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DECAY OF 550579

ABSTRACT

The tests of performance of the modified thin~lens
magnetic spectrometer using ring-detection have been
extended using improved mechanical controls of detector
position. The results show only a small improvement over
the performance obtained previously in this laboratory.
We conclude that the limit of performance with the thin~
lens magnet has been reached. Further improvement may
be achieved only with a precision-wound magnet coil

which will produce a completely symmetric field.

The decay of 5503%84 has been investigated using tﬁe
modified thin-lens spectrometer, a scintillation
spectrometer and beta-gamma, conversion-electron gamma
coincidence techniques. The results support the
simpler decay scheme prop&sed by Van Wijngaarden and
Connor. The beta decay has three components with end-
point energies and intensities of 65%3 kev(67.3%),

411 kev (2.5%) and 89 kev (30.3%), estimated from the
energy level intensity balances in Bal3%, These

intensity balances show discrepancies of less than 3%

of the total decay intensity.

The conversion coefficients, calculated from the
conversion electron ?nd'gammanray intensities lead to
the following multipolarity identifications for the
- transitions in Ba134; 473 kev (Mi or. E2), 563-569 kev
(M1 or E2), 605 kev (E2), 797-803 kev (E2), 1036 kev
(M1 or E2), 1168 kev (E2) and 1366 kev (E2), in agree-

ment with other work. The M1 or E2 character of the
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473 kev and 1036 kev transitions makes it possible to
assign a spin of 3+ or 4+ to the 1641 kev level which
was uncertain before., . An unsuccessful search for
evidence of a 960 kev gamma-ray reported by others

puts an upper limit of 0.2% on its intensity.
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ABSTRACT

The tests of performance of the modified thin-lens magnetic spectrometer
using ring-detection have been extended using improved mechanical controls of
detector position. The results show only a small improvement over the
performance -obtained previously in this laboratory. We conclude that the limit
of performance with the thin-lens magnet has been reached. Further improvement
may be achieved only with a precision-wound magnet coil which will produce
a completely symmetric field.

The decay of SSCségu has been investigated using the modified thin-lens
spectrometer, -a scintillation Epectrometer and beta-gamma, conversion-electron
gamma coincidence techniques. The results support the simpler decay scheme
proposed by Van Wijngaarden -and Connor. The beta decay has three components
with end-point energies and intensities of 659+3 kev(67.3%), 411 kev (2.5%) and
89'kev'(30.3%),-estimated from the energy level intensity balances in Bal3u.

These intensity balances show discrepancies of less then 3% of the totai decay
intensity.

The . conversion coefficients, -.calculated from the conversion electron and
gamma~-ray intensities lead to the following multipolarity identifications for
the transitions in Bal3”; 473 kev (ML or E2), 563-569 kev (ML or E2), 605 kev (E2),
797-803 kev (E2), 1036 kev (ML or E2), 1168 kev (E2) and 1366 kev (E2), -in
agreement with other work. The Ml or E2 character of the 473 kev and 1036 kev
transitions makes it possible to assign a spin of 3+ or 4+ to the 1641 kev
‘level which was uncertain before. An unsuccessful search for evidence of a
960 kev gamma-ray reported by others puts.an upper limit of 0.2% on its

‘intensity.
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INTRODUCTION

It was established in 1912 by the alpha scattering experiments of
Sir Ernest Rutherford that an atom has a central massive core called the nucleus,
where all the positive charge and all but a small fraction of the total mass
are concentrated. 'Positive charge on the nucleﬁs is due to the presence of
positively charged particles called protons, each carrying a unit electronic
charge. The number of protons in a nucleus is generally dendfed by Z and is
known as its atomic number. Surrounding the nucleus are Z electrons in various
stafes‘of motion.

