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ABSTRACT

A thin-lens beta-ray spectrometer has been quified for
collection qf beta-rays at the position of the ring focus.
This has 1ﬁcreased.the.gatheringvpower/line width ratio from

~ 0.12 to v;0.8. Thebfocusing properties of the instrument
have'been investigatéd fér various geohetries.

Using the modified spedtrdmeter, the decay scheme of
Sb 125 - Te.125 has been investigated.' The primary beta
specfrum, photoelectron spectra and beta-gamma coincidepce
spectra have been measured.

- From conversion COefficient-measurements, the following
radiative transition_multipolarities were determiﬁed
(energies ;n key): 176(E2+M1), 428(E2+M1),:464(E2),
602(E2+M1) and 638(E2). I

Five primary‘béta’grou§5'have'beeh identified with end
point energieszqf 626, 450,'307,g246 and 133 kev._;Previously
unobserved transifions'df 76, 143, 219, 355, 540 and 640 kev
have been identified. | |

Based on‘all'experimental evidence the fdllowigg states
of Te 125 with spin and parity assignments have been proposed:
_ground state (s1/2+), 36 kev (dg/2+), 145 kev (h13/2-),

321 kev (9/2-), 464 kev (5/2+), 525 kev (11/2- or 9/2-), 540
kev (11/2- or 9/2-), 638 kev (5/2+) and 676 kev (spin and

parity undetermined).
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CHAPTER I

NUCLEAR DECAY AND NUCLEAR SPECTROSCOPY

I. Introduction

Nuclear ~physics may be defined generally to be the study
of the physical properties of the nucleus - its physical
’ structure,‘electrlca1~and mechanical properties, and modes
of excltgtibﬁ. The maln structural or mechanical properties
of theAnucleus are mass, size, shape and angular momentum
while tyﬁical electric and megnetic properties assocleted
with the nhcleue are eharge: magnetic dipole moment and
velectricléuadrupole mOment} ~There are, of coﬁrse,‘many ways’
whereby nucleer«properties may be investiggted° One'very
powerfﬁl.methed is the investigation and classification of
the radiatiqns}emitied by a radioactive nucleus. This is
the fleld Qtlnﬁcleer speetroscepy.

It ls;obeexveq,thet.a nucleus‘can exlst in various
discfete-stgtesfwith eaeh of thch is associated a total
energy for the nucleus. fhe state having the 1owest associa-

'ted energy is called the ground state of the nucleus while



-2~

states of highér ene:gy are called excited states. 1If a
nucleus-is in €n excited state, it is in.an unstable con-
figuration and it decays to a staté of lower energy, usually
giving up the excess energy by the emission 6f electromag-
~netic»rédiafiop (gamma-:ays). In this case it eventually
reaches its.gfound state,whiqh may or may not be sfable
against fqrther decay. If the ground state configurétion of
the nucleus'is a'stable Qne, the nucleus is then a nucleus
of a stable isotope 6f one of the elements in theAperiodic

" table. If the ground state configuration is not stable,

-

the nucleus then decays by one of savma]iiﬁ\possible processes
- with a possible resulting chanée in ngclear charge. This
means that fhe-original nucieus becomes a:different nucleus,
iﬁsuatom;a different‘atom in terms of chemical'behaviouf,
.and is c1assifiqd aé_én isotope of a different element in
the periodic table.

_ The;three.most'common processes by which.the unstable
ground state of a‘nucleus can decay afe 5y the emission of
a negatron or.positron or by orbital'elegtron cﬁptﬁre,‘all
ﬁroceségs‘beipgmcglled bé;a depay and in eaéh case resulting
in a change of nuc1earlc‘l1arge° The occurrence of these
typesﬂofvdecgy is poésibie'it:

MKZJA)EAM(Z*Q,A)} " for negatron emission
: M(Z,A)é?ﬂ‘?}l{A);+ 2mg for §ositron1émission (1)

4M(Z,A)I?M(271;A) -~ for orbital electron capture
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where m is the mass of the electron and M(Z,A) is the atomic

mass of the neutral atom having Z protons éng;mass number A.

II. .Beta Decay

a) Theory

"-‘Befa;raysvare experimentally indistinguishabie from
atomic eleéﬁrohs, Tﬁey display theﬁsame e/m,&alue and the
same charge and aré'obsépved,nct to be cgptured,by‘atqmic
orbits;already occupied by elgctroqs, Thus they arelgxcludgd
from f111ed glecfron,gtgtes_by the Pau;i principle and,hgnce'
thgy Arg,idgnfiqal'particles. |

- Beta épectra{are unique‘among nuclear spectra in that

theyﬁa;e observed‘to be continuoué in energy, apprpaching'zero
intensity at_Small‘energiés, passing th;oﬁgh a maximum énd"
retﬁfning to zefcvintenéity«again_at some end point energf,
Eo, whichvhaé begn shown to be the available degay energy.
»This‘fgct appgagé'to violate the'laﬁ of conservation of
energy except at thg one energy Eb.‘lAlso; it_is obsgrveq
thatlbqta decay occurs between nuclear states whose apgglar
mqpentqm,.gegsured in units of 4, diffe:s by integral values.
.Thislis not compatible with the half-integral spin associafed
:with the electron agd with the law of ponservation of angular

momentum. These discrepancies are overcome by the neutrino
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hypothe?;ggof”Pgnli, in which is postulated the simultaneous
emissioh'éfwiﬁéanéﬁfrino and beta particle. To preserve the
consérvation laws of angular momentum and energy, the
neutrino is assumed to have an intrinsic spin{of 1/2, an
epergy of (Edeé) an9 a very smgil'qr zero mass.

_;The qdaﬁtuﬁ mechanical theé:y of béya decay w#s first
formalizgd by“Fermil i§‘1934. In its s;mpler~£o:m he méde
fhe fbllowing assumptions: |

(a) The yaﬁe functions of the neutrino and electron
may bé approximated by plane waves.

s(b)'The-probabilityvof'beta decay depends upon the
expeéihtidn value of’f%naing the elgétron and the neutrino
at the nucleus.

.(g)[Theuprqbabil;ty of gmission dépends upon unknown
factors such as the matrix élement:M taken betwéen the
initial and final states of the ﬁuci@ns and a consfant
tactor, g, representing‘the strength af the qupling:giving
rise to the inmteraction. |

In mathematicai lgnguage these assumptions take the
form: . | | |

ig#)}lf W,, By and ¥, P, are the wave functions and
mbmepia.feprésen;i§g the beta'particle'and'neutrino'respec-

4tively1‘then:

o ip, . T |
YW,y =Nge Bh ; ¥y =N, e PviR (2)



are the plane wave forms of the wave functions in which Ng
and N, are normalization factors.
 (§)_The expectation value for finding the beta particle

and.the neutrino at the nucleus is given by:
: 2 -2
g0l = V(o) | 3)

(c)'The uncertainty_with regard to the nature of ‘the
1nteractioq causing the decay pe:mits M to be of several

_pdssiblékforms. Two such forms are:

(we vy ac (4a)
fwg* & wy ac (4b)

for the scalar and tensqr interactions reSpectively, where
uff,and -wiv;;e the wave functions describing"the final and
initial étates of the nucleus and G iéla generalization of
the ?agli spin matricqs, Three other tybes.of ipteraqtiqns
are ;lso possible; namely the pseudoscalar, polar vector and
akial‘vectof interactions. It remains for experimentgl
evidence to determine whléh'forh of the matrix element and
therefore which type of interaction best desqribes the
results observed..

The momentum distribution of emitted beta particles

based on the above assumptions turns out to be:

. ‘ 2 )
P(p)dp = C Ml (Eg-E)” p dp (5)



where E is the total electron energ& in units of mdpﬁ
.- ' e

p is the electron momentum in units m

3
c=g22m%c

o€

As previouély noted, a plane wave solution for the
eleqtron wave function has been assumed. This assumption
is, in fact;, too cfude and if the distortion to the electron
wave function by the nuclear coulomb field is taken into
account by a factor F(Z,p) then equation (5) becomes:

' 2
P(p)dp = ClMI~ F(Z,p) (Bo-E)” p’ap 6)

4

The coulomb effect on the Qaye function of an emitted

‘ ' : ' effect
electron is, of course, different from the coulomb/for posi-
tron emission because of the difference in sign of the
charge of thé two particles. This effect is most marked at
low_energies where the negatrog momentum distribution is
incréased and the positron momentum diétfibution is decreased
because of the respective attraction and‘repulsiqn ot the
negatron and positron.

In the calcul#fion of M in the above treatment, each of
the yavejfuncfi?ns is expressed as a series in powers of
gg/x)'where‘n is the radiql extension of the nucleus and %
'corresﬁonds.to the waieléngth of the_emitted beta'particle,
If one asgumes:zerq extension of the nucleué_as in the‘aboveA

treatment, or in other words if one considers only the first



term in the series expansion of the wave functions, then the
.momentum distribution reSulting_is that of a so-called
'"allowed" beta transition for.which M is constant;—"When~ ST
higher order terms are taken into account " the matrix element
becomes a function of momentum and thus M;io longer a constant.
uThe momentum distributions resulting from considering these'
higher order'termslare those of - the so-called "forbidden"
transitions.in'which'first-forbidden, second-forbidden and

so on refer‘to the inclusion of the second, third and higher
Aorder terms respectiyely in the series expansion of the wave:

functions;

b) Selection Rules

For both allowed and forbidden spectra, certain selec-
tion rules.govern the change of the two_quantum characteris—
tics, total angular momentum and parity. The,angular

qmomentum of a state when expressed in units of h gives the
“nspin, I, of the state. 1Parity describes the nature of the
waye function under inversion'of itsvspacial coordinates and
is said to?be,odd;if the wave:function changes signtunder
spacial inversion-and even if it d°9§~9°f change sign under
spacial inversion°

The selection rules which apply to a particular beta
_transition are,dependent upon the nature of the matrix

element used to describe the transition. .For example,:the



use . of the matrix element in equation (4a) leads to the Fermi

selection rules which for an allowed spectrum are:
‘Fermi: AL =0 § '"no"

This,is,avshort hapd notation‘méaning that the trangition
takes place'befweep puclear"states offthe same spin aﬁd
pa:ity. Hence” AI;%wotand there is '"no" change inﬁpafity.
Similarly;lif‘the matrix element hasrthe tensor form, as in

equation‘(ép), the resulting selection rules, or Gamow-Teller

selection rules, for an allowed transition are:
G- T: AI =0,f1 ; "no" ; no 0—o0.

‘Forbidden spectra have asspcigted‘wiéh them different
sglectiohvfules éoverping spin Chaﬁge and parity change;
Exper;mental evidence favours the G-T selection rules and
fherefore supports the fénsor form of the interaction over
the scalar formf

It should be noted here that the above treatment is a
non-relativistic formulation and is therefore an oversimpli-
fication. A cémpleté relativiétié t;éatmeﬁt‘gives rise to
different selegtion pules for.the various iypes of inter-
actions and,serves to egpla;n a great many of thg‘observed‘
transitions. However, some transitions have been observed
which cannot be ekplained by either the Fermi or -Gamow-

. Teller sélectioh»fules; The:prOblem of fitting these.



transitions into the theory is as yet unresolved. In addition,
the simple selection rules above cannot hope to explain the:
nature of forbidden spectra which may arise from complex
relativistic intéractions, One exception to this, however,

is pregicted by the theq:y 1; the éase of transitions satis—
fying the conditions AT =n+l ; Ty W ='(-1)2, where

n is the degree of forbiddenness, These.fransitions have a
unique energy dependence for each n and are called vpthofor-

bidden unique,trénsitions".

c) Comparative Lifetime

The lifetime, t, of a beta transition is determined.by

integrating equation (6) to get:

1 y w2 7
T=¢C f(zvpmax) M @)
vhere ... Ppax s 2
£(2,Ppax) = S F(Z,p) (E,-E)° p“dp

(o]

The function f(i,pmax)‘has been extensively calcﬁlgted and

2 : :
tabulated. "Thus. the product ft, known as the comparative
' ible as: |

4L§£g§;ggg is expressible as

' t
i M!| ‘ ;

,Froﬁ this equation it can be seen that tﬁe comparative

lifetime is a measure of the magnitude of the matrix element
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associated with the transition. In general terms, the matrix
elémént decreases with increasing order of forbiddenness thus
mak;ng the ft-value a uéeful quantity in determining ﬁhether
a transition is allowed or forbidden. In practise the quan¥
tity logldft is used because the‘ft values varjﬂover such a
large range of magnitﬁdes. Conbenient methods of éalcdlating

, 3
log ft have been described by Moskowski.

d)‘Kurie Plot

From equation (6) it can be seen that the beta spectrum
approaches the end poipt.energy Eo tangentially making Eg
difficult to determine. This problem is overcome with the
use of a Kurie plot which is simply‘a plot of

gé?; versus E, where N(p) is the number of_beta particles
counted per unit momentum interval and is, of course,
direct;y proportional to P(p). For this pﬁrpose F(Z,p) has
been e#tensively calculated and tabulated.4 For the allowed
spectfum shape, in which M is constant, the Kurie plot
results in a»straight line with energy intercept'Eo, The
advantage of the Kurie plot lies in the fact that more
ﬁgightfmay be‘pldced‘on points having greater statisticai
accuracy-than thqse near the end point;

In the case of a fqrbidden transition, the Kurie plot
may not bq linear and a shape correcfion factor5 is intro-

duced to make it linear. The degree of forbiddenness of
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the transition can sometimes be determined by knowing which
shape factor will linearize the Kurie plot. That is, the
shape factor indirectly is a correction for tﬁe momentum
dependence of the matrix element M and therefore can indicate
whether a transition is allowed or forbidden. 'This is, how-
ever, not always a positive indication owahéther a tranSitién
is allowed or forbidden because there are many cases of for-
biddgn transitiqgs hﬁpihg‘momentum independent matrix elements

and whose Kurie plots are thefefore'linear.

) Orbital Electron Capture

The_pfocéss_of orbital électron capture takgs_place
entirely within the atom and is”therefore difficult to
observe. It manifests itself only through soft x-ray emission
of Auger eieqtron emissioh arising from the subsequent fill-
’iqg of the hole in thé]atomic shell structure caused by the
electron capture. Sincé the orbitai electron 1is captured
from a bound state,‘the neutrino emitted by the nucleus has
a discrete energy. “Thus, in conirast to negatron and posit-
roﬁ emission, the final states avgilablevin phase space are
determined solely by the energy of the emitted neutrino.
Anothgr difference arises in the.cqlculation of the probabi-
iity for finding an orbital electron at the nucleus. 1In the
theory of beta decay, . the qpantization‘was,formulated within

a box of volume V, and the probability of finding an electron
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at the nucleus therefore depended upon the magnitude of V.
The»probability of finding an orbital electfon at the nucleus,
on the_othér hand, is independent of V and depends only on
the shape of its orbit. Thué the atomic electron wave func-
tions are used. in this-case.

