ratios for
the 42,3 keV transition are listed in table 6, along with™
the theoretical predictionslo). An absolute value for the
K internal conversion coefficient Gy has also been obtained
on the orange spectrometer by comparing electron and photon
relative intensitles. The techniqﬁe is that that 1s ex-
plained in section 4.D.2, The measured value of ap 1s in
good agreement with the M2 multipolarity assignment based on
the above K/L and L subshell ratios, Thus the 42,3 keV
transitlion appears to proceed from an excited state of 9/2+
(or 1/2%) spin and parity to the ground state of 83Rb, which
has been measured78’79> as 5/2°. If the spin is 9/2+, such
a state would be analogous to the 514 keV state in 85Rb,

The values for the theoretlcal conversion coefficilents

gre g e
B e
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must, of course, be interpolated between the energies listed,

As 1is pointed out by Roselo)

s @ plot of log a versus log k
is very close to a straight line for a given 2. In order to
obtain better accuracy for the lnterpolated a's, the computer *
has been used- to make a least squares fit of log a versus log
ke A first order equation will indeed give reasonable results
for the higher energy polnts, but screening effects tend to
pull down the valueé of a at lower energies. However, it has
been foﬁnd that a fourth order equation will reproduce the
tabulated values to within 0.5% over the entire energyrrange
for all multipolarities, The theoretical internal conversion
coefficients listed for all the transitions have been calcu-
lated from the fourth order least squares routine.,

The M conversion coefficlent has not been compared with

10) because Coulomb screening effects

the theoretical values
have not been included in the calculations. It has been
shown that, as a result of neglecting this correction, the
tabulated values are not realisﬁié&»Z)° An attempt was made
to apply the seml-empirical corvedtfon of'Chu§~and Perlman

to obtaln a good value, but it was®prevented by an interpola=

tion error in Rose's‘calculéﬁiéﬁ§83}3 2

4,D.2. The 762.5 keV Transition

The absolute conversion coefficlent measurements can
be performed very satisfactorily by making an absolute meas=

urement of a single transition, then comparing electron and
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photon relative intensities of the remaining transitions.,
The 762.5 keV transition conversion electron line, shown in
fig, 29, has been chosen as the standard line and its ab-
solute Oy measured via the mixed source technique, The ine-
ternal conversion line of the 661.6 keV transition in 137Mpy
has been used in conjunction with relative gamma-ray inten-
sity measurements performed with a 7 cc Ge(Li) detector of

3.4 keV FWHM resolution. The relation

Ie(762.5 I (661,6)

a,(762.5 = a,(661.6) X with the measured
K ) K Ie(66106) Tyz;Echj

80)

quantity K(661.6) = 0,089l4 yields the desired result di-

rectly.

As shoWn.in table 7, the measured value of ap =
(9.5 £ .5) x 1073 for the 762.5 keV transition in O3Rb fits
equally well for a pure E2 or an admixture of 70% E1 + 30%
M2, The K/L ratio, although not a very sensitive test of
the multipolarity in this case, was unattalnable because of
the incomplete resolution of the 762.5 keV L and the 778.4
keV K lines of the internal conversion spectrum., In order
to arrive at a consistent set ofresults, based on the log
ft values and spin assignments of the 42,3 keV state and the
83Sr ground state, the 762.5 keV transition must be an E2,

In any event, the E1 + M2 mixture 1is very unlikely.
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4,Ds3, The"Blu ~ keV Transitions

The conversion electron spectrum encompassing‘the region
from..350 to LU0 keV is shown iﬁ fig. 30, The peak correspond=- .
ing to a 381.5 keV transition has been shown by Etherton, :
et 21.59) to be a cascading doublet on the basis of colnci
dence results, thé upper member having about 60% of the in-
tensity of the lower 6ne. The traﬁsitions are so nearly'
equal in energy that no visible broadening of the peak has
occurred in either the gamma-ray or conversion electpon spec=
tra. Thus, the Gy obtalned for this peak must be co%sidered
as a composite, Hdwever, sinée the transition cascades be-
tween the 804, 423 and 42 keV positive parity states, their
multipolarities are already limited to M1 or E2, or mixtures
thereof, 'The conversion -coefficlent of the composite peak
has been measured in an effort to determine whether either
of the trahsitions is predominantly M1,