Modern theories of the atomic nucleus begin with the discovery of the
neutron by Chadwick in 1932 and the suggestion of Heisenbefg, shortly
thereafter, that the elementary constituents of nuclei are protens -and neutrons,
often referred to indiscriminately as nucleons. The number of nucleons in a
nucleus is its mass number and is denoted by A. 'Thus -a nucleus of mas§~number
A and atomic number Z is composed of 'Z protons rand A-Z=N neutrpns. ‘Nucleil of
equal Z and}gaual‘N_are called iéétopes, those of equal N and different Z are
called isoton&s, while nuclei of the same mass number A are isobars. A
nuclear species or nuclide'is generally denoted by the symbol X(A,Z),_where X
stands for the chemical symbol of the nuclide.

Quantum mechanical invesigations into the behaviour of a nucleus as a
proton-neutron system reveal that such a system can exist only in certain
discrete -energy states which correspond to certain allowed'arrangements~and
motions -of the nucleons. TEach ;tate is characterized by properties such as
-energy, angular momentum (or spin),-parity,* etc. The state of the lowest energy

is called fground' state and all others are known as 'excited' states.

* In quantum mechanics a nuclear state is described by a wave function. On
changing the sign of the coordinates .of the wave function (mirror reflection)
its sign may or may not change. Parity describes this behaviocur. In the
former case it is said to be odd, in the latter even.



A nucleus in an excited state is unstable or radioactive, -and may attain
stability through .a variety of processes dgpending,.among other things, upon
the excitation energy available. The process .of de—eicitation may involve a
change in the atomic number of the nucleus (beta emission and orbital electron
capture) or no change in the atomic number (gamma emission, internal conversion
and internal pair formation). In the former case, the nuclide is transformed
to another which may also be left in an excited state; in the latter the
nuclide remains unchanged. The probabilities -of the differenyleventSfare
complicated functions of the eﬁefgieS'and the spins and paritieé‘of the initial
and final -energy states involved in the process. "It is useful¥to represent
‘all such processes .on energy level diagrams such -as are shown in Figure 1.
"These fepresentationS<are called decay schemes.

"One important function of nuclear spectroscopy is the establishment of
decay schemes -for all nuclides with spin and parity assignments to each level,
and a comparison of experimental measurements with theoretical predictions.

Decay schemes of a large number of nuclides have been investigated but
only the simplest of them are well-established. The modes of decay of many
nuclides -are very complex and the data that can be collected in such cases generally
are ihadequate to lead to an unambiguous determination of the decay schemes.
"Therefore, it is not surprising to fina that -a particular decay has been
investigated by many workers using a variety of techniques without reaching
agreement on the decay process. The decay of Csi3h; the analysis of which

forms part of the present work, is -an example.
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CHAPTER 1

THEORY OF BETA AND GAMMA DECAY

BETA DECAY

| In this process an unstable nucleus-(pareﬁt) emits a négatron-or a positron,
or captures an orbital electron. The product nucleus‘(daughter)‘has‘the same
mass~numb§r but its atomic number differs from the parent by one unit. "Thus
beta decay fakes place between isobars.

Emitted negatrons -and positrens have a continuous -energy distribution
from zero to somé maximum energy which is related to the ‘energy available for
‘the decay.! Since the decay takes place between discrete initiél-and final
states, the emitted electrons‘do:not carry away the*ent@re7energy available.

Electrons -are not fundamental nuclear constituents 'se they must be
created during the decay. The .conservation of -energy, momentum, -and
. angular momentum in the beta decay process ‘and the distribution in energy of
the -emitted electrons can be understood only if it is assumed that in addition
to the -electron, -a second particle-calied the-neutrinof(y ) is -emitted. 'The
mneutrino is -assumed to have no charge, practically zero mass and -an intrinsic
spin angular mementum of %h . These assumptions.originally proposed by Pauli,
~ied Feqmil to constrﬁét hié theory of beﬁa decay. It is only recently that
the direct evidence for the existence of the neutrino has beenmfounde.