It shduld be noted that most transitions of this type
;nvolQe the capture of an electroﬁ from the atomic K-shell
bécause the‘Kfshel; wave functioﬁ overlaps the nuclear volume
more than the wavé functions of other shells. L-shell capture
is of course,possible but much less probable. Under the con-
ditiogs-that‘the energy in a transition is less than the
binding energy of the‘Kfshellvelectrons, then Lfshell_bapture
is predominant; but this condition is rarely met. |

.Whereas“the density.of final states for négatron and

positron emission is of the form:
(Bo) = = (Bo-E)? p2dp (9)
the corresponding'éxpression for K-capture is:

o (E,) = ;77%3:3. (Eofng;_?-EB) (10)

where.EB’is the atomic binding energy of the captured
electron.
As in negatron and positron emission, it is‘possible

to write an e;pression for the lifetime of a K-capture
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transition in the form:

1;fﬁ= constant - £ (11)
where 3
‘ 2 : 2,27 2
MZE_) 1 (Ze ) ]
B = 21T(_,fhc‘ Ey, + "3\ fc (12)

It should be emphasized that Z in equafion (12) refers
to the parent nucleus and not the daughter nucleus as in

negatron and positronvemissibn.

III. Gamma Decay

In general, radioactive decay by eithsr beta emission
or electron'captnre leaves the daughter hucleus in an exsited
state. This state then decays by either electromagnetic
radiatios or by the competing proéess of internal conversion,
to be discussed later.

The quantum theory of radiation classifies gamma rays
into electric and magnetic multipole radiations characterized,
jusf as in particle emission, by the quantum mechanical
properties of angular momentum, L, and pari%y, T, of the
emitted photon. In classical anslogy, these radiations
arise from the oscillation of electric and magnetic nuclear
multipoles which'in turn are the result of the distribution

of electric charge and currents in the nucleus. When a
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nucleus deca&s from‘one excited state of spin Ij and parity
T j§ to another state of spin I¢ and pafity TTf, a gamma ray
is/emittéd carfying,away.with it angular momegtum

L= 1Ty - Tgl and parity Ty T, whéréw““’=_+1 and -1
denotes even and odd parity respectively. '

The multipolarity of a transitién is defined to be ol
for both magnetic And electric transitions.- The probability
for a transition between states having wave functions VW ;
and ¥, is proportiomal to Suf; q ¥ dt , where dt is a
volume'elepent and‘the operator q depends upon the type of
transition.“ln the case of electric dipole radiation (E1)
for example, q will have the form 2ejXj, which is an odd
function. Thus E1 radiation has odd pﬁrity ( T = -1) and
in general E(L),radiation has parity = (—l)L. Similarly,
M(p) radiation has parity Wﬂ='— (—l)L.in accord with the
eA\'ren" or odd nature of q in gw; qQW¥, dT .

Conservﬁtion of angular momentum demands that

L = |1y - I¢l and it follows therefore that:
T, - 1gl € L €1, + T, (13)

In the theory of multipole radiation, transition probability
decreases sha;ply with incregsing multipolarity. Thus for
most cases L = |Ij - Ig| = AI. This, coupled with the
fact that the probability of electric multipole radiation is

generally much greater than the probability of magnetic
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multipole radiation would lead one to expect that a transition
involving a spin change A I would be a ZAI—pole electric

transitibn; .Parity considerations, however, can sometimes make
a ZAI—pole magnetic multipole transitionvmore probable.
The selection rules for gamma radiation during the

transition Y ;—> W ; may be summarized as:

E(L) radiations - AI =L ; T T, = (-1)L
"M(L) radiations - AI =L ; TriTTf - _(_1)L
No O—0 transitions

magnetic

The parity and L dependence of electric and/multipole

radiations allow the possibility of mixed transitions in

which M(L) and E(L+1) gre competing multipoles. So far, only

E2+M1 mixtures have been experimentally observed.

IV. Internal Conversion

Whenever a ndcleus decays by multipole radiation, the
competing process of intérnal conversion is also possible.
In this process, the excitation energy of the transition is
given up to one of theibound.atomic electrons. The electron

is emitted with an energy:

E = E, - Eg (14)

where E

o 1s the energy of the transition

Eg is the binding energy of the electron in
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its atomic orbit. ..

Inte:nal conVersién may take place through interaction with
an\eleqtron in any of the atomic levels but K-shell con-
version is generally the most probable, followed by L-shell
conversion and so on.

| ;f an assembly of nuclei decays. from one excited state
tq another thréugh Ny gamma transitions and N, internal

conversion transitiohs, then
%= Neg/N, | (15)

is defined folbe the internal-ccnversion coefficient. Since
the conversion electrohs are ejected from different atomic
shells, then

= : +N + e 16 .
N? No, + Ne, Ney (16)

and the conversion coefficient may be defined for the

various atomic shells as:

where °‘K_=_NeK/N7wiS the sthell conVersiop coefficient
AL = Neﬁ/yf¢is the L-shell conversion coefficient,

and so on; Extensive theoretical calculations of internal

conversion coefficients have been undertaken and tabulated

by Rpse.s

Certéin general:sfatements concerning the nature of
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internal conversion coeificients as theoretically predicted
nay beﬁlisted.as_follows; |
(a)<x increases with increasing Z and L and decreasing
transition energy.-
| (b) For a given transition emergy and z, 4 > % mag
(c) CXK/“L decreases with increa31ng L for given Z and
transition energy. ' ' |

oA ./ ok
(@) ¢ K/'_L)el < GXK/d L)mag for a given L, Z and

transition energy.
Thus the internal conversion coefficient is a very useful
_measure of the spin and parity changes associated with a

nuclear transition.

V. jMethodS'of'Measurement in Nuclear Spectiroscopy

Many_experimentalvtechnigues have been.devised for. the
‘studyﬁof_nuclear radiations,.sone of which have suggested
thenselves'throdgh theoretical conSiderations. The develop-
ment of the scintillation counter and advances in photo-
multiplier design have,beenvbasic to the improvements
'achieyed.in*ganna—ray spectroscopy. The same may be said
for. associated electronic circuitry and in narticular,for
the. refinements made in coincidence techniques. In the

field of beta spectroscopy, the improvements have been
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mostly in épectrometer design and one such improvement is the
subject of part of this thesis.

Within the current étructure of nuclear theory, the
generai a;m of nuclear spectroscopy in the study of a par-
ticular nucleus,_is to‘establish the energy sequence of the
excitéd st#tes of the nucleus and to measure the energy,
spin and parity associated with each of these states. There
are, of course, other properties which may be assigned to each
" nuclear state but those mentioned are the ones of primary
concern in nﬁclear-spectroscopy.

The two basic tools used in beta- and gamma-ray spectro-
sc@py are theﬂmagnetic_spectrometer,and the scintillation
crystal—photomultipliervspectrometer. The two spectrometers
operate on cont:astipg principles,

’The magnetic spectrometer will be discussed in detail
later, but it is useful to note some of the basic principles
at this time,' When a_charged particle (electron) enters a
magnetic fiéld, it experiences a force F = % (Vv x B) and
thus describes a trajectory whose characteristics depend
upon V and‘ﬁ. It is possible to design magnets whose induc-
tion B is of such a nature that electrons of a particular
velocity v #re "fgcussed" after traversing the field B.
Electrons of other velocities are deflected away from the
focus. Thus every veldcity has a corresponding field strength

to achiéye a focus. When érrangeménts’are made such that
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only the focussed electrons are detected (or cdunted), then
a graph of the intensity versus B gives the intensity dis-
tribution of electron momenta. Generally such instruments
are characterized by high resolution and low efficiency of
detection,.

The scintillation spectrometer on the other hand, makes
use of the properties of certain crystals. These crystals
emit a pulse of light when a charged particle or electromag-
netic radiation is absorbed in the crystal. For particle
absorption, the intensity of the light pulse produced is
roughly pfoportional to the energy of the incident particle.
For gamma-ray absorption, the pulse height output of the
crystal is more complicated because of the different modes
.of energy dissipation for photons in the crystal. Another
part of the'scintillation spectrometer is the photomultiplier,
made up of a light-sensitive cathode and an electron multi-
plier for light detection., For maximum response it is
necessary that‘the spectral sensitivity of the cathode
match the spectrum of the light emitted by the crystal. The
measured spectrum of par;icle energies is simpiy'the result-
ihg pulsevhqight distribution of the photomultiplier output.
Generélly such spectrometers are characterized by low
resolution and high detection efficiencies.

The two types of spectrometers described above may be

used singly or in combination in a number of different ways
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to obtain useful data. Very briefly, some of the methods used

in beta- and gamma-ray spectroscopy are as follows:

(a) Gamma-ray spectrum - The so-called singles gamma-ray
scintillation'spéctrum is sometimes sufficient for the
energy détermination of the gamma-rays emitted by a particular
radioactive nucleus but the inherently poor resolution of
scintillationvspectrometers makes this a difficult task if the
spectrum is at all complex.

(b) Photoelectron spectrum - A more accurate energy

determination for gamma-rays is obtained in the photoelectron
spectrum using a magnetié.spectrometer, This technique
utilizes the.photoelectric effect by allowing gamma-rays to
fall on a thin foil of high Z material such as lead or
bfsmuth and analyzing the ejected photoelectrons. Upon taking -
into account the binding energy of the atomic statés from
which the electrons are ejected in the foil and the energy
dependence of the photoelectric cross-section, both the
transition energies and relative gamma-ray intensities may be
determined with considerable accuracy.

(c)'Gamma-gamma coincidence spectrum - The coincidence

technique, used exfensively in gamma-ray spectroscopy, is
useful both in establishing the sequence of gamma emissions
from a nucleus and in eﬁergy determinations through separa-
tion of gamma-rays in a coincidence spectrum. Only scintilla-

tion spectrometers can be usefully employed with this method.
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(d) Gamma-gamma angular correlation - Theory predicts

that the angle between two gamma—réys emitted successively,
or in cascade, in a system of three nuclear levels depends
upon the spins and parities of the levels. That is, if the
first gamma-ray in the cascade, 7y is emitted in a particu-
lar direction ?1, the probability of emiss;on of the second
gamma-ray, y,, in the direction T, is a function of the
angle between'?1 and ¥o. The gamma-gamma angular correlation
method, using scintil;ation counters, neqessarily employs
coincidence techniques and is useful in spin determinatiqns,
Theoretical calculatiqns of angular correlations between
both pure and mixed transitions have been done by Biedenharn

and Rose.7

(e),Beta:gamma coincidence spectrum - This method
exploits the high resolution of é beta-ray spectrometer and
the high transmissién available in a gamma-ray scintillation
spectrometer. The ordering of transitions is easily esta-
blished by this method thus facilitating the analysis of a
decay scheme. .Further information can often be obtained
from coincidences between conversion electrons and gamma-rays.
This technique is eduivalent, in a sense, to the gamma—gamma
coincidence technique with one channel of thg apparatus

having very good resolution.

. (£f) Beta-ray spectrum -~ Analysis of a beta-ray spectrum

with a magnetic spectrometer gives information about level
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energies through end point energy measurements. In cases
where the degree of forbiddenness can be determined; informa-
tion concerning spin and périty changqs is also obtained.

(g) Internal conversion spectrum - The internal conver-

sion spectrum is the most accurate method for determining
transition energiés as it is measured under the conditionmns
of relafively good resolution inherent in beta—réy spectro-
meters, From this spectrum and from gamma-ray intensity
measurements it is possible to calcﬁlate conversion coeffi-
cients which, if known accurétely enough, determine the
multipolarities of the transitions.

The absolute determination of the internal conversion
coefficient of a transition requires an accurate‘knowledge
of certain geometric parameters of the beta-ray spectrometer
being used in the experimental investigation. These parame-
ters are often difficult to measure with sufficient accuracy
to reduce the corresponding uncertainty in the calculated
internal conversion coefficient. This difficulty can be
avoided by measuring the so-called K/L ratio, or the ratio
of intensities of the K-shell conversion electrons to the
L-shell conversion electronms. Unfortunately, this method is
not as useful as was originally anticipated because of the
experimental difficulty of measgring the L-shell conversion
intensity coupled with the relative insensitivity of the

K/L ratio to the type of multipole radiation. The use of
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refined techniques to measure the beta-ray spectrometer geo-
metric parameters can, however, overcome this problem to a
large extent.

:An interesting case is the O0— 0 transition where
gelection rules forbid an electromagnetic transition. Thus
only internai conversion can occur and the associated

internal conversion coefficient is therefore infinite.

VI. Beta-ray Spectrometers

a&‘ instrument Parameters

vanHéﬁe are various parameters which characterize the
focusing properties of a magnetic beta-ray spectrometer. .The
two‘parameyers most descriptive of spectrometer performance
are transmission and resolyiqg power. Resolving power is a
heasnrglof the spherical aberration of tne instrument and is
défined in terms o£ how this aberration affects the shaﬁé of
the spectrum of a ;adioactive source of monoenergetic
electrons. 1In practise, this is accomplished by examining
an internal conversion line in a spectrum. The most common

definition of resolving power is R = , where p is the

L
Ap
momentum of the électrbps producing the conversion line and

£sp‘is the line width measured at half intensity. It has

become customary to refer to the quantity 1%2 ~as the
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"resolution” of the instrument but in this thesis 4%2 will
be called simply the line width and will bé expressed as a
percentage. | ‘

Beta-rays are emitted, of course, by the source into 4T
steradians but only a small fraction of them are detected.
Thislfraction is defined to be thg transmission, T. - A related
paraméterlis the gathering power, 09 which is defined fo be
the fraction of 4T steradiags subtendedlby.the entrance
baffles at the source; In other words, the entrance baffles
make available for magnefic analysis and détéction by the
spectrometer those beta-rays emitted by the source into av
solid angle of 47T°*w steradians. Unfortunately, all beta-
rays passed by the spurce—entrance baffle system for magnetic
analysis are not neces§arily foéusedo This means that T< .

In some app];,ications‘9 other parameters are alsp useful
in describing instrgmént performar_ice° Two éxamples of these

are the dispersion and luminosity paramétersc -DisperSion”
- dx

die ) =
coordinate defining the position of the focus and H? is the

D, is defined as, D = , where x is a suitable
electroﬁ momeptum in gauss-cm., This pérameter is a measure
of the abilitf of the instrument to separate adjacent lines
in a spectrum.
In order to obtain a good spectrum, the source must be
kebt thin to reduce scattering within the source itself. Thus,

to obtain sufficient activity, source material of high
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specific activity is usually required, particularly if the
soﬁrce must also be small. In cases where this is not
possible and an extended seurce;has to be used to obtain the
required activity, the luminosity parameter, /A , measures the
ability of a spectrometer to make use of an extended source.
Luminosity is defined as /\ = Go.w; where O is the area of
the source and~w‘is'the gathering;power° ”A more meaningful
parameter in practige is the "overall luminosityﬁp L,

defined to be L = G - T. From the reletionship between w and
T, it is clear that L < A .