Thevvalue‘of Gy has been determined independently by
both the mixed source technique and by comparison with the
76245 keV ay measurement, The former ylelds the result
ag = (7.2 £0,3) x 1073, Assigning oy = 9.5 x 107" for the
762.5 keV transition, the value o, = (7.0% 0,3) x 1073 was
obtained for fhe 382 keV cqmposité transition from their
gross relative electron and photon intensities. A simple
average of (7.1 i 0.3) x 1073 has beeh taken as the accepted

value. As is shown in table 7, this is in good agreement

with the theoretical E2 valuel®) of 7.2 x 10~3, 1If the
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Figure 30. The internal conversion electron
spectrum of %3Sr gpanning the 350-440 keV region.
This was recorded with the orange spectrometer.
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lower 1limit of ap 1s taken as 6,7 x 10'3, and all of the Ml
admixture is attributed to the weaker of the pair, a maximum
value of 40% M1 is attainable, On the other hand, 1f the
weaker member is pure E2, and upper limit of 20% M1l admixture
is possible for the stronger transition, |

The 381.5 keV L + M and 389.2 K lines are unresolved.
The measured K/(L+M) ratio of T.4'% 0.5 for the 381l,5 keV
transition has been obtained by the standard stripping pro=-
cess, whereby counts from the unresolved 389 keV K line were
removed, The theoretical K/L ratiolo) for an E2 transition
is 8.9. Application of the semi-empirical method of Chu

82) to the M shell yields a value 1.7 x lO"u for

and Perlman
the total M conversion coefficient, Thus, the theoretical
K/(L+M) ratio = 7.4 for an E2 transition, in good agreement

with the experimental results.

4,D, 4, The 389,2, 418,6, 423.5 and 438,2 kgViTransitions

The K conversion lines corresponding to thg 389.2, 418.6,
423.5 and M38.2vkeV transitions have been analyzed using
éfandard stripping techniques, a8 shown in fig, 30, The
results of the'anélysis are given in table 7. The K convere
sion line of the 381.5 keV transition was used for the stan-
dard line shape. The conversion coefficlents have been cal-
culated by comparing the measured electron and gammna-ray
relative inten;ities ﬁith the 381.5 keV transition, ahd using

the measured value of aK(381.5); The resulting conversion
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coefficlents indicate the 389.2 transition to be predominatew
ly B2, while the 418,6 and 423.5 keV transitions are El, The
438,2 keV K line is not completely resolved from the 418,6
and 423,5 L lines, However, the theoretical K/L ratio of 10
for these 1atter two transitions indicate that the majority
of the 1ntensity of this composite line arises from the 438,2
K conversion line, The resulting comparisons with the theow
retlcal coefficients indicate that the 438,2 keV transition

has an M1 multipole order.

4,D,5, The 94,2 and 290.2 keV Transitions

Figure 31 shows the K conversion line of the 94,2 keV
transition and the K and L lines of the 290,2 keV transition.
A summary of the results is given in table 7. The K converm
slon coefficient for the 94.2 keV transition has been mease
ured by comparing electron intensities with both the 42,3 and

+

381.5 keV K 1lines. A consistent result of ap = (2.2 = 0,2)

x 10"'l is obtained which corresponds to an M1l transition.
An admixture of = 10% E2 is possible within the experimental
accuracy, The transition is not strong enough to allow a
reliable K/L measurement, but a lower 1limit of 8 could be
derived from the data, This is another indication that the
transition is not a pure E2, which would have K/L = 6,5,

The 290.2 keV transition is probably 65% E2 + 35% M1
on the basis of the measured Gyeo This value has again been

obtained by comparison with the 381,5 keV K conversion line,
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The measured value of K/L = 10 p 2 lends little additional
information since the theoretical X/L ratio for M1l and E2

transition are very close for energlies above 250 keV,

4,D,6. The 778.4 and 818.6 keV Transitions

The conversion electron spectrum from 740 to 870 keV
is shown 1n fig. 29. The intensity of the 778.4 keV K
electron line was obtained by subtracting from the total
counts in the 762.5 L and 778.4 K composite line, an amount
for the 762,5 keV L line based on the assumption that it is

a pure E2 transition, The resulting a,, listed in table T,

K’
for the 778.4 keV transition indicates an M1l + E2 mixture,
However, nothing can be said about the mixing ratio within
the experimental accuracy of the measurement,