‘Sincé the number of nucleons A remains unaffected, beta decay essentially
consisté'of‘the transformation of -a neutron (or proton) in the pareﬁt nucleus
into -a proton (of neutren) in the d?ughter nucleus. Thus beta transitions

may be indicated by:
(A,2) —> (A,;Z41)+ e+ + J (1)
(negatron or positron emission)

(8;2)+ & —> (A;2°1) + » (2)

(capturé of the orbital electron)



ProcesseS'(l) and'(2)~are-energetically possible only if,
M(A,Z2) > M(A,Z+1) negatron emission
M(A,Z) > M(A,Z-1)+2mo positron emission
M(A,Zz) > M(A,z-1) orbitél electron capture
where M(A,Z) is the mass of an atom of mass number A and atemic number Z, and
my is theirestvmass‘of-electron.
In the description of processes (1) ahd~(é)_above, we have assumed that
the neutrinplaccompanying a negatron is identical with that -accompanying a
positron. 'This is the .assumption made by Majorana3. "The &lternative assumption
is that of Dira_.cl‘L whereby the particle :emitted with a positron is thé“'normél'
neutrino -and that emitted with a negatron is its 'antiparticle' or antineutrino.
In Dirac's theory of spiné% particles, the emission of an antiparticle is
‘equivalent to the :absorptien of a normal particle and therefore :all nuclear

beta processes can be conveniently expressed by a basic relation, i.e.,

p t+ € <= n + )) ‘ (3)

which is interpreted as the annihilation of a_neutron'(n) and a neutrinol(‘V)

leading to the creation of a proton (p) and a negatron (é‘)_Q? vice versa.

Theory of Beta Decay

Fermi's basic assumption is that the.leptons-(electron and neutrine) in
nuclear beta decay are created as.a result.of the transformatien of a neutron
-state into a proten state, .or vice versa, inside & nucleus in mﬁch the same
‘way that a photon is born with the change in state of a charged radiating |
system. Beta transition probabilities, therefore, can be calculated using
the same 'go1den_rule' of time dependent perturbation theory which is used
for calculating electrosmagnetic transition probabilities .in the theory of

radiation. The golden rule gives as the transition probability, £ per unit times

L



v = |qelup| & W ()

where U ,£ are initial and final wave functiens .of the system, %% is the
density of final states available to the -emitted particles and H is the force
or 'interaction' which brings about the transformation of the system from an
initial to a final state. In the theory of radiation the interaction is taken
over from classical theory and the :elementary electronic cﬁarge e measures
the strength of the interaction. Feor beta decay, however, no such classical
analog.exists. The beta interaction, .therefore, has_to be invented to fit

the experimental results.

(1) Beta Interaction

Fermi proposed that the interaction is proportional to a four vector
current associated with the beta decay process. From the viewpoint of

mathematical convenience it can be written as:

* *

=g (Y, O F 0 %) + hee. - (5)
where' 'g' measures the strength of interaction. "Starred yV's represent the
corresponding wave functions .of the particles qreated and simple V/'s those
-:0f the particles'annihilateé. 0 is an operator which brings -about tﬁe
=énnihilation of the two particles to create two new ones. h.c. is the
hermitian conjugate of the expression preceeding it -and is included for the
‘sake of completeneés*and»accounts for the creation of positrons.

"Particles involved in beta decay are -all spin-% particles, 'each of which
is represented by a four-component vector'(spinor) in Dirac's theory. Q.can
be any operator containing spin coordinates. Using Dirac four matrices to
~construct the Q'S-andfthen compining the latter with 9V's,-a large number
of interactions are possible. Of these, only thcse are -accepted that -are

invariant under rotations and Lorentz transformations. "Physically this



defines the way the interactions depend upon the spin coordinates. Using

this criterion we :end up with just five types of interactions called respect-
ively scalar (8), vector (V), tensor (T), .axial vector‘(A)"and pseudoscalar"(P).
Fermi's original hypethesis quoted the vector interaction .as an example.