As far asAtransmission and resolving power are concerned,
one obviously wishes to have an instrument with high trans-
mission and high resolving power, In a particular applica-
tion, it is often desirable to optimize either the
transmission:or.the resolving power at the expense of the
other.  For examplep‘a complex spectrum requires an ins}ru-
ment with high resolving . power togseparate the various
internal conversien lines whereas a low activity'SOurce
requires a high transmission instrument to keep the counting

time down to a reasonable level,

t

b) Types of Instruments
Gerholms,has written an extensive article dealing with
beta-ray spectrometers, so only a brief account of the

various types of spectrometers will be given here for the
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sake of completéness; - The one exception to this will be the
thin-lens specfrometerg a modification of which is discusSed
later. | |

Beta-ray spectrometers may be very generally divided into
magnetic'fpcusing instrumenté which are momentum selective
_ana electrostatié focusing instruments which are energy
selective, The latter type is rafely used mainly because it
is.limited by the range of electron energies that can be
focused. The producfion"and control of the very large
electric fields required involve technical problems difficult
to overcome,. -By comparison, a magnetic field of 1000 gauss
produceS'the‘saﬁé_radius of curvature as an electric field
of 300?000 volts/cm, Thu89 the beta-ray spectrometers in
use today are.almoét without exception those of the magnetic
focusing type.

Magnetic focusing spectrometers may be further classi-
fied .into the so-called flat spectrometers and the helical,
or lens-type spectrometers, the distinction being that the
.eléct:on trajectories in the fofmer type lie in plénes‘
approximately perpendicular to thé magnetic axis while
éléctron trajectories in the lens-typé spectrometer lie in
planes that cpntain the magnetic axis. The phrase '"planes
that contain the magnetic axis" should really read "rotating
planes thatrcontain the magnetic axis" because‘the e;ectronsr

in the lens-type specfrometer follow helical trajectories
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oVer.papt of the source-detector distance.

i) Flat spectrometers

‘Great improvements have been made over the years
in the properties of flat spectrometers, chiefly by shaplng
the magnetic fleld One such improvement utilizes the
third-order focusing principle illustrated in Fig. 1 wherein
all electrons em;tted in the same plane are focused at the
same point. A further improvement employs double focusing,
as in Fig. 2, in which the electrons are focused in both
the horizontal and vertical directions. Variations on the
flat spectrometer design are the so-called prism and sector
field spectrometers in which both source and detector are
outside the region of the magnetic field, as in Fig. 3. 1In
these spectrometers, the shape of the pole pieces where fhe
electrons enter the magnetic field is a variable which per—\
mits the optimization of particular desired properties. A
novel design, in Fig. 4, effectively employing six sector-
field spectrometers in parallel, is the "orange" spectro-

9

meter of Kofoed-Hansen, Lindhard and Nielson,

ii) Helical spectrometers

As in the case of flat spectrometersg several
characteristic types are definable in the family of helical
spectrometers. The solenoidal spectrometer employs a
uniform magnetic field over the entire electron path, thus

lending itself to simple computation of electron trajectories.
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Theoretical calculations have been made to determine the
magnetic field shape required to reduce the inherent focusing
abefrations° Such a field shape is approximated in the long-
lens spectrometer and the intermediate-image spectrometer.
Both of these spectrometers have the source and detector in
regions of strong magnetic field. For some applications, this
factor limits the flexibility of use of the spectrometer.

One further tyée of helical spectrometer is the thin-lens
type. It is characterized by an inherently large spherical
éberration but a modification to reduce this limitation can
be very simply incorporated into the instrument. Such a

modification will now be discussed.
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CHAPTER 11

RING FOCUS COLLECTION IN A THIN-LENS

MAGNETIC SPECTROMETER

I. Introduction

While the thin-lens spectrometer does not exhibit either
fhe high transmission 6r the resolving power that can be
attained with §arious other instruments now available, it
does possess some attributes.whiéh are worthvdiscussing here.
"It is an inexpensive instrumént both to operate and construct.
.This,‘of course, derives partly from the factlthat the power
requirements are small and the associated control circuits
. are few. It is also a mechanically simple instrument employ-
ing only a vacuum chamber and an air-core magnet.

TheAthin—lens spectrometer in this laboratory, as
originally used, exhibited only a moderate transmission

(~0.4%) and resolution (line width “~3.0%). These perform-
~ance characteristics are poor enough to set serious limits on
the usefulnéSs of the instrument, particularly in the
analysis of complex decay schemes. Therefore, an investiga-

tion into the possibility of improving the instrument was
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undertaken.
For many years it was known that magnetic lens-type
spectrometers displayed a "ring focus" of electron trajec-

tories, as in Fig. 5, somewhat analogous'to the Ycircle

of least confusion” in an ..

Ring focus

opticalllens system. This
spherical aberration effect,

~and the effect of other

aberrations, was réduced \
by using a gymmetric Figure 5 - Electron trajectories
‘ in a helical spectrometer.

geometry in which_the
source and detector were
placed equal distances from the magnet on the magnetic axis.
On the other handa several workerélo—13 have taken advantage
of the ring focus property by placing baffles at the position
of the ring focus, resulting in an'improvement of the
instrument performance. In onée casell» the transmission was
calculated to increasé by a factor two for a given reéo;ving
power . |

;In an instrument of this type, the electron trajectories
at_the position of the ring focus ére diverging and therefore
croés the magnetic axis at widely separated points. - This
makes it difficult to collect all the electrons with an axial

detector unless the spread in emergent angle of electrons

from the source is kept small, thus reducing the transmission.
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The modification to the instrument in this laboratory improved
its transmission in two ways. First, the detector was placed
at the position of the ring focus so that all electrons pass-
ing through the ring focus were collected. Second, an
assymmetric geometry was used in which the source to ﬁagnqt
distance was decreased to allow the use of’trajectories
having larger emergent angles. That is, the symmetric
geometry of the unmodified instrument limited the maximum
emergent angle at‘the source because of the finite sizé of
the vacuum chamber. By moving the source closer to the mag-
net, emergent angles in the region of greater geometric
acceptance became available ana a larger transmission was

attained.

II. Preliminary Investigation

"A series of trajectories were calculated for us by the
Computation Center at the McLennan Laboratory, University of
Toronto to,dete:mine where the ring focus was located and
what degree of assymmetry could be employed. These calcula-

tions were based upon the method of Deutsch, Elliott and

14

Evans and used the following equations:

The equation defining the electron trajectories was:

2
" ‘kz"A ) — 'A BA A BA =
i (1or'2) e TR T 0
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where A is the vector potential per ampere of magnetizing
current |

r is the radial displacement

z is the axiaIidisplacement

k is the electron momentum in gauss-cm/ampere

r' and r" are time derivatives.
The vector potentialAA is calculated from the equation:

4
A(r,Z).=§Ho(Z) - i%-%—;HO(Z).+ %;—;-é—zno(z) - e

, z ) oz

where H,(z) is the axial magnetic field given by:

2nT
IOL(az-al )

CHy(z) = {B(az)fB(al)}

in which, n is. the number of turns in the magnet = 2040

a; is the inner‘rédius of the magnet 11.02 cm.
- ag is the outer radius of the magnet = 28.40 cm,
L is the axial length of the magnet = 17.61 cm.

and the function B is given by:
_ 2.1/2, ‘ , )
B(a) = (z+§)ln{a+[g2+(z+%) | } - (zﬁ%)ln{a+[a2+(z-%) ]

1/2§

It is at once apparent that there are many parameters
that determine-the nature and position of the ring focus, and
to dptimize completely the performance of the instrument, each

parameter would have to be indepentently adjustable. These

parameters are:
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(a) sou;ce-to—magnet distance,
- (b) fhe spread of emergent angles accepted from the
source, '
(c) ring detector-to-magnet distance,
(d) ring detector radius, and
‘ké) ring détéctor‘Slot width,
Independen? adjustment’of each of these variables poses
a formidable»mechaniqal problem, since all adjustments have
to be made in.vacuoo Therefore aﬂcompromise was adopted.
The source—to—aétector aistance (limited by the available
tube length) waé fixed at 6997:cmﬁ‘ Simultaneous variation
;n (a) and (c} above was obtained by sliding the tube
-axially thréﬁgh the focusing magnet. The mean ring detector
radius was kept fixed at about's cm, Parametérs (b) and te)
were ‘altered manually by the use of a set of approprlate

baffles of slightly dlfferent radii.

These restrictions are illustrated in Fig. 6, taken

' from the calculated trajectories, in'which the radial
dispyaéeﬁents of trajectories in the piane of the ring
focus are plbfted as a function of emergent angle. For

the case illﬁstrateda the mean emergent angle has a

tangent of about 0,32 and the gathering‘power is 1.10%.
This choice of entrance baffles producgs a ring focus about
1l mm wide at a medn radius of 5.15 ecm. It is appérent

from ﬁﬁé'figure that for a given source position there is
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a unique pair of emergent ang;es wh}ch define a ring focus
of a given width.

It should be noted here that the instrument displays
optimum performance whep the width of the trajectory enve-
lope at the ring focus and the width of the annular exit

aperture are equal. This condition will be referred to as
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a "match"., If the condition of a match does not exist and the

?:igt is too wide, then the resolving power of the instrument
is determined by the slot width. 1In this case, the slot width
is reduced in steps. With each step, the line width de-
creases:With no loss of transmission until the peak height
begins to decrease. This point represents a match. Con-

4 versely, if the exit slot is too narrow, the resolving power
is determined by the width of the trajectory envelope at the
ring focus. The slot is then opened in steps to increase the
transmission, with no change in line width, until the match
condition is reached.

Fig. 6, in addition to indicating the optimum slot
width for a given bair of source baffles, also indicates the
optimum mean radius of the exit slot. Ideally, this means
thatvfhe exit slot should be of vafiable mean radius as well
as variable width, A few tests showed, however, that the
instrument performance was very insensitive to change in this
parameter. Theoretically, this means that the instrument
consfant k (gauss—-cm/ampere) has been slightly decreased
while the character of the focus itself is practically un-
changed. Based upon the above considerations, the radius of
the outer exit baffle was made 5 cm and the inner exit

baffle was changed to vary the width of the exit slot, the

effect of the slight change in mean radius being negligible.
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ITI. The Modified Thin-Lens Spectrometer and Associated

Apparatus

a ) General mechanical description

A schematic drawing of the spectrometer used in this
laboratory is shown in Fig. 7. The vacuum chamber ié
constructed of 1/8" brass tubin39 is 1 meter long and has
an oﬁter diameter of 8". The magnet is made of four coils

of No. 8 gauge formex magnet wire each containing about
510 turns and separated from each other by cooling coils.
The width of the magnet spool is approximately 8 1/4" and
the inner and outer diaﬁeters of the spool are 8 1/2" and
24" respectively. Compensation coils are used to cancel
the vertical component of the earth's magnetic field.
Accurate centering of the source is essential when-

ever narrow exit slofs are used or when the source is small
in size (i.e. <2 mm diameter). The source-centering
mechanism allows the source to be positioned in the plane
which contains the source and which is perpendicular to
the axis of the vacuum chamber. It is a simple rack and
-pinion arrangement and is operated by control rods passing
through vacuum seals in the end plate at the source end of
the spectrometer.

fé The entrance baffles are made from 1/8" alumihum
éheet and are mounted on standoffs about 4 cm in front of

the source in such a way as to move rigidly with the source.
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A lead baffle is situated in the chamber to shield the
detector from direct gamma radiation from the source. Other
lead baffles are placed in the vacuum chamber to diminish
the number of scattered electrons and photons that reach the
detector when an intense source is used.

The whole of the detector is located inside the vacuum
chamber and as a result care has to be taken that the
vacuum is "hard" enough to prevent electrical discharge in
the bleeder supplying the dynode voltages to the detector.
Voltage supply leads and Signal leads are fed into the
vacuum chamber through three Kovar seals in the end plate

at the detector end of the instrument.

b) The detector

A major modification necessary to improve the perform-
ance of the thin-lens spectrometer was the design and
construction of a detector able to col}ect electrons at
the position of the ring focus. The detector currently
being used is one of many that have been tried, the first
of which was built by J. A. L. Thompson in this laboratory
in 1953. It consisted of a lucite light-cone arrangement
which conducted the light from the scintillator, set into
the periphery of the light-cone, onto the face of a 2"

15

photomultiplier. Milley improved the design of the light-

cone by calculating the surface shape necessary to produce

LY
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critical internal reflection.

During the current investigation, several detector
designs were assembled and tested. The first of these
embodied a further improved light-cone coupled to an EMI 6262,
a 14—stagé 2" photomultiplier. A plastic scintillator was
employed in this detectﬁr which was the one used to deter-
mine the sensitivity of the ring focus width to the mean
radius of the exit slot.

At this point in the investigation 3" photomultipliers
became available commercially and three quont 6364 photo-
multipliers were purchased. Difficulties had been encountered
with optical coupling at the crystal-lucite and lucite-photo-
multiplier interfaces, and for this reason a detector was
tested that consisted simply of a ring of plastic scintilla-
tor glued onto the face of a Dumont 6364 with R31§t This
detector proved to have a poor signal-to-noise ratio which
was thought to arise from the low sensitivity of the photo-
cathode of the 6364 at its edge. Subsequent investigation
into the segsitivity of the photocathode of a 6364 showed
~that the peak sensitivity at fhe center of the photocathode
could be several times larger than at the edge. The
sensitivity pattern also varied with different photomulti-

pliers and was found to be markedly dependent on the voltages

* Available from Carl H. Biggs Co., Los Angeles, Cal.
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applied to the dynodes and the focusing electrode.

The above considerations indicated that a light pipe
arraﬁgement had to be used to allow scintillation phofons to
fall on the center portion of the photocathéde where the
sensitivify was greatest. Various light-pipe designs were
tested, the best being the one shown in Fig. 8. It is
designed for criticalvinternal reflection at the surface and
has a diameter, at the lucite-photomultiplier interface,
equal to the diameter of the photocathode. The surface of -
the light-pipe is covered with aluminum foil to contain any
light that may be transmitted rather than reflected. Finally,
the light-pipe is held centered over the photocathode by
means of a békelite ring which‘is fixed onto the face of the
photomultiplier with A?mstrong cement.