The K conversion line of the 818.6 keV transition is
very weak, The measured value for Gy is slightly high as
compared to the theoretical M1l and E2 coefficientslo) as 1is

shown in table 7. However, they agree to within experimental

accuracy.

4,E, The Positron Spectra

The positron spectra have been measured on the orange
spectrometer, The detector slit width was opened to produce

a higher positron count rate relative to counts registered
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from the poslitrons annihilating in the material surrounding
the detector, Under these circumstances the resolution was
2%, The resulting Fermi plot is shown in fig, 32, which
indicates three princlipal groups. The high energy group is
assumed to be an unresolved composite, feeding the ground,
5.0 and 42,3 keV states., The second and third groups then
feed the 423,5 and 804,.7 keV states, respectively. The stripe
ping procedure was accomplished by making successive first
order least squares fits to the high energy fraction of the
Fermi plots, The resulting analysis indicates 84,7% of the
positrons are contained in the high energy group., There is
9.2% and 6,1% feeding, respectively, to the 423,5 and 804,7
keV states, in good agreement with expectations based on
gamma 1ntensitlies. These numbers, coupled with K/B+ and

EK/EL capture ratiosB’Bu)

have been used to fix the total
amount of feeding to each of the states indlicated in the
decay scheme, fig. 25, The division of the positron feeding
between the ground and 42.3 keV states has been fixed by the
requirements of intensity balance of the 42,3 keV sﬁate,
1.,e. the number of transitions to the state must balance

the number leaving the state, Knowing the number of gammae
ray and conversion electron transitions into and out of the

state, the required amount of B8 feeding to the level was

then determined.,
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%7, Spin-ParitxﬁAssignments fa the Levels of 83Rb and the
Ground State of 838r

t

The transitlons in_83Rb for which internal conversion
coefficients have been measured are shown as the more intense

lines in the proposed decay schemesg)

, figs 25, The log ft
values shown in the decay scheme, fig., 25, have been cal=
culated on the basis of the Fermi plot analysis and gamma
transitlion intensities, The spin-parity assignments pre=
sented here are based primarily on the internal conversion

coefficient measurements with the log ft values being cone

sidered as conflrming evidence,

4,F.1., The 12,3 keV State of O3Rp

The ground state spin and parity of 83Rb is known to
be 5/2% 78,79), The measured ay, K/L ratlo and L/(L;y +
LIII) ratio of the ﬁ2;3'kev transition indicate an M2 assigne
ment, Thus the 42}3 keV state must either be 9/2% or 1/2%,
Although the 1/2+ assignment would be difficult to under=
stand on the basls of shell model configurations avallable
in this region of the perio¢ic table, this alternative has
been considered. A consistent interpretation of all the
data was not possible with such an assignment, Heﬁce, the

spin and parity of 9/2% for the 42,3 keV state is considered
well established,
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y,F,2. The HZ},S and 5,0 keV States of 83Rb and the Ground

State of 93sr

The 423.5 keV state decays to the 5/27 ground state via
an El transition,. and to the 9/2% 42,3 keV state via a 381.5
keV transition which is predominantly E2. Thus, the 423,5
keV level must have spin and parity 5/2+ or 7/2*. Any M1
admixture in the 381.5 keV transition would limit the spin
to 5/2%,