There is no -a priori reason why each of these five interactions cannot bring
about beta decay and hence :an arbitrary lipear combination of these is a

possible choice. The most general interactien therefore is

H = gZ..Ci((lf; gi_'\yn)( % 93%’) + h.c. . (6)

where 91 = 0s,V,T,A,P » and Cy = CS,V,T,A,P are .grbitrary constants -

The interaction (6) is invariant under space reflectiqnibf it conserves
'Parity.and-is called 'even'. A similar interaction bdtv’odd? in nature can
also be const?ucted and is obtained by replacing Vﬁ in (6) wiﬁhZﬁgyz

_%;has-a pseudoscalar character, which imparts -an ‘‘odd' behaviour to‘the
jintéraction.

Before Yang and LeeS-adyanced-their hypothesis of parity non-conservation
in weak interactions, the -even and odd interactions had been used as
‘equivalent alterpate ways in which eone could -fermulate a theory of beta decay.
"The posgsibility of thelr coexistence in any decay waslrejected to mainéain
the then secure view that parity was conserved in weak interactions. (Beta
decay is a weak interaction.)

Immediately following Yang and Iee's hypothesis,'a large number of
-experiments were performed, the first being the classic meaéuremenﬁrof
Wu:et‘al6 oﬁ the spatial distribution of beta particles emitted from aligned
nuclei. 'Thgy proved that the hypothesis was correct and hence both odd»and

even interactions can coexist in a decay. A general form of interaction, then,



may be:
= ngl[t}rp*Ql Wn (C4 %*9_1_ y’v...c/l %-* 03 55%)}+ h.c. (7)

4 _ I
To simplify (7)_use is made of the available 'experimental evidence ,
which shows that the negatron and neutrino emitted in beta decay are long-
itudinally polarized with spin antiparallel to their momentum. 'When tracked

down theoretically, this means that

and that only vector and axial vector interactions should be included. The

presently accepted interaction therefore is

H - gj,Z,AcV,A[(xg;*gv,Ayﬂ) woy 4 1+ 7g) %]4- h.c. (8)

with Cp = =1.2 Cy O

(ii) Beta Spectrum

_In calculating beta decay rates-usingi(h) Fermi made the following
assumptions;
(1) the nuclear extension ~J T = 0;
(2) U; ‘is the wave function of the initial nucleon, ¥45 say

whereas-Uf = are respectively the

\/ff%‘/jj ; yg’/g,y.

wave functions of the final nucleon, ‘electron and (anti) neutrino;
f(3) electrons and antineutrinos are considered emerging as plane waves

‘with momentum 5@ -and Py respectively. Therefore

—
o )

1
where j]=h is a normallzatlon factor using an arbitrary volume V -around

LU

the nucleus; ... -~

it



(4) the transition probability is proportional to the expectation
value for the electron and the antineutrino -at the nucleus, i.e.

oC |%(0)l % % (0)|?

Using theée-assumptions with
2,2 b2 k -
dn = V Fp]”v d% . V3(Eo- E@ )P,g dpg  (10)
L "™ e L »x™h ‘
where EO#G respectively are disintegration energy and beta
particle: energy, and making use of equation (4), the probability

per unit time that a beta particlé will be emitted with momentum

betweenp}G -andj%B + ige is

e 2 2 \2 ‘
P(p)ap, = 8 |M[p, (Es-E ') dp, (11)
A e
‘vhere M = j\}g* 91 ¥ aT (12)

In deriving (11) it was assumed that the nuclear charge -of the
transforming nucleus ‘allows the :electron plane wave to'emergg undiétorted.
‘Physically, negatrons will 'be. 'held back' and positrons 'pushed forward' as
& result of the Coulomb forces between the nuclear and the -electronic charges,
‘resulting.in a charactéristic distortion of the spectrum. :Correction factors
for -either case and for different values of p and Z-hévé