The scintillator ﬁsed in this detector is anthracene.
Tests showed that the pulse output of the plastic scintillator
NE 101 was only about one-third that of anthracene,.

| Various optical coupling materials were tested. At the
lucitefphotomultiplier interfége it was difficult to prb-
duce a long lasting coupling with silicone oil° - Even when
using fhe very high viscosity‘DCZOO fluid it was founduthat
this o0il gradually drained away from the interface° To remedy
this situation, a silicone gum (DC400) was tried but was
founq very diffiqu;t to spread into a thin layer. By dilut-

ing the gum withAthe oil it became possible to produce a
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thin layer of coupling fluid that would not flow. A dif-
ferent material is used to Qouple the anthracéne cr&stals

to the lucite. The 0il, gum and oil-gum mixture were found
to be inadequate at the crystal-lucite interface as they'
generally contained minute air bubbles which expanded under
vacuum lifting the crystals out of their slot. -While the air
did eventually dissipate, it required considerable time to
do so and theréfore other coupling»materials were tried. It
was decided to use a mixture of glycerine and Ivory soap for
a coupling material. This mixture, the preparation of which
is described by Fleishman et alls, flows readily when warm
but is splid at room temperature. These properties allow
easy installation of the anthracene crystals and eliminate
the air bubble problem,

-While the detector is removed a reasonable dist?nce
from the magnet, a sufficiently intense residual‘magnetic
field can exist, even at this distance; to cause defocusing
of the\photbelectrons within the photomultiplier° It is
necessary, therefore, to incorporate a magnetic shield into
the detector assembly. The magnetic shield, seen in Fig. 8,
is actually constructed of two shields, both of théh are
commercially available. The outer shield is a Fernetic-

Coneticfshield specifically designed for 5" photomultipliers

* Available from Perfection Mica Co., Chicago, Illinois.
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and the inner shield, made of mu-metal, is also a étandard
shield for 5" photomultipliers. The face plate of the outer
shield was made in this laboratory from Fernetic and

Conetic sheet material and was magnetically coupled to the
rest of the outer shield by an iron ring. Figq 9 illustrates

r ' r ' r a check on the efficiency

o
- 100 - 1 of the magnetic shielding
o O
o
82 ook | that was carried out by
g: measuring the variation
z :
9 80r 1 in background counting
w® 70 .' L L . rate with magnetic field.
o .1 .2 .3 .4 .0

Potentiometer setting(volts) The exit baffles are

‘ made of 1/8" aluminum

Figure 9 - Defocusing effect on
photomultiplier noise. sheet and are mounted

directly in front of the anthracene crystals. The inner exit
baffle is held rigidly to the outer exit baffle by a spider
leg arrangement connecting the two and the whole assembly
mounted on the back of the iron ring mentioned above., A
tapped hole in the center of the inner exit baffle and a hole
in the face plate of the magnetic shield allow the introduc-—
tion of a machine bolt to keep the light-cone pressed against
the face of the photomu;tiplier and also to keep the crystals

, (
rigidly centered behind the exit slot, '

c) The electronics

The investigation of the focusing properties of fhe
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modified thin-lens spectrometer requires only the standard

electronics associated with any beta ray spectrometer.

i) The ¢ontrol circuit
| The électric current used to pfoduce the focus-
ing magnetic field was pro&ided by a 110 V d.c. source,
As shown in Fig. 10, the current passed through a series

' circuit consisting of
- +110v &

: 1 the magnet; a bank of
Potg:gigggter | Maénéf" 38:6AS7'S connected
T — T in parallel and a 0.1
Bias ‘ ohm standard resist-
Aggggﬁgtl' ance made. of manganin.
- — n This circuit was
-O?}'9hm ;' designed to handle
| Figure 10 - Contrpl'cirquit currents up to 10 -

amperes. - A Rubicon
botentiometer supplied an accurhtely khown voltage With
which the voltage.developed ééross the standard resistance
by the magnet current was co;npéred° This combarison was
carried out in the_piascoﬁf}ol circuit.which fed the required
bias onto the grids of the 6AS7'S°"The sensitivity of the
bias control circuit was 1 paft in 104.A_This sensitivity was
achieved u$ing an a.c. amplifier.of frequency response from
10 ¢/8 to 2060 c/s and a gain of 10,000 coupled with a Brown

converter-fed d.c. control amplifier héving a frequency
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response from O c¢/s to 20 c¢/s and a gain of 30,000.

ii) Beta spectra counting circuit

In the counting circuit, shown in Fig. 11, the

collector output of the

photomultiplier fed a 6J6 Dg%gg%or ‘ gg gggg;

cathode follower used to 5*;_;-;-______-__;____;;:
match the impedence of the. J’f—_"-i-""-f ------ T -
signal cable. .The pulses ; ngmplifief ’ Scalar |

were then amplified by a
Tracerlab amplifier, ‘Figql;e 11 - Counting circuit
‘model RLA-1l, and fed to a
scalar. The scalar used was a standard scale of 64‘sca1ar;
,model 101-M, available from Atomic.instruments Corporation.
High voitage for the'phOtomuItiplier was provided by a TMCu
model HV-4A power supply. | |
_~A11 dynodes. of the photomultiplier were supplied vditage
from a b1eede£ ﬁade ﬁp of 500 Kﬁl resistors except for theh
lst dynode stage which containéd a 2Ma potentiometér. The
tap point on the potentiometer supplied the focusing screen
voltage for the photomultiplier and with an H.T. of 1350 V.

the optimum screen voltage was found to be 2.6 V above the

photocathode.
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IV. Experimental Investigation of Spectrometer Modification

a) Preliminary procedures

The source used throughout the investigation of the
focusing propertiés of the thin-lens speétrometer using ring
focus detection was Cs 137. It contains an isolated internal
conversion ;iﬁe of momentum 3381.28 gauss-cm (corresponding
to the K?coﬁversion line of the 662 kev transition) making it
~ ideal for fhié study. The sourée was obtained from Chalk
River and was in the chemical form of CsNOjz dissolved in HNOj3.
A beta source was prepared by depositing‘a drbp of the solu-
tion on a thin (240 ugm/cmz) aluminum foil, allowing it to
evaporaté_to drfness and then covering it wi@h.a thin film of
collodioﬁ to contain the active material.

Two. procedures that have to be carried out prior to the
measurement of ‘any spectrum with this spectrometer are source-
centering and setting the disgriminator voltgge on the
discriminatof circuit.  89urce-c¢ntering is'aécomplished-
simply by recording the variation in peak height of-an
internal conQersion line as a function ofisoufce position.
This maximizing procedure apparently serves to bring the ring
focus into coincidence with the exit slot, but does not, in
general, heceséarily bring the magnetic axiélinto coincidence
with thé source-detector axis. The latter condition is of
course the most,desirab;e‘one but with the séurce diameters

used, the smalitdeviations from it produce only second order
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effects which are'within experimental error.

For all préctical purpoées, electrons of a given‘momen—
tum give rise to a finite spread of voltage pulse heights
abou; some mean value.- Thué; all signal,pulses-lie above. a
part@cular voltage levei and it is sufficientatp éount only
those puises which lie above this,level thereby rejecting the.,
noise pq}ses of lessér amplitude in.voltage° In practice,
the diséiiminating voltage is détermined by.meésuring the peak
height of an intefhél~conversion line as a function of dis-
criminator settiné. As the discriyinator voltage is decreased
to "dig" out more signal pulses, thé peak height of the con-
version line measured abovelbackground increases to some
maximum value and further lowering of the discriminator
setting does not affect the significant peak height. The
graph of.peak.height versus discriﬁinator setting is thus a
plateaufshaped function, the knee of which determines the dis-
criminator voltage setting to be used *at'the‘energy of the
electrons being focused. If electrons of greater energy are
focused on the detector, they of course generate pulses of
larger amplitude and therefore the same discriminator setting
allows the detection of all of these electrons. For electrons
of sufficiéntly.greater energy, however, the discriminator
setting may be raised without loss of signal pnlses to
decrease the background count rate. Thus the discriminator

setting established at a particular momentum, Pys; is used
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only‘for the momentum interval (po,,po + 4&p) and then
changed to a more advantageous setting. The useful interval

A p decreases with decreasing electron energy.

b) Experimental measurements and results

. The three gathering powers of 0.7%, 1.1% and 1.6% were
arbitrarily chosen'as representative of those to be used in
future.experimentation for the investigation of‘the focusing
properties of the modified spectrometer. Three mean emergent
angles were also chosen for.stﬁdy and source baffles were made
to define the previously mentioned gathering powers at these
three angles. .

-With each of the nine possible combiﬁations of gather-
ingApower and mean emergent angle, the sburce position,.s,
ﬁés qptimized, This was accomplished by measuring the change
*iﬁ 1iﬁe wid%h and peak height of the Cs 137 conversion line
as the vacuunm ch;mber was moved along its axis. A typical rﬁn
of this type is shown in Fig. 12 in which the line width and
peak height are both éptimized for the same source position.
Physically this means that for this particular sourcé "
position, the width of the trajectory envelope at the ring
focus is a minimum. -

The next step in the procedure was to vary the size of
the exit slot until a ﬁatch was achieved. This was done by

starting with a very wide exit slot, thus ensuring that all
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electrons in the ring focus were passing through the exit
slot, and then decreasing the slot width in steps until the
peak height began to diminish. During this procedure the line
width.decreased up to the point where the peak height began
to drop whereupon the line width then remained constént. The
results of the matching procedure seem to support the inter-
pretation, previously outlined, as to the physical nature of
the ring focus. ,The effect on the conversion line of Cé 137
during‘such a matching'procedure_isrillustrated in Fig. 13.-
A summary of the results>of_the investigafion is given
Table I. - Summary of results of ring focus collection
in a thin-lens beta ray spectrometer taken at three gathering

powers with three different mean emission angles., Large
source diameter = 2.4 mm, small source diameter = 1.6 mm.

, Line width (%) Eﬁézhéig;)
wi(%) fggggnt ggggge Sgagge gg;gge ggﬁiée
1.60 0.400 1.54 1.37  3.50 3.25

0.384 1.54  1.36 3.50  3.50

0.351 °  1.59  1.38 3.75  3.50
1.10 0.400 1.30 1.24 3.25 3.25

0.385 1.31 : 3.05

0.352 1.24 2.90
0.70  0.399 1.15 "3.50

| 0.383 1.09 1.10 - 3.05 3.05

/

0.357 1.19 3.50



Exit slot.
width = 3.75 mm

!

Figure 13 -

Effect of exit slot width on peak shape.

Entrance baffles: 0.296 - 0.406 (w=1.6%).

Ly o3ed moT10F OlL
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in Table I.  As may be seen from the table, two sources were
uséd during the investigation. The first source used was
approximatel& 2.4 mm in diameter. A complete survey of mean
emergent angles and gathering powers was carried but with
this source. A second source 1.6 mm in diameter was made to
determine the effect of source size on instrument performance,
although this was not done for all possible geometries; The
smaller source displayed a smaller line width than that of
the first source by about 10%. i |
The product wR is useful as a rough measure of the

overall performance of a spectrometer and is listed for the
" various spectrometers in Table II in which the modified thin-
lens spéctrometer is compared to some high performance helical
spectrometers.

| The ring focus collection‘modification incorporated
into the thin-lens spectrometer in this laboratory has
improved its,ﬁerformance by a considerable factor making it
once again a useful tool in nuclear spectroséopy.‘:This is
particularly true in the case of photoelectron specﬁra and
beta—gamma'coincidence spectra which require for their
measurement an instfﬁment having particular geometric proper-
.ties in addition to simply good performance. ﬁor example, a
phofbelectron épectrum generally requires the use of an
intense source. This is a prohibitive requirement in the

many spectrometers which have a considerable amount of
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Table II. Comparison of some high performance helical
spectrometers. Most of the data taken from reference 17. .

Type Iron  w(%) 1/R(%)  wRx100
Solenoidal® No- 2. 0.4 500
Intermediate imageP »xNo 4.5 1.6 280
Long lens® Yes ' 6.3 2.4 262
Solenoidal® | Yes 3. 1.2 - 250
Long- lens® / Yes 2.7 1.3 208
Intermediate image?f Yes 8. 4. 200
Intermediate im#ggg Yes  1o0. 5.5 180
Lbng”lehsh | No 11. 9. 122
Thin lens® | No 1.6 1.37 118

. Schmidt, Rev. Sci. Instr. 23, 361 (1952),

.- Alburger, Rev. Sci. Imstr. 27, 991 (1956).

F
D
c. H;vde Ward, Thesis, Groningen University, 1954,
T. Gerholm, Rev. Sci. Instr. 26, 1069 (1955).
W, zﬂnti, Helv. Phys. Acta 21, 179 (1948).

H. Slitis and K,-Siegbahn, Phys. Rev. 75, 1955 (1949),
g. ,Nichols, Pohﬁ,'Talboy, and Jensen, Rev. Sci. Iﬁstr.

26, 580 (1955). |
-h. H, Agnew and H. Anderson, Rev.. Sci. Iﬁstr..gg, 869 (1949).

i. Present invesfigation.
. .
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scattering mate;ial in the region of the source., The modified .
thin-lens spectrémeter is relatively free of scattering
material in the region of the source and with its improved
performance can now a&equately measure photoelectron spectra.
Similarly, the measurement of beta-gamma coincidence spectra
requires high performance from the béiﬁ spectrometer but a
difficulty arises with the gamma detector. It is impossible
in many spectrometers to incorporate a gamma detector hear
the source because it is inlg regioﬁ of high magnetic field.
This problem is much reduced in the thin-lens spectrometer in
which the sourée does not lie in a high field region. The
gamma detector may then be adequately shielded to pgevent
magnetic defbcusing.

Like any other instrument, the modified thin-lens
spectrometér has its limitations. One such limitation is the
thermél noise of the photomultiplier used in the detector
. assembly. This reduces the low energy efficiency of thé
deteétor since large background counting rates have to be
accepted in counting the low voltage pulses. The high énergy
efficiency 6f the present detector is indirectly limited
through magnetic defocusing in the photomultiplier. Although
the photomultiplier is completely enclosed by a magnetic
‘shield, its large size makes it susceptible to'defocusingvby
weak magnetic fields. The defocusing effect can be measured

and corrected for, but for sufficiently large magnetic fields
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it cannot be tolerated any fﬁrther. Thus, while the present
detector is useful for counting electrons up to 800 kev
without excessive‘corrections, an improvement in the perform-
ance of the instrument could be made through reduction of the
defocusipg effect. This may be achievéd by: (a) moving the
detector farther from the magnet, (b) improved magnetic
shielding, and (q) using a smaller pﬁotomultiplier. The use
of a smaller phoéomultiplier would reduce both the shiélding
problem|.and the problem of thermal noise,

In sﬁite of these limitations on the thin-lens spectro-
meter, the modificatibn 6f ring focus collection has much
improved its performance in other respects. The usefulness
of the spectrometér is demonstraged in the next chapter
where an account is given of the inveStigation of the decay

scheme of Sb 125.
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CHAPTER III

THE GROUND STATE DECAY OF Sb 125

With a spectrometer of the characteristics described
aboee, it'is now poseible to attempt an analysis of very
complex decay schemes with some hope of success. A particu-
1ariy complicated decay scheme is that of Sb 125 which has
been investigated by other workers.*ls_‘z5 While there is
general agreement on some aspects of the decay in previously
published reeults, there is comnsiderable disagreement on
other details. In viewvef this fact, an analysis was per-

formed on the radiations of Sb 125 in an attempt to resolve

these differences.

I. Previous Investigation

- Several research groups have studied the decay schemes
of Sb 125 and Te 125 since 1949. A review article on
isetopes.by‘strominger, Hollander, and Seeborg26 lists4the

major contributors in the eariier investigation of this
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decay scheme and some of these results will now be outlined.