The E1 character of the U418,6 keV transition from the
5/2% or 772 k23,5 keV state to the 5.0 keV state limits
the latter to any value in the range from 3/2° to 9/2", 1If
the 5.0 keV state were 7/2° or 9/2', it would be expected
to be populated by a 37.3 keV El1l transition from the 42,3
keV state, A search for the K conversion line of such a
transition was performed in the orange spectrometer, with
the result that, 1f such a line exists, its total intensity
1s less then 1% of that of the 42,3 keV transition, Hence,
it would be retarded by a factor of 105 over the single
particle Weisskopf estimate8). Likewise, a 5/2° assignment
can be cast in doubt, since an M2 transition between the 42,3
and 5,0 keV states would be expected to competé favorably
with the 42,3 keV transition. It is therefore concluded
that the most probable spin-parity assignment for the 5.0
keV state is 3/2°, This assignment also fixes the spine
parity of the 423.5 keV state to be 5/2%,

The ground state of the parent 838r is expected to be

172", 9/2% or 7/2* on the basis of the systematics and shell
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model configurations avallable in thls reglon of the perilodic
tablel’ls)° The 1/2° possibility is ruled out immediately
because of the relatively large amount of positron feeding

to the 9/2" 42,3 keV state, The allowed or first forbidden

nature of the log ft values of the beta transitions to the

9/2+, 5/2+ and 5/2° states in 83Rb favors an assignment of

7/2%

to the 838r ground state, Additional support for the
7/2+ assignment arises from the negative results obtained
in the search for the presence of an isomer: The lifetime
of a 1/27 1level in ggSr45 would be much less f¥*the ground
state is 7/2+ rather than 9/2+. As an example, the 190 keV

81

1/27 state in 36Kru5»decays via an E3 transition to the T7/2%

ground state, with a half-life of 13 secondsl).

quaBo The 9902 and 389'2 keV sté‘tes

The M1 + E2 character of the 94,2 keV transition, in
conjunction with the 3/2° assignment of the 5.0 keV state,
limits the 99.2 keV state to 1/27, 3/27, or 5/2%, The 5/2°
possibility is ruled out on the basis of the high log ft
(29) value for the decay to this 1eve169). The 1/2° assign-
ment 1s considered to be the more probable of the remalning
possibilities because of thé lack of transitions to this
level from the higher energy states whose spineparity is
25/2%, ‘

The M1 +:E2 character of the 290,2 and 389,2 keV transie

tions, in conjunction with the above assignments, fixes the
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389.,2 keV state as 3/27, This assignment is in agreement
with the log ft value of 28 for this state69).

L,Folf, The 804.6.keV State

The 762.5 keV E2'transition to the 42,3 kev 9/2% state,
and the 381.5 keV E2 transition to the 5/2% state, 1imit the
804 keV state to have spin=parity 5/2%, 7/2% or 9/0%—a11 or
which are consistent with the allowed nature of the log ft
value of the level., The 5/2+ possibility is very doubtful
becauée of the absence of any transition from this level to
any of the lower energy 1/2° or 3/27 states, Etherton, et
al. have presented argumentssg) based on the gamma feeding
to the 804 keV state from the higher energy states, which

favor the 7/2+ assignment,

4,F.,5, The 1202 and 12h§ keV States

The probable M1l 4+ E2 character of the 778 keV transiw
tion, coﬁpled with the log ft value of the 1202 keV state,
indlcate a positive parity assignment, with spins 5/2 or
7/2 possible, The fact that this level decays to states of
spin-parity 5/2%, 9/2%, and 5/2" implies that the 1202 kev
state 1s 7/2%, '

The 1242.6 keV state decays via the 438,2 keV M1 transi=
tion to a 7/2% level and via the 818.6 keV M1 + E2 transi;ion
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to the 5/2% 1423,5 keV level. The state is thus limited to
a 5/2+ or 7/2+ asslgnment, in agreement with the log ft
value for the level., The weak 1237 keV transition to the

5.0 keV 3/27 state favors a 5/2% assignment.