-The intensity of X-ray emission frdm»a sample of Sb 125,
known té decay by negétron em;ssion‘to Te 125, led Friedlander
et ails to look for a pighly convé:ted isomeric transition
in Te 125. . They observed, after chemically separating the
Te 125 from the Sb 125, that the Te 125 was radioactive.
-From lifetime and absorption measurements on fhe emitted con-
version electrons, they?concluded,that a transition of about
120 kev existed in Te 125m and that the transition was
probably 25—pole. In.a_léter paper by Hiii et allg, spectro-
graphic analysis of the conversion‘électrons disclosed K, L
: #nd M internal conversioﬁ peaks corresponding to a 109.3 kev
transition trom}which5they“6btained the intensity ratios,
K/L =-1.5 and L/M-='3.5. The transition was'ii&éntified as
M4 with a possible 5% admixture of ES5. vaideﬁée for another
transition was also observed through an internél conversion
line at 30.4 kev and the half-life of the metastable state
was measured to be 58 % 4 days;

- A rather thorbﬁgh.investigation of the decay of Te 125m
was ﬁade by Bowe:and Axelzo, in which they established two
levels at 35.5 kev ﬁnd 145.2 kev above the ground state.
-Branching ratios for'both the 110 kev and 35 kev trénsitions
were determined and sihgle particle assignements of $1/2s
. dg,p and hll)é were made to the ground state, 35.5 kev level

and the metastable 145.2 kev level respectively. Comparison
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of experimental conversion coefficients with theoretical
values identified the 35 kev transition as Ml with <1%
admixture of E2.

Kern et 3121 were the first to aftempt to measure the
beta spectrqm of . Sb 125. They identified two beta groups at
288 kev and 621 kev and from photoelectron and intermal con-
version spectra observed gamma-rays of 110, 175, 431, 466,
609 and 646 kev, : After chemical separatien of the Te 125
and investigation of the internal convefsion lines of the

110 kev transition, they measured its K/L ratio to be 1.2.

125 - 125 Siegbahn and Fbrsling22
515P74 527¢73
‘ _ proposed the decay ‘
scheme- ip Fig. 14, 4;he o .
637 - first suggested decay
l scheme that bears some
465 resemblance to the
currently accepted
145m scheme]for Sb 125. By
( ' ] '35 speetreseepic analysis
* ! . 0 they observeduthree beta
Figure 14 - Decay scheme of groups at 128, 299 and

Siegbahn and Forsling.
< ' 616 kev which were

identified as being first-forbidden, second-forbidden and
third-forbidden respectively. . From the internalAconversion

spectrum and the photdelectron spectrum,'gamma—raysAat 35,
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110, 175, 425, 465, 601 and 637 kev wére identified and the
K/L+M ratio for the conversion lines of the 110 kev transi-
tion was measured to be 1.1,

‘Mqreau23 pointed out that the intensity of the 175 kev
gamma-ray observed by Siegbahn and Forsling could not be
fully accounted. for by their decay scheme. He observed the
same gamma-rays as they did but by measuring beta—gamma
coiﬁcideﬁ¢es between 175 kev gamma-rays and 320 kev beta-
r#yS‘He was able to establish a level 175 kev above the
. metastable state (1457kév) at 320 kev. Through gamma-gamma
coin?idences between the 425-465 kev group and gamma-rajs
of 175 kev he’confirméd the presence of two 175 kev transi-

tions in Te 125. Moreau's decay scheme, in Fig. 15,

l 145*

] AEEE-

Figure 15 - Moreau's decay scheme.

\
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included.four beta groups althqugh iny thé 612 kev and

300 kev groups could be easily~idenfified in his beta spec-
trum. Intense internal convérsion lines obscured the high
energy endé of the 444‘kev‘and'125 kev groups but the |
.§20'kev“and 637 kev levels to which these beta groups decay

'~ .were easily established through the 320-175 kev beta-gamma

coinc;dence measurement and the existence of the 601-637 kev
gamma-ray group.

‘Ih 1956, Lazar24, usiﬁg scintillatiop counters, made a
study of the gamma radiations of Te 125 by investigating
gamma-gamma coincidences. He identified eleven gamma
transitions, in addition to the 110 kev-35 kev cascade‘ffom

‘ the metastable state, and
125 metas HEe,

52Te73 | proposed the decay scheme
(igiaTigtgn;iiiigﬁ shown in Fig. 16. From his
th A 677 “measured gamma intensities
637
\\\‘_ and the half-life value
\
2
\\\A 262 ~of 2.0 £ 0.2 years for
the ground state of
r | | , '
T—320 Sb 125 he calculated the
\\\ y | . intensities of the beta
K - 145 :
, , groups and their log ft
T : ¥ i 35
— ') values. In the present

. : investigation some
Figure 16 - Lazar's decay scheme. : g ‘

reliance has been placed
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on Lazar's;work concerning the posi%ibning of the 676 kev
level, but this will be discussed later.

Narc15125 has,measuréd the beta spectrunm ahd photo-
eléctron‘quctrum with a dduble-focusing spectromefer as
well as gamﬁg?gamma“cqincidence spectra in the study of
this decay géheme. 'His proposed decay schenme is ésséntially
the same as LazarfS'up to the 525 kev level bﬁt instead‘of
the 637 ke€ and;é§7 kev levels, NarcisilhaS'established
levels at,633,6,A639.7;~652 and 667.6 kev. K-shell
iﬁterna1 cony¢rsion cdefficienfs were calculated by Narcisi
assumihg thaf the 428 kev transition was. pure E2 and had a

conversion coefficient of .009 - from Sliv and Rand?’.

II. Present Investigation

ﬁWhile it.is realized that‘émcomplefe and compréhegéive“
study,bf’any'decay schéme must necessarily ipvolve extensive
‘investigation'of both beta and gamma)radiationé, thg
emphaéis in this work‘isjprimarily“on“theApgta radiations.
. This emphasis.isAmotivated partly by the fact that the
greatef‘partﬂof the work done on this decay scheme up to the
present time has been in the study of the gamma radiations
from‘Te_125; Tﬁe‘beta spectrum of‘the ground state decay of

Sb 125 has not béen~studied as extensively mainly because
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of ite complexity. For the same reason, few attempts have
been made to ebtain beta-gamma coincidence spectra., In the
present investigation the results obtained in the measurement
of the three types of spectra mentioned above appear to
jusfify the more extensive use, once again, of the thin-~lens
spectfoﬁeter in nuclear séectrbscopy with the incorporation

of the previously described modification.

a) Methods and Apparatus

(i)'Seufee.preparétion

Al mili;eurie_éb 125.source was obtained from Oak
Ridge. It was in ¥he cheﬁical form of SbC13 and SbOCl1l in
6N HCl solution and was carrier free. For sburce—backihg;
material the relatively thin (240/ug/cm2) aluminum foil
used for . the Cs 137 source could not be used- because of the
nature of the acid solutlon After 1nvestigating several
source-backing'materials it was decided to use a thin film
| of“collodion."Thin films were prepared by allowing a diéﬁ*
| of a very dilute ether solution of collodion to spread over
a water sﬁrface. After picking up the film from the water
surface by means of a simple wire frame and then allowing
it to di&; the filh.was mounted on an aluminum source ring.
The film was then very thinly aluminlzed by an evaporation
technique to prevent source charging. A small drop of source’

solution was.deposited,on»the aluminized backing, allowed to
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evaporat§=to dryness and then covered with another thin film '
of collodion to contain the source and prevent the danger of
source-mateiial‘flaking off and contaminating the spectrometeru
Source backings obtained in this way were thin enough to pro-
duce white light fripges and therefore were felt to be
adéqu#te. The_éource pfepared‘in the above manner was used
in the'measuremeht of the beta spectrum and the beta—gﬁmma
coincidence‘spectra.

Very little source solution was used to prepare the beta
source so that considerable activity was left for the pre-
parétion of a phptoelectron source. Experience in this
laboratory has emphasized the importance of using a thin
electron absorber in a photoelectron source so that the
activé material may be positioned as closely as possible to
the cénVefter.:,This is necessary so that reasonaﬁle
intensity may‘be'gbtained in the photoelectron spectrum.

A complication is introduced through the fact that a thin
absorber must of course be made from a material of higher Z
fhan a thick;absorbér.if each type is to stop elecfrons of
a‘giveh energy. The thin absorber therefore becomes a
source of photoelectrons itself Since the dross-section for
the photoelectric effect indreases by at least Z4; Thus the
usual compromise must be made between the Z-value of the
.absérber‘and the thickness of the absorber.

The absorber used in the photoelectron source for the
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present investigétion was 1/64" thick copper sheet bonded to
the standard type of alum;num source ring uééd in the spec-
‘trometer. A small indentétion was made in the back of the
absorber with a center punch and.the entire source solution
was deposited'in this indentation drop by.dropgand evapora-
'fedﬁto dryness, sometimes a;déd by heating with an infrared
" lamp. Collodibh was then déposited in ether solution to
keep the so@rce-material in the indentation. Fig. 17

o /64,,, ¢t sheet illustrates the photo-

K& ELf?uconv?rter - electron source.

EZ??’.;Z/f 3} ﬁz;/ ’ Both bismuth and lead

422%% Source converters were used to
_\\—-Aluminumvring % obtain photoelectron

Figure 17'; Photoeiectron : spectra. The bismuth con-

- source. : :
- : verter was 4 mm in diameter

and 1.86 mg/cm2 and was
prepared by évaporating bismufh onto an aluminuﬁ foil. The
lead converter was 4 mm in d{ameter and 12 mg/cm2 thick and
. was prepared by:manually'roilihg lead sheet into a thin
foil.

(ii) Apparatus - mechanical

- The .spectrometer has been thoroughly described in
Chapter IIf&hd therefore only the particular geometric

‘parameters chosen will be noted here. For all spectra the



following'geometry was used in the spectrometer:

(a) Exit baffle diameters = 10.6 cm, 10.0 cm

(b) Entrance baffles = arctan .313, arctan .390 (w=1.1%)

(c) Source position = 21.5 cm.

.Because of thejlargé flux of gamma rays from the
Shb 125-sourde! particulafly from the photoelectron source,
three leadAbéffles_were placed in the vacuum chamber to
reduce the coﬁnting rate due to scattergd photons- (see Fig. 7).
-The baffles were,experimentally positioned to avoid cutting
into the electron‘ﬁeam. -Any lead surfaces on the baffles
that were exposed to the electron beam, thereby constituting
a source of scattering into the beam, were covered with
lApiezon Q, whose low vaalue‘reduces this‘type of scattering.
One,}ead baffle consistéd of an inner and outer portion
separaféd by“ahfénﬂhlar.slot through which the electron beam
passed. This baffle was pléCed befween the source and
detéctor to shield the detéqtor ffom’direct gaﬁma radiation
from.theqsourqe.'.Eaéh of the other two lead baffles con-
sistednof-an“outer portion only. They were placéd in front
of the deteétor and the source baffles to reduce the area of
the vacuum chamber walls "seen! by the source and detector
and therefore to redﬁce the scaftering from this part of the
appa:atqs.

.For beta-gamma éoinqidepce spectra, a modification was

‘made to the source end of the spectrometer to allow the
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positioning of a gamma detgctor near the source. This modi-
fication is illustrated in Fig. 18, Because of the proximity
of the source~a§d ﬁagnet, a rather'high magnetic field eXists
in the~regi§n of the source. A 5 1/2" long lucite rod, used
as a light-pipe to couple the 1 1/2'x 1" . NaI(Tl) crystal
to the RCA 6342fphotomultipligr9 removed tﬁe photomultiplier
from this high field region. A lead shield with a tapered
apértﬁre éollimated the photons and reduced the scattered
radiation sfriking the drystal, A detailed account of the

28

beta-gamma coincidence modification is given by Schneider“®.

(iii) Apparatus-electrical

The countigg cifcgit used to measure the beta
spectrum and photdelectron spectra of Sb 125 was exactly the
same as the oné used in the investigation of the focusing
properties';é the modified spectrometer This circuit is
shown ih.Fig. 11.

The electronic circuitry used to measure the beta-gamma
coincidence spectra is shown in block diagram foorm 'in Fig° 19.
Basically it is. a standard fast-slow triple coincidence cir-
cuit in which.fgst~ris¢-time pulses from the beta and gamma
detectors are fe@ into a coincidence uhit along with other
beta pulses which ﬁave first passed through a d;scriminator
circuit. This circuit rejects many of the noise pulses,
theraby imﬁroving the.signalfto—npise ratio. Pulses which

arrive at these three’inputs in coincidence génerate a géte
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pulse which is used to open the gate at the input of the
100-channe1'kicksorter°‘ Signal pulses from the gamma detector
are also fed to the kicksorter so that each time a gate pulse
arrives, the gamma-ray signal pulse contributing'té the
triple coincidence is allowed to pass through the gate to be
analyzed and storéd in the appropriate channel. This fast-
slow coincidence circuit is described in detail by Schneider?28,
Some minor changes in the operating voltages used by
Schneider in the above circuit should be noted, however.
These differences were: (a) while, for maximum gain, the
screen voltage of the beta detector photomultiplier was the
same as the first dynode voltage9 the H.T. was increased to
1500 v; (b) because of the low energy photons in the Sb 125
spectrum, the gamma detector H.T. was increased to 1600 v;
and (c) the higher H.T. on the gamma detector caused the
signal generated at the eighth dynode to become noniinear

and the signal tap point was thus moved to the seventh dynode,

b) Results

The fesolution obtainable with the instrument geometry
chosen above varied with the particular sourcé ﬁeing studied,
This was primarily due to the source size. Cs 137 was used
to calibrate the beta spectrum of Sb 125 and had a line width
of 1,25% on the K-shell internal conversion line of the 662

kev transition, The value used for the momentum of this
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line was 3381.28 gauss-cm. In the Sb 125 beta spectfum itself,
the smallest line width obtained on an internal conversion
line was 1.27% on thé‘428 K beak».indicating that the sizes

of the two sources must have been nearly the same. The line
widthtobtained on the strongest peak ip the photoelectron
spectrﬁm, on the other hand, was 3;4% but the effective soufce
size (4 mm diameter) was of course considerably greater than

the size (1 mm diameter) of the Sb 125 beta source.

(i) The beta 5pectrgm'

The beta spectrum of Sb 125, in Fig. 20, was
measured by plbtting the significant count rate as a function
of potentiometer setting. The significant count rate was the
observed cognf rate legs thé background count rate corrected 
for.magnetic defocusing'of the photomultiplier. With the aid
of tables of Fermi functions, a Kurie anai&sis of the beta
spectrum was undertaken.

It must be admitted that before the analysis was begun,
the prospect of determiﬁing reliable intensities and end
point'energieé‘of at least five primary beta groups by this
metho&s did not appear to be too hopeful in view of the
multiple subtractions that the process requires. The results,
however, are reasopably unambiguous and surprisingly consis-
tent with the requirements'imposed by 6ther dﬁta, The -
analysis revealed five distinguishable beta groups, which

for purposes of discussion will be called N1, Ng, N3, N4 and
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Ng in decreaéing order of energy.

The Kurie analysis of the N; group required the first-
fofbidden unique shape factord aj = w2-1+(wo—W)2 to produce
a straight line,,Which indicated AT = 2; "yes". A least
squares éalculation waé made on thé data resulting'invan end
point energy of 626.4 keﬁ°

After subtraction of the N; group, the residue shows the
'presence of the N2 group. Unfortunately, most of the experi-
,mental points of this group are not too reliable since the
>béta‘speétrﬁm in this region is almost entirely covered by a
group of internéi conversion lines. The points used were in
fact taken by makiﬁg a reasonable estimate of the beta distri-
butibn under the,qonvergion lines. Only a relatively short
momeﬁtum interval in th;; group was free of this uncertainty.
However, the end point'energy of this group is known with‘
respect to thgwglwendlpbint energy through a connécting
.gamﬁé“trén;;;;ono Theré£orég since we were unable to trust.
the Ng d;ta sufficiently to accuratély determine the shape of
this group,. a ;inear Kurie plot was~&rawn from the known end
point, 450.4 kev, through the few,points that were acéurately
known. This assumption of a ‘linear Kurie plot for No is not
Justified of cbursep SO that,the iﬁtensity of this group
‘cannot be detérmihed with any accuracy.

'An‘éttemﬁt was made.to determine the possible extent of

this uncertainty. If it was assumed that the group was‘first—
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forbidden unique and the appropriate shape factor correction
applied to the unreliable data, then the greup intensity
dropped by approximately 40%. The effect of this was ,
pfimarily to increase the intensity of the next gronp N3 By
almost the same number of counts, while groups Ny and N5
were‘essentially unaffected ‘both in 1nten51ty and end point
energy. That is, the total N2+N3 intensities remained effec-
tively constant during this=man1pu1ation of the spectral
shepeﬁof the Ng group. |
.After subtracting the No gronp (linear‘Kurie nlot), the
intense Ng éroup displayed a linear Kurie plet with end point
'energy of 309.3 kev. ‘Subtraction of the N group resulted
in a non-linear Kurie.piot for the weak N4 group. - Applying
the first-forbidden unique shape factor correction‘bnce
again resulted in a Ku}ie plot that was linear within experi-
mental;unqertainties;v Independent support for the shape -

factor correction to the N4 group was the effect it had on

the end point energy of the intense N_ group which follows it

5
in the subtractionm process. When the shape factor was not
applied to the N4 group, the measured end point energy of the
Nsg group_and tne end point energy estimated from other evidence
Awere_conside;ably ditterent} ;Apblicatien of the shape factor
reduced this discrepanCy to e'vdlue mere,consistent with the

error expected for a group as intense as N5° The measured

end point energy of the N4 group was 247.4 kev,
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After subt;acting the N4 group, the Ng group produced
a linear Kurie plot with an end point ehergy of 132.8 kev.
Exaﬁination of the N5 Kurie plot shows what appears to be
evidence for a still lower energy beta group. . Unfortunately,
this is the energy fegion wherein one can expect absorption
and scattering from the source-and‘SOurce,backing materialso-
Therefore no further conclusions can be drawn regardiﬁg tﬁe
presence of other beta groups. Other workefs have presented
indirect evidence ior'; weak beta group, Ng, with an end
point epergy'between 90 kev and 100.kev. 1In this region, the
NB Kurie plot appéars fo be quite linear. Hence if Ng exists,
it is quite weak compafed to Ng. It .has been estimated that
it should be observed as an identifiable group if its inten-
.sity were greater than about 4% of the intensity of Ns; One
must then admit the possibility"Of thejexistence of Ng with
adfihtensity less thén'fhis limit. The measured inténSity-of
Ns would fhen in fact be the intensity qf Ns+Ng bombined°

The. Kurie analysis plots are shown in Fig. 21.

The infensities qf.the béfa groups were determined by
piotting the momentum‘distribution and measuring the'area
under each beta group and correcting forvthe resoiﬁtion.
factor (1.4%) as discussed in Appendix I. Because of the low
.energy detection limitations already mentioned, the measured
intensity of the N5 group was assumed to iﬁclude the Ng group.

The results of this analysis are summarized in Table III.



1.

Figure 21 - Kurie analysis of beta spectrum
of Sb 125.

(1)(N1/a1p2WG)1/2 = 13.3499 - 5.9352 W
(2)(No/p2WG)1/2 = 22,328 - 11.733 W
(3)(N3/p2WG)1/2 - 71.3878 - 44.1384 W
(4)(N4/a£p2WG) = 45,5528 - 30.4626 W
(5)(N5/p2WG)1/2 = 213.8265 - 168.50 W

W = Total electron energy

1.6 1. s B 2.0 2.2
W (units of mg2)
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Table III. Summary of beta group intensities, end point energies (both
measured and corrected) and log ft values. Bracketed entries are Lazar's
results.

End Point Energy Intensity
Group| Measured | Corrected| Measured Corrected Relative Log ft
Ny 626.4 kev | 627 kev | 27,900c/m| 27,900c/m| 12.6% (14.0%)| 9.5 (9.3)
Ny 450.4 451 20,200 |-13,375 6.04 (5.5) 9.3 (9.4)
Ny | 309.3 308 80,500 |-87,325 39.42 (42.0) 8.0 (7.8)
N 247 - ‘ >8.6
4 247.4 8,390 8,390 3.79 (1.2) (9.2)
Ny - 232 | | >8.6
N, | 132.8 134 >81,400 [>36.75 (37.0) | <6.8 (6.7)
. 84,400 g :
‘Ng - 96 < 3,000 <11.36 (0.17) | >7.9 (8.7)

c9 28ed MOTTOJ OL
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It was recognized, of course, as was stated above, that
a Kurie analysis involving several subtractive proceséeé
likely imposes probable errors that iﬁcrease\with'each sﬁb—
traction, particularlyvﬁhen the residues involve weak groups.
Thus the end point energies and intensities obtained in this
manner are subject to correction ffoh other evidence. Then,
too, it is difficult to make realistic estimates of the pro-
bable errors. These errors should be smallest whenéver the
beta intensities areAgreatest'pﬁt.éven this is subject to
qualification under certain qiréﬁmétances. The data for the
Ni group should bé reliable since it involves no subtractions,
The shape of the Ny group is based upon an estimate of the
primary beta spectrum undef aAgroup of intense internal_con—AA
version lines,.‘This estimate affects the measured intensity
of the No and N3‘groupso Foftunately; analysis has shéwn that
this effect on both the intensities and the end point energies
of the lower energy beta gfodps is small.

The N4 group is the weakest of all groups observed, and
it - is not surprising that statistical uncertainties have
their greatest effect here. :Hoﬁever,fthére-ié no doubt that
this group existsj and since this region of the spectrum is
free of conversion lines,vestiﬁates~of its intensity should
be reasonably correct. Ng is an intense group and the data
obtained from it is probably fairly reliable. The'major

uncertainty in N5 of cdupséfcomeé from the poSsible inclusion
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in the data of a weak NG group.

Table III lists two columns for the intensity and end
point energy of each beta gféup° The first éolumnlgives the
measured valueé‘determined from theHKurie analysis while the
corrected célumn lists the results of adjustments made,tb
these values from other data. These data are.the results of
coincidence experiments in which rédiative and intérnal con-
version transitions between levels fed by differenf beta
- groups establishes the epd point energy différences between
these groﬁpsv The transition energies are in error by not
more than 0.5%. It is suprising that the adjustments of end
p?int energies from the Kurie analysis to match the transi-
tion energy requirements are so small. Thus, one can have
some confidenée in the intensities reéulting from the Kurie
analysis. The values for the intensities of groups Nl‘and
Ny are_the experimentally measured values and no attempt has
been made to corregt them. The iptensities of.groups Né, N39
N5 and Ng have been established from a consistency argument,

to be outlined later, but they are consistent with the experi-
mental values of (N2+N3) and of (N5+N6).

Log ft values were calcuﬁgted from the beta intensities
by assuming a half-life of 2 years for the ground state of
-Sb 125,

(ii) The internal conversion spectrum

The intérnal conversion'spectrumy shown in Fig. 22,



Counts/Minute + 1000

20

18

16

14

12

10

Figure 22 - Internal Conversion Spectrum of

Te 125.

Not all experimental points
are plotted

428K

Potentiometer Setting (volts)

Lé 98ed MOTTOF OL



-68-

wés obtained by subtraction of the primary beta spectrum.

As in the casé of the primary spectrum, the K-shell internal
conversion line of the 662 kev transition in Cs 137 was used
- for calibration purposes. Transitions were identified at
energiés of 109, 176, 355, 380, 428, 464, 540, 602 and 638
kev. Conversion line intensities are listed in Table IV

and were measured by the are;'method discussed in Appendix I.
Other methods of intensity measuremént'were also employed on
some of the éonversion lines. These methods are described in

Appendix II.

(iii) The photoelectron spectrum
The‘phbtoélqctron'spéctrum measured uéing.the

bismuth converter was of little use for measuring relative
gamma¥ray intensities but served to identify gamma transitions
at 109, 176, 2o4land 219 kev. Fig. 23 shows this spectrum and
the_photoelectron spectrum measured with the lead converter
in which transitipnsfat 219, 380, 428, 464, 602 and 638 kev
were. identified. The cﬁmpton background was measured simply -
by removing the converter and repeating the spectrum measure-
ments{ It was necessary to "normaiize" the compton back-
gfound in between‘peaks to'acpount for scattering effects
ﬁhich depend upon the presence or absence of the converter.
The most important contribution éf this spectrum to the
present investigation was in the measurement of the 428/464

kev, 602/638 kev and 380/428 kev intensity ratios.
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Table IV. Internal conversion line intensities. .All
values are in counts/minute. .

Total Half- Total Peak

Line | Area Symmetry Symmetry Height
109K 33,900 26,000 22,050 | 19,500
109L 22,000 19,600 18,470 16,400
.109M 6,510 5,610 ~ 5,030 4,900
175K 2,250 1,980 1,888 1,780
175 (L+M) 516 | | |
380K . o | v v 50
428K 692 692
428(L+M)} 330
464K
464 (L+M) 45
602K 219
602 (L+M)
638K } 159

Table V. Gamma-rays in coinbidence with beta-rays and
internal conversion electrons,

Eléctrons Coincidences
"Nj group none
| 'Ng group 176 kev
N3 group 143, 176, 428, 464 kev
N4 group 76, 428, 464 kev -
Ng group 602, 638 kev; possible 428, 464 kev
175K line 317 kev; possible 175 kev
428K line possible v 76 kev
-640L line Te 125 K x-rays
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- (iv) Beta-gamma coincidence spectra

The geometry of the gamma detector for the beta-
gamma coincidence measurements was determined by the minimi-
zation of the lead x-ray produced by the gamma shield around
the photomultiplier. Because of the rather intense gamma
radiation from Sb;125,'the X-ray could ndt be eliminated
altogether, even with exact collimation. Thus a few prelimin-
ary singles gamma spectra were measured with different detec-
tor geometrieé to determine the positions of the NaI(Tl)
crystal and the lead shield which gave the least x-ray
interfeience. A typical singles gamma-ray spectrum is shown
in Fig. 24.

Figures 25-29 illustraté-the results of the beta-gamma
coincidence measurements. Coincidénce runs were takem with
the magnet current set to focus electrons of energies just
beyond the ehd poihtrof each;betalgroups A series of
coincidence specffa were thus measured focusing electrons
from the N; group only, then from groups Nl and Ng only, then
from groups Ny, Ng #nd N3 Qﬁly, and so on. The céincidence
spectrum measured at the‘potentiometer setting .370 v, which
focused éléctrons of_group Ni only, is not shown as there
were no coincidences obser#ed{ thus-ébnfirming the fact that
the Nj group fegdé the_metastable 145 kev level in Te 125.

Throughout tpe c$urse of a coincidence run, fhg beta

counting rate was monitored periodically. Singles éamma—ray
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Figure 24 - Singles gamma spectrum,
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Figure 26 - Gamma-rays in coincidence with
N1+No+N3.

176 kev
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Figure 27 - Gamma-rays in coincidence with
N1+N2+N3+N4.
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Figupe‘28 - Gamma-rays in coincidence with
N1+N2+N3+N4+N5.
174,176 kev ‘
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Figure 29 - Gamma-rays in coincidence with
N1+No+Ng+Ng+N5+N6.
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spectra were taken both before and after each coincidence
run as a check on the system gain stability and to measure
the gamma counting rate in each channel of the kicksorter.
The chance coincidence rate was calculated from the formula

N =-2n1n22: ) where'hi’and-ﬁé are the counting rates.

chance
in the two channeis and T is the resolving time of the
coincidence ciréﬁit.  F9r the cbincidence funs ipvthe present
inVestigation, the resolving time was Measured.to be 0.0975
M sec. | |
By successive subtractions it was possible to determine
the contribution of each individual beta group to the coin-
cidence spectrum. That is, from a knowledge of the intensity
of each beta group at every botentiometer setting, as ob-
tained from theAKurie analysis, a synthesis was made of the
coincidence spectrum to bevexpected from any beta group at
the desired botentiometer setting. For example, in Fig. 26,
the solid line represents the total spectrum of gamma-rays |
in coincidence with glectfons from groups N3, Ngo and N3 at
the ﬁotentiémeter setting .235 v and the dashed line is the
residual spectrum after subtracting the expected contribution
of groups Nl and No. The expected contribution of groups Nj
and No at the potentiometer setting .235 v is just the
spéctfum'in Fig. 25 corrected for the relative beta-ray

intensities, the change in the momentum "window" Ap and

counting time differences. Thus the residual spectrum
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represents the contribution of the N3 group only, at the
potentiometer setting .235 v.

The‘spectra shown in Figures 30 and 31 measured the
-coincidences between gamma-rays and the K-shell internal con-
version lines of the 176 kev and 428 kev tramsitions.

Another set of beta-gamma coincidence runs were measured
with the system gain increased so that the 176 kev gamma-ray
was positioned at about channel 73 on the kicksorter. From
these ﬁexﬁanded scéle"‘coincidence runs, weak transitions at
76, 143, 219 and 640 kev were identified. A beta-gamma
coincidence run with the L-shell internal conversion electrons
‘of the 638 kev transition focused showed coincidences with .
the Te‘}25,K_x-rays. This was interpreted as evidence for a
640 kev transition between the 676 kev level and the 36 kev
level.

Table V lists the definite coincidences and possible
coincidences associated with each beta group.and each conver-
sion‘liﬁe selected.