4,G, Discussion

The above results, based primarily on the transition
multipolarities obtained from conversion electron measurew

ments, are in good agreement with the spine-parity assigne

ments from log ft values if the ground state of 83Sr45 is

38
assigned as 7/é+. Thls asslgnment does not coincide with

the calculations of Talmi and UnnaS) which predict a 7/2+
state 320 keV and a 1/27 state 170 keV above a 9/2+'ground
state., However, the 7/2+_assignment is not surprising on
85 87
the basis of systematics, Even though 38Sru7 and 388ru9
have ground state spins of 9/2f, other 45 neutron even Z
77 794 81 * 85)
nuclei, 32Geus' 348eu5, and 36Kr45 have 7/2" ground states .
These correspond to (gg/z);/z shell model-configurationslG).
The ggSru5 ground state probably has the same'configuration.
In 83Rb, the ground state (5/27), the 5,0 (3/27), the
42,3 (9/2%) and 99,2 (1/27) keV states probably arise from
| ) -1 -1 1
shell mpodel proton configurations‘(fs/z) s (p3/2) , (gg/z)
and (pl/z)l, respectively., However, the extremely close
spacing of these levels may indlcate an appreciable amount of

a more complex configuration mixing., The low 1yihg 3/2% stage

1s expected since the (p3/2)‘1 and (f5/2)'1 configurations are
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in competitlon for the ground state of rubidium isotopes, the

81rb and 87Rb, the 1atter for S3Rb and

former prevailing for
85Rb16). Tﬁe 9/2+ states in 81Rb and 85Rb probably correspond
to the same type configuration assigned for 83Rb. The 9/2+ -
5/2° energy leVel separation 1s changing very rapidly in this
series of nuclei, the 9/2% state actually being the lower

81Rb. This trend may suggest that the 2970 keV state

state 1in
in 87Rb is 9/2+, an‘assignment which is consistent with the
log ft value of the 8 transition to the levell’, very 11ttle
is known about the level échemes of these other odd mass
rubidium isotopes, suggesting the need for further investiw
gation 1n this region before éstablished systematlc trends

of the single particle levels are available,

The higher energy states in 83Rb probably arise from
more complicated shell model configurations, as well as
particle motion coupled to collective excitations of the
core. It is interesting to attribute the strongly excited
423,5 and 804.6 keV states to the latter phenomenon, This
can be done from two slightly different points of view, ale
though there are objectionable features to both interpreta~
tions, First, it is noted that the 804,6, 423,5 and 42,3
keV states are connected by relatively pure E2 transitions
of comparable energy, which suggests a vibrational structure
built on the 9/2" single particle state. However, when come
pared to the neighborihg 8?Kf even=even nucleusG), the crosse
over to cascade ratio appears to be a factor of 7 too strong

and the phonon energy (expected to be approximately 780 keV)
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would have to be reduced by a factor of two, to 381 keV,
The other point of view, based on the core coupling model of
de shal1t32), assumes the 804.6 (7/2%) and 423.5 (5/2%) kev
states are part of a multiplet of states produced by coup-
ling of the 2+‘core excltation with the 9/2+ particle state,
If this is the case, the crossover to cascade ratio, as well
as the phonon energy are more nearly what one would expect
them to be, However, transitions between members of the multie
plet should be predominantly M1, whereas an upper limit of
40% has been placed on the M1 contribution of the observed
transition. 1In either event, if the 804,6 keV state is
truly of collective nature, the E2 transition probabllity
of the 762.5 keV gamma ray should be greatly enhanced over
the Welsskopf single particle estimateS). A measurement of
the lifetime of the state might serve to test the hypothesis,
Finally, one would expect similar collective states
bullt on the ground and 5.0 keV state in much the same mane
ner as they seem to be built on the 9/2% state., The 389 keV
level may indeed have such a composition, However, most of
the states so formed may be inaccessible to the B decay prow
cess, since it requires g g9/2 neutron to be transformed into
an f5/2 or p3/2 proton, a prégess which is both J and & fore
bldden., On the other hand, one'might expect the $9/2 extra
core neutron in 838r to very effectively populate levels