(v) Synthesis of the;gamma spectrum

The - gamma ‘spectrum of Sb 125 was analyzed into its
components by using both the singles gamma spectrum and the
coincidence sbectra. Cs 137 was instalied in the spectro-
meter ip‘the‘same geometry as the Sb 125 source to measure
-the c0m§tbn contribution of the 602-638 kev group. Subtract-

ing this contribution from the singles gamma spectrum (after
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adjusting for energy differences) left the spectrum of the
gamma-rays of energy < 464 kev. Ideally, another source with
an isolated gamma-ray of about 450 kev should have been used
to determine the éompton distribution of the 428-464 kev
group but such a sdurce was not available. - An alternate
method thus had to be employed to determine this compton
contribution. The nature of the decay scheme is such that
the 464 kev level decays almost'entirely by the emission of
the 428 kev and 464 kev gamma-rays. Thus the gamma-rays in
coincidence with the N3 group only, determined by the method
of successive subtractions mentioned previously, represent
the gamma spectrum‘df the 428-464 kev group. The 464 kev
level also decays by a 143 kev-176 kev dascade which of
course is in coincidence with thelN3lgroup as can be séen in
Fig. 26, -Fprtunatelj, this cascade is weak enbugh so that a
reasonably accurate estimate may be made of the Shape of the
spectrum of the 428-464 kev group alone,

After subfracting the contribution of the two high
éne:gy‘groups, the residual spectrum wés analyzed into its
various components. The 1ast gamma-ray of major intensity
in the residual spectrum was the 174-176 kev composite peak,
The shape of this peakvwas assumed to be the same as that of
the known‘"plean"'peak.obtained in the bgta-gamma coincidence
spectrum in’Fig. 25. Subtraction of the:174-176Akev peak

revealed gamma rays at 204, 219 and 380 kev. A similar
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treatment of the expénded scale spectra revealed the 76 kev
and 143 kev gamma-rays.

| The relative ingensities of the gamma-rays were calculé—
ted by measuring the area under each peak with a planimeter
and cofrectipg for photoelecfric cross-section and crystal
geometry efficienciés; The relative intensities of the
428 kev and 464 kev were determined by dividing the area
under the composite peak into two component areas which
agreed with @he relative iﬁtensity results of the photoelec-
tron spgctrumvin Fig. 23. A similar procedure was applied
to the composite 602-638 kév peak except that the 638 kev
relétive intensity was adjusted to agree with the conversion
Coeffiéient for an E2 transition and the 602 kev relative
intensity was‘taken as the difference between this value and
éhe measured reiative intensity for the composite peak. Of
the weaker’intensity gamma-rays, only the 380 kev gamma-ray
produces a line on the photoelectron spectrum. The results
of this analysis are summarized in Table VI in which compari-
- son is made withithe results of both Lazar and Narcisi.
Narcisi hgs-identified.other gamma transitions for which no /
évidepce,ﬁas been found in the present investigation. These
are not included in Table VI. -

It_shduld,bé pointed out here that analysis of a

complex éginfi}lation-gamma;ray spectrum has certa;n'funda—

mental difficulties which make reliable measurements of
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Table VI. Relative gamma ray intensities from present
investigation compared to the results of Lazar and of
Narcisi. '

_ Present :
' Energy Investigation Lazar Narcisi
30 kév “1.0 . - -

76 .04 - -

- 143 - 044 - -
174-176 = .209%0% .196 .196
204 -~ .03" .008 <.01
219 < .0l - -
317 <L, 01" .0088 .026
380 . .049 *10% .038 .039
428 1.000 *i0%  1.000 1.000
464 .355 £10% .31 .325
602 .709 = 5% .88 .617

* 5% .23 .357

638 ~.485

" relative gamma-ray intensities difficult to achieve. - Any
portion of the spectrum, with the exception of the highest
energy portion, has at any channel, contributions not only
from photoelectron peaks, but from Compton processes from
gamma-rays of higher energy as well. The Compton contribu-
tions are nét easy to determine precisely, and these must

be known before the photoelectron residues can be estimated.
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For this reason, weak gamma-ray intensities appeariné in
Table VI are expected to have very high probable errors and
éhould nét be taken too seriously. The most reliable
intensity data will be those associated with the 638, 602,
464 and 428 kev gamma-rays. Since the 380 kev gamma-ray
appears in the phdtoelectron spectrum as a weﬁklbeak, it can
be compared with the 428 kev gaﬁma—ray photopeak, so that its
relative intensity should be reasonably correct.

The intensit& Of the 174-176 kev composite peak in the
scintillation singlés spectrum is measured after two subtrac-
tions involving somewhat uncertain Compton contributions.

The relative intensity assigned to this gamma-ray consequently
cannot be as apcurate as the higher‘energy gamma-rays quoted.
Finally, the x-ray-gamma peak at approximately 30 kev appears
in the‘expanded scale spectrum at the lowest operating
channels of the kicksorter. An examination of the peak shape
shows a decided assymmetry, the low energy side falling off
much more sharply than the high energy side. There is there-
fore a good chance that not all of this peak is accepted by
the kicksorter, as channels 1-3 on the kicksorter are known

to be inoperative. 1If so, then the relative intensity

assigned to this peak is definitely too low.

c) The Decay Scheme

The decay scheme in Fig. 32 has been proposed from the
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196,41.36%,>7.9

134 ,>36.75%,
<6.8

232 >8.6
247133‘Zf§>8-6

308,39.42%,8.0

451,6.04%,9.3

1627,12.6%,9.5

The beta information, in order, is:
relative intensity, and log ft. ‘

-The dashed transitions are those observed by Lazar
but not in the present investigation.
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Figure 32 - Decay scheme proposed in present investigation.
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present investigation with no appeal to other wprk except in
establishing the 676 kev level as will be noted in the dis-
cussion fo follow. A summary of the information obtained from
the spectra is given here to facilitate the discussion of the
construction of the decay scheme,

(i) Primary beta—gaﬁma coincidence results

N, group: No observed coincidences.

Ng group: 1In coincidence with the 176 kev gamma-ray
and Te 125 x;ray. |

N3 group: In coincidence with 143, 176, 428 and 464 kev
gémma-rays and Te 125 x—fay{

'N4 group: In coincidence with 76, 428 and 464 kev
gamma-rays.

Ng group: In coincidence with 602 and 638 kev gamma-
rays and the Te 125 x-ray and possibly with lower energy
gamma rays.

Ng group: No observed coincidences.

(ii) Conversion electron-gamma coincidence results

»174-176K: In coincidence with 317 kev gamma-ray and
possibly with the 174-176 kev composite peak (weak),.

428K: Possibly in coincidence with the 76 kev gamma-ray.

638L: In coincidence with the Te 125 K x-ray.

(iii) Photoelectron‘spectra

Transitions observed at 109, 176, 204, 219, 380, 428,
' 464, 602 and 638 kev.

(iv) Internal conversion spectrum

Transitions observed at 109, 176, 355, 380, 428, 464,
540, 602 and 638 kev.
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Probably the most useful spectra in determining transi-
tion sequences in a decay scheme are the beta-gamma
coincidence spectra. On the basis of the coincidence results,
the epd~§oint energies of the primary beta groups Ny, N2, N3
-and N5 were adjusted to agree with the -transition energies
as measuredviﬁ the;photoelectron and internal conversion
spectra. Thesé are the corrected end point energies listed
in Table III. The levels fed by these beta trénsitions are
thus established at 145, 321, 464 and 638 kev above the
ground state. The 36 kev level is established via the 428
and.602 kev transitions from the 464 kev and 638 kev levels
respectively.

From the spectrum 6f gamma-rays in coincidence with the
174-176 k internal conversion line, a possible weak coinci-
dence is noted between the two componenté of the composite
174-176 -kev gamma peak. Thus the weaker 174 kev transition
is established between the 638 kev and 464 kev levels. 1In the
same coihcidence spectrum, the 317 kev transition observed to
be in coincidence with the cdmposite 174-176 K internal
- conversion line must'decay between the 638 kev and 321 kev
levels rather than between the 464 kev and 145 kev levels
because of inpensity considerations. |

The 143 kev transition is observed in the‘form of a
composite 143-176 kév peak in the spectrum of gamma—rays in

coincidence with-the N3 group. The existence of the 143 kev
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transition is also evidence for the weak coincidence between
the 174 kev' and 176 kev transitions. While Lazar did not
observe the.143'kevftransition, it is not inconsistent with
his.spectrum of gamma-rays in coincidence with 175 kev gamma-
ra&s in which a weak contribution exists at “ 160 kev that

~ could be interpreted as an unresolved 143-176 cdmposite'péak.
AHe makes no comment on it, however, presumably because of its
'low intensity.

As mentioned previously, an appeal to Lazar's work is
made in establishing the 676 kev level. Lazar found gamma-
rays of 175 kev and 214 kev (eorrespondibg to 174 kev and
212 kev in the present decay scheme) in coincidence with the
428-464 kev gamma group. .The very definite 214 kev coincidence
could only be interpreted as a transition from a level at 677
kev as in Fig. 16, 1In the present investigatidn, evidence for
the existehce of the1676 kev level is the 355 K internal con-
version line which from energy considerations will only fit
into the decay'echeme'between the 676 kev and 321 kev levels.
.Further evidence is the weak coi?cidence between the:638L
inteinal eoeverSion line and Te 125 K x-rays which is inter-
preted'as'a 646 kev transition between the 676 kev and 36 kev
levels. _

‘The observed end point energy of the Ny4 group plaées a
level of Te 125 at 525 kev. This level should be weakly

populated as it is fed from the weak N4 group. Transitions
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of 204 kev and 380 kev from this level to the 321 kev and 145
kev levels fespectivgly are easily identified. These transi-
'tions are of comparatively low‘intensity and this may be the
reason that they are not observed in the coincidence data-
obtained with the N, group. However, N4 definitely shows
coincidences with a 76 kev transition and with the 428, 464
kev gamma group.‘ A transition between the 525 kev and 464 kev
levels of Te 125 would result in a 61 kev transition which is
definitely not observed. . In addition, the observed 76, 219
and 54O kev,transitipns still have not been accounted for.
The strong evidence that the N4 beta group:is in coin-
cidence with the'76, 428 and 464 kev gamma rays can most
easily be accounted for if the weak N4 group is in fact a
composite of two weak, unresolved beta groups of end poiht
energies of 247 kev ahd,232 kev (corrected values), leading
~to levels in Te 125 at 525 kev and.5404kev respectively abo§e
 the ground state, With this one assumption, all difficulties
disappear. Not only are the coincidence data explained but
the. 219 kev and 540 kev transitions fall naturally into place.
If the assumption of a composite N4 group ié.correct, it
would be most difficult to resolve them in a Kurie analysis.
.Their intensities are low and their end point enérgies differ
by only 15 kev. In addition, coincidence attempts with
associated gamma-rays or internal conversion lines to resolve

the N4 components would be almost impossible because.of
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intensity and resolving power limitatiomns.

The only gamma-rays observed by Lazar and not observed
in this investigation are the 113 kev transition, presumably
between the 638 kev and 525 kev levels, and the 212 kev

transition between the 676 kev and 464 kev levels.

d) The Consistency Argument

In any decay scheme thevrates of feed and decay to and
from all levels must, of coursé, be equal. In the present

©

investigation, the intensities of the internal conversion

lineé and the primary beta groups have been measured.
Relative gamma-ray intensities have also been measured in
the usual way; Thus a multiplying constant, K, must be
found which will normalize the relative gamma-ray
intensities to the beta intensities. 1Ideally, the calcula-
tion of thé internal conversion coefficients then follows
immediately and no appeal has to be made to some known
conversion coefficient to normalize the conversion line
intensity measurements. The value for K is determined from
a consistency argument which will now be outlined. | |
The following equations will be understood more
easily if reference is made to the decay scheme in Fig. 32
and to Tables III, IV and VI which list the relevant

intensity measurements.
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At each level, the total decay rate is equated to the

rate of feed. For example,

676 kev level

)
+
}

Ne = (212)+(355)+(640)w (212)+(355) (2)

where (212) represents the gamma decay rate plus the internal
conversion decay rate of the 212 kev transition. Here, Ng is

left to be determined from overall consistency.

638 kev level

~ Ng (602 )+(638)+(174 )+ (113 )+(317)

]

1.194K+400+(174)+(113 )+(317) (b)

where 1.194K = normalized decay rate of the 602 kev and 638
kev gamma-rays and 400 = total conversion electron decay
rate for these two transitions; As previously mentioned,

the measured intensity of the N5 group was assumed to .
include the Ng group. Thus from equations (a) and (b) we

have:
N5+N6=i84,400221.194K+400+(174)+(113)+(317)+(212)+(355) (c)

N4 levels - (both components)

8390+(113) (76 )+ (219 )+ (204 )+(540)+(380)

(76 )+ (219 )+ (204 )+ (540 )+ . 049K+ 80 (d)
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464 kev level

(100,700-N2)+(174)+(212)+(76) (428 )+(464 )+ (143)

1.355K+1100+(143)

where it has been estimated that Ngo+N3= 100,700,

321 kev level

Ng+ (143 )+ (317 )+ (355 )+ (204 )+ (219)

(176)
. 209K+2765~-(174)

H

since (174,176 )= ,209K+2765.

145 kev level

27,900+ (176 )+(380) = (109)

(109)

. 258K~ (174 )+30, 750

Total decay. (Total beta feed rate = total decay to
ground state)

221,390 .

(109)+(640)+(540)+ 2 548K+1500

(109) = 219,870-2. 548K

(e)

(f)

(g)

(h)

.A description of the detailed solution of equations (a).

to (h) is tedious and in_fact not necessary to the understand-

ing of the decay scheme,.

It is apparent that within the limits set by the

measured data, certain parameters may be varied - e.g. the
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parameter K, the intensity of Ng< 3000, etc. Because of the
complex nature of the decay, a poor choice of some parameters
leads to predictions aboﬁt the beta and gamma transitions‘
that are inconsistent with the experimental results. It turns
out, for example, that the value of K is defined within narrow
limits. Thus,. upper and lower limits on the K-value can be
detérmined‘very siﬁply. For example, from equation (c) ome

obtains:

(174 )+ (113 )+(317)+(212)+(355)
1.194

K= 70,350 -

while from equation (e) and (f) one obtains:

2(174)+(212)+(76)+(317)+(355);(204)+(219)
1.564

K= 61,910 +

Thus 61,910 < K < 70,350. A more detailed analysis of the
equations shows that the intensities of some of the weak
transitions aré very sensifive to the K-value. Hence thé
criterion for its determination was the credibility of the
predicted intensities for the low intensity gamma-rays. Such
a criterion has led to a K-value of »~67,120. Unfortunately,
little knowledge can be gained concerning the weak gamma-rays
other than to imp;se wide limits on their intensities. How~
ever, reasonable estimates can be made oh some of the
adjustments to the beta intemnsities. These are already noted

in Table III.
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Some coqfirmation for the inner consistency of equations
(a) to (h) is given by the predicted intensity of the 109 kev
transition. The consistency argument predicts (109) “ 46,250
while experimentally the value is 45,000-50,000, the uncer-
tainty being due to the unknown source - scattering
contribution to the internal conversion lines in this region
of the spectrum. Appendix II gives a detailed account of the
experimental measurement of the intensity of the 109 kev

transition.

e) Spin and parity assignments

Work in other laboratories appears to have estéblished
with some degree of certaintj the decay of the 145 kev
isomeric state in Te 125. The 109 kev transition and the
36 kev transition are identified as M4 and M1l respectively.
The ground state of Te 125 has been measured to be 1/2 4
which fits well with the shell model assignment of an 51/2
even parity state. The 36 kev level is assigned d3/2+ and
'the 145 kev level as hll/é_ on the'assumption that for these
low excitation energies, the nuclear states are genuine
single particle states., Similarly, the ground state of Sb 125
is designated 87/2% also in agreement with shell model pre-
dictions for a configurayion representing one proton above
a filled magic number shell. It is highly unlikely that the

single-particle model will apply beyond these levels as
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higher excitation energies will probably cause considerable
configurational mixing.

The conversion coefficients for the major transitions of
175, 428, 464, 602 and 638 kev energy can now be estimated
~using the K-value determined from the consiétency argument
above. As an example, the 602 kev transition takes place
with the emission of 219 K-conversion electrons/minute. The

gamma-ray intensity is .709x67,120 = 47,590/min., Therefore,

219 -3 .
o(K = 17,590 = 4.64 x 10°°Y. The theoretical values (from

Rose's tables®) closest to this value are 4.35 x 1073 for an

~ E2 transition and 5.4 x 1073 for an M1 transition. The
assignment made is an E2+M1(v‘72%E2) mixture. Table VII gives
the results of similar calculations for the major transitions
and the multipolarity assigned to them. It has also been
possible to make an estimate of the conversion coefficient

for the 380 kev tramsition but a multipolarity cannot be
uniquely assigned as theory predicts the same converstion co-
efficient for both E2 and M1l multipoles.

From this information, spin and parity assignments of
5/2+ have béen made to the 464 kev and 638 kev levels. This
is consistent with coulomb excitation experiments in which the
464 kev and 638 kev levels have been excited. Thus the 174
kev gamma—ray'is an Ml transition.

The composite internal conversion line of the 174-176 kev



Table VII.

transitions, .

Conversion coefficients and (K/L+M) ratios for the major

3.7x10-3 (E2)
4.75x10-3 (M1)

o
K K/L+M Multipolarity
Transition Measured | Theoretical Measured |[Theoretical Assignment
176 kev ~.14%15% {?18 (E2) 4.36t5% | 3.19 (E2) E2+M1
| 13 (M1) 6,16 (M1) (-~ 60%E2)
380 1, 523&3ﬂ? 1.55x10;2(E20rM1) - - E2orMl
428 1.03x10"2 %1 1x10"2 (£2) 5.47 5% | 5.01 (E2) E2+M1
ti5%, a
1.23x10" (Ml) 6,03 (M1) (— 55%E2)
464 8.55x1073 |(3g, 55%x1073 (E2) | . E2
+20% )
10x1073 (M1) ]
602 4.64x1073 {4 .35x1073 (E2) E2+M1
0%
5.4x1073 (M1) (~ 72%E2)
638 3.7x1073 E2
\ *159,

<8 o3ed molyoJ ol
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‘transitibﬁ is‘madeAﬁp almost entirely qﬁ the 176 kev transi-
tion so that the con;éfsion'éoefficient aﬁd the f%ﬁ ratio
for the composite peak are, for all practical'purpOSes, those
of the 176 kev transition alone. The E2+M1 multipole mixture
assignment to the 176 ke§ transition thus makes the 321 kev
level a 9/2- state which is not inconsistent with the,inforha-
tion obtained from the beta spectrum.

It is worth noting that the first-forbidden unique shape
of the Ny beta group supports thé g7/2+ and h11/2— assign-
ments to the'ground state of Sb 125 and the 145 kev isomeric
state ogiTe 125 respectively.

‘The log ft values for the Né and N; beta groups are both
> 8.6 indicating that they are probably first—forbidden
groups ( AI = 0,1,2;v"yes")° This is consistent with the
shape correction factor applied to the composite N4 group.

If this is a proper correétion, then either both groups are—
equally forbidden or one groﬁﬁ isAfar‘more intense than the
other. Therefore 6ne might expect these levels to have odd
parity and probably high spin values for reasons given in the
next section. Therefore, the assignments of 9/2- or 11/2-

to fhe N4 levels are preferred,.

Upfortunately there is not enough information to make a
spin and parity assignmentﬁ to the 676 kev level. The log ft
value £§r the Ng group ( >7.9) could make the transition

either allowed or first-forbidden. Then too, its low
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intensity precludes the - possibility of multipolarity assign-
ments to radiative transitions originating at the 676 kev
level. The low intensity of the Ng group is probably due to

the low energy available for the transition (95 kev).

f) Discussion

The apparent success of the single particle shell model
in predicting the fiﬁst two low-lying excited states of Te 125
is somewhat surprising. However, it is not to be expected
that single particle assignments can be made to states of
higher excitation energy because it is highly probable that a
few core nucleons will begin to contribute to the configura-
tion defining the spin‘and parity of the staté.

Some justification for the single particle assignments
made to the first two excited states is found in the transi-
tion probabilities predicted by the shell model for these
levels. For example, for a single neutron, the transition
probability, T, for an M4 tfansition may be roughly estimated

to be (see page 391 of reference 17):
T = 1.5 x 10-4 A2 E;’ 5(1.8)°1 sec™l

where A = nuclear mass number, ET = transition energy in Mev
and S(x 1) is a statistical factor. Thus for the 109 kev
transition, T= 2.84 x 1079 sec”l,

This may be related to the experimental half-life,
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1/2. B¥¢
T . .693
eXp  ty ,5(l+t )

where <X is the internél conversion coefficient for the transi-
tion. For the 109 kev transition, o 2 293 and ty /9= 58 dayszo;
TherefofeATexpﬁﬁ .47 x 1072 sec™l. Thus the crude estimate of
the transition probability}disagrees witﬁ”experiment‘by”énly
a factor of about six. |
Te 125 has 52 protons and 73 neutrons. If we examine the
,prediétions of the shell model in these regions, we find ar
cluster'bf’ciose—lying 1evels,,sl/2, d3/2 and h11/2 available
to the most energetic neutrons.: Similarly, above the g7/2
states which the outermost protons occupy, are. two élose—lying
levels, d5/g and hj;y /5. It is possible of course, thét in
the higher excited statés these levels are violently disturbed,
but'if they are not, then it is not unreasonable to assume
that a configuration consisting of a few nucleons of either
kind, distributed amongst these available levéis,_wodid pro-
...... .7__dgce»positive-parity states of low spin (1/2, 3/2; 5/2) or
'“négative barity étates of high spin (11/2). The assignments
made to the excited states of Te 125 appéa:,to be consistent
with this rather naive‘argument. However, if one compares

_ the results of coulomb excitation experiments29 in which

transition probability measurements have been.made for the
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464 kev and 638 kev transitions with the single neutron pre-
dictions, it can be shown that these lifetimes show a greater
disagreement with the predictions of the single particle
shell model, the discrepancy being a factor of «~30. For
example, the transition probability for an E2 transition is
given by:

T (E2) = 1.23 x 10-2 (AE)5 B(E2) g%%f%— sec”!
where AE is the energy difference between the ground state
and the coulomb excited state in kev, I; and Iy are the ground
state and excited state spins respectively and B(EA) is the
reduced transition probability measured in units e2(10°24 cmz)x.
For the 464 kev transition, I; = 1/2, Iy = 5/2 and B(E2) = .44.
This gives Tr(E2)1= 38.8 x 109 sec'l. The corresponding

single neutron estimate of the transition probability is:

T = 1.6 x 108 4%/3 E2s (1.7)7} sec™1

which leads to T = 1.27 x 102 sec”!.

Experimental results

and single particle predictions for the transition probability
thus disagree by a factor of about 30. A similar discrepancy
exists in the case of the 638 kev transition. At that, this
discrepancy is not to be considered as very large in view of
the crude nature of the single particle estimates. 1In othér

words, although undoubtedly single particle assignments are

not valid here, there is apparently a faint suggestion of
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shell model structure.

There are some aspects of the decay which still require
verification. From the evidence obtained there seems to be
little doubt of the spin and parity assignemhts made to the
145, 321, 464 and 638 kev levels. The 525 kev and 540 kev
levels do not inspire so much confidence, although it is
highly probable that they arise from forbidden transitioms.
This means negative pafity and presumably high spin. The
weakly populated 676 kev level is beyond our reach because of
the low intensity of the radiations to and from it.

It would be useful to attempt a more accurate determina-
tion of the intensities of some of the weaker transitions to
see if multipolarities could be assigned which were consistent
with the quantum description of the Te 125 levels which they
connect. This will require a stronger source than was avail-

able for this experiment.
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APPENDIX I

INTENSITY MEASUREMENT OF CONVERSION LINES AND

PRIMARY BETA GROUPS

The ring focus collection modification to the thin-lens
spectrometer has given it a rather unique property among
beta-ray spectrometers. That is, when the previously dis-
cussed condition of a "match" is realized, an internal
conversion line displays a symmetric peak shape provided that
it is of sufficiently high energy to be out of the region of
source-scattering. This symmetry property is useful; in
fact, for indicating the region where source-scattering
begins to introduce peak distortion into the spectrum.

As previously noted, all electrons passing through the
exit slot are counted by the detector. Thus, at a match,
the peak height of a conversion line on an N(p) versus p plot
is interpreted as the intensity of the line; and one does not
need to appeal to the usual method of measuring the area
under the line on an Eéﬂl versus p plot. Such an intensity
measurement, of course, canndt be made on a continuous

primary beta spectrum or on conversion lines which have



suffered from source-scattering. It is useful to determine
the relationship between the two types of intensity measure-
ments on a conversion line (i.e. from peak heights on an N(p)
versus p plot and from areas on an Eéﬂl versus p plot), since
this then gives a simple method of measuring primary beta
spectrum intensities.

Let N, be the peak height of a '"clean” internal conver-
sionwiine having shape N(p). Since it is a property of
magnetic spectrometers that A p = kp, where k is a constant

and Ap is the line width at half height, then,

N(p) = n(p) bLpP

n(p) kp

where n(p) is an equivalent momentum density distribution
resulting from instrumental behaviour, Thus k must be

adjusted so that

gn(p) dp = N, =i‘ S%u dp

Reference to Fig. 33 shows the graphical representation
of these equations. Curve A is simply the plot of EéBl
versus p while the rectangle B is the same height as curve A

and has an area equal to the area under curve A. That is,

No v - (N( _
2 (&p) f__P.lp dp = kN,
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Therefore, k = S8RL.

| \j . p .
. — (p) f—
1? If curve A were triangu-
L—— A
‘___é lar in shape, then
4 (& p)' = Ap, and k
would be identical with
the line width k = _AI.).P. )
B

Since conversion lines

from this spectrometer
Figure 33 - Method of measur-

ing conversion line intensity. are gaussian-like in
shape, then ( &p)' > Op

and k is always greater than the line width. For example, on
a Cs 137 internal conversion line having a line width of 1.25%,
k is 1.37%. 1In the present investigation, the 428 K conversion
line in the Sb 125 beta spectrum displayed a line width of
1.28% while the required k to make area and peak height
methods of intensity measurements agree was 1.40%. This was
the resolution factor used to calculate the beta intensities

in Chapter II according to the equation NB = %- gEéEl dp.
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APPENDIX II

ITERATIVE METHOD OF CONVERSION LINE SEPARATION

During the analysis of the intermnal conversion spectrum
of Te 125, it was desired to separate the unresolved 109L and
109M conversion lines. This is most often done by trial and
error methods but it can also be accomplished by another
method which will now be outlined.

Consider, for example, the composite peak in Fig. 34.
Let the composite peak, S(x), consist of two component peaks

N3j(x) and Ng(x) located at xj; and xg respectively. Let the

N
"position ratio” X2 - s and the peak height ratio —°L = r.
: ) | No2

By the constant resolution property of magnetic spectrometers,

No(x) may be written in terms of Nj;(x) as:
Nz(x) = -:'7 N1 (?Si)
Since S(x) is the sum of N;(x) and Ng(x), then:
1 X
S(x) =Ni(x) + = N (3)

and therefore 1 x
’ Ny(x) = 5(x) - £ N(3)



Counts/Minute

Figure 34 - Separation of 109L and

109M internal conversion
lines.

N/p

A - totally symmetric curve
B - half-symmetric curve

Figure 35

Electron momentum

- Intensity measurements of the
109K internal conversion line.

y6 o3ed moTroF Ol
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Repeated substitution of this equation into itself leads

to:

N;(x) = 8(x) -%‘S(a + ‘i‘gs(fz') ':—38(:_3) + e

Thus NKx) may be easily determined when r and s are known,

In practice the position ratio, s, can usually be estimated
with reasonable accuracy by simple inspection. The peak height
ratio, r, must, however, be arrived at through an iterative
process. This requires knowledge of the peak shape Nl(x)
which may be gained from an adjacent completely resolved con-
version line in the spectrum or by makiﬁg reasonable assump-
tions from the composite peak itself.

In the present investigation, the contributions of the
109L line at the 109M position and vice versa were determined
by assuming their shﬁpes to be the same as the 109K peak. 1In
first approximation, the peak heights of the 109L and 109M
peaks were taken to be 17,000 c¢/m and 5200 c/m respectively.
These values were taken from the position of the maxima on
the composite peak S(x) and are therefore too high.

Successive approximations to the peak heights were:
-~ 109L: 17,000 ; 16,467 ; 16,472 ; 16,473
109M: 5,200 ; 4,900 ; 4,931 ; 4,933

Thus the peak height ratio was 16,473/4,933 = 3.34 =r.
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Using this value for r and the measured value for s, the com-
ponent peak shapes were easily determined from the equation
derived above.

Because the 109K, L and M conversion lines lie in the
source~-scattering region, intensity measurements by any method
are subject to some uncertainty. The low energy side of each
conversion line has a long tail containing extra counts.

There is no way to accurately measure the scattering contribu-
tion to the line intensities, although estimates can be made
based on reasonable but rather artificial postulates. For
example, the intensity of the 109K conversion line in Fig. 35
has been measured by four different methods. The peak height
on an N versus p plot is 19,500 counts/minute while the area
method, discussed in Abpendix I, gives 33,900 c¢/m. Obviously
the first value is too low because of source absorption and
the second value is too high because of the excess counts
under the peak. Two other completely arbitrary methods have
been used to estimate the peak intensity, both measurements
being derived from peak shape constructions, One method is

to completely symmetrize the peak with respect to the trailing
edge. This is curve A in Fig. 35. The other method symmet-
rizes the peak from the half-height position downwards. This
is curve B. The totally symmetric curvé leads to an

intensity of 22,050 ¢/m while the half-symmetric curve leads
to an intensity of 26,000 c¢/m. The 109L and 109 conversion

lines were treated similarly and thekresulting intensities are
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listed in Table VIII along with the K/L and L/M ratios. The

Table VIII. Intensity measurements of the internal
conversion lines of the 109 kev transition by four methods
described in the text.

Peak Total Half- Total
Height Symmetry Symmetry Area
109K 19,500 c¢/m 22,050 ¢/m 26,000 ¢/m 33,900 c/m
109L 16,400 18,470 19,600 22,000
109M 4,900 5,030 5,610 6,510
Totals 40, 800 45,550 51,210 62,410
L/M ratio 3.35 3.67 3.49 3.38
K/L ratio 1,190 1.194 1.327 1.540

totals lead to the intensity estimate for the 109 kev transi-
tion of 45,000-50,000 ¢/m as noted in the section dealing
with the consistency argﬁment in Chapter III.

From Table VIII it is easily seen that L/M ratio is
little affected by the type of intensity measurement employed.
This is undoubtedly due to the pfoximity of the 109L and 109M
lines in the spectrum. The K/L ratio, on the other hand,
depends upon the type of measurement employed. The ratio
derived from the total area method is undoubtedly too high
for reasons already explained. The same may possibly bgfsaid

=

of the half-symmetric method. The totally symmetric mé%hod,

when applied to the K, L and M lines shows a continuous
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degradation in line width as might be expected from source
absorption alone. This degradation tends to reduce the dis-
crepancy between the area method of intensity measurement and
the peak height mefhod on an undistorted line. Thus the
totally symmetric method may be a feasonably close measure

of the actual intensities. 1If so, this leads to a K/L ratio
of 1.2 and an L/M ratio of “~ 3.5 in fair agreement with

published resultszo'zz.
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