built on the g9/2 proton states in the 83Rb daughter,



CHAPTER 5

AN ANALYSIS OF THE EXPERIMENTAL RESULTS

5.A. The Necessity for Electron Measurements and Magnetic

Spectrometers

It was mentioned in sect, C of the ‘Introduction that there
are instances, such as have been en;ountered in the studies of
the two nuclei reported here, where spin-parity assignments
to the nuclear levels are extremely difficult to make on
the basls of gamma-ray studies only. In order to obtain more
information on the states of interest, a magnetic spectrome
eter has been constructed for the purpose of measuring cone
version coefficients and analyzing continuous beta spectra,
In addition, it was known that energy level determinations
would indeed.be very difficult on the bagis of gamma ray
measurements alone if @he Spectrum contained low énergy,
highly converted transitioné. That such situations exist
has been very well exemplified by the study of the decay
scheme of 83Sr whefe the proposed level structure depends
very sensitively on the multipolarity of the 42,3 keV transie
tion. The multipolarity, in turn, was accurately determined
by internal conversion electron measurements, Of course, a
very considerable amount of additional information on the
other levels of 83Rb and 1311 has also been obtained, which
would not have been possible without the ability to .measure

internal conversion coefficients,

131
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Subsequent to the time the orange spectrometer construce
tion was begun, the quality and avallability of solid state
gamma-ray and electron detectors have been greatly enhanced,
The solid state glectron counters have proven to be such
versatlile instruments that one is tempted to ask if there is
stilll a need for an intermediate resolution magnetic spectrome
eter, such as the orange spectrometer., The experience gained
in the study of the 83Sr decay scheme has vividly demonstrated
that there 1s a strong need., The first objection to the solid
state detectors i1s that they have an appreclable Compton scate
tering cross section, glving rise to a large background if
high energy gamma rays are present., Thus, internal conversion
lines from transitions in low Z nuclei (conversion coeffim
cients are small for lowié nuclei) or from weak transitions
may be masked by underlying Compton distribution in the re-
corded spectrum, Even more serious is the presence of an ine
tense B+ continuum, where it occurs., For example, the strong
high energy positron groups in 83Sr completely masked the
conversion lines of transitions in 83Rb in a spectrum reé
corded with a solid state detector, Both problems are eliminae
ted in a transverse field magnetic spectrometer, The former
problem 1is eliminated because the detector is shielded from
gamma radiation; and the latter because positrons are bent
in a direction opposite to that of the electrons—thus, only
electrons of one sign reach the detector, (The lens type
spectrometer has to be modified to discriminate between

positrons and electrons,) It can be concluded that solid
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state detectors are capable of removing much of the burden
from the slower magnetic spectrometers, but that the latter

remaln an indispensable tool of nuclear spectroscopy.

5:Be Comparison of the Experimental Results with Predice

tions Based on Nuclear Models

It has been pointed out in chapters 3 and U4 that the
data available for the nuclei studied are insufficient to
allow detalled comparisons with theoretical model predice
tions, However, with the much improved energy level struce
tures that are now available from these studies, it has been
possible to present some qualitative arguments correlating
thé data with some of the. predictions.

There are no specific calculations existing for the
83Ro nucleus, but the spins and parities of the low energy
states correspond well with what is expected on the basis
of the shell model, Without any basis for detailed come
parisons, only speculaﬁions can be made concerning the
origins of the higher energy states of 83Rb.

The ground state assignment of 7/2+ for 83Sr does not
correspond with the predictions of Talmi and Unna5). Howew
ever, their calculations do indicate the presence of a iow-
lying!7/2+ state at 320 keV, It has been polnted out by
Kisslinger and Sorensen3) that the Talmi-Unna calculation
is the only one that has been performed which can depress

the 7/2+ states enough to qualitatively agree with experi=
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mental results in this region of the periodic table.

The low energy states of 1311 as well as the systematic
behavior of these states with respect to the addition of
neutron pairs, can be said to be in qualitative agreemént
with the pairing Plus quadrupole force calculations of
Kisslinger and Sorensen3). However, neither this set of
calculations nor the core coupling calculations of O'Dwyer
and Choudhuryu) are able to explain the higher energy negae
tive parity states that were observed in these studies.,

Some evidence has been presented which indicates that the
positive parity states are due to quasl=particle«phonon
coupling.

In any event, the above results indicate the need for
additlional experimental and theoretical investigations in
both of the regions of the periodic table studied bere.

The resuits that haye been presented can form a good founda=
tion for both types of examination., With respect to cale
culatiqns for the iodine isotopes, any future theoretical
investigations should, as one of the objectives, explain
the quadratic behavior of the single particle energy separa=

tions as a function of neutron number,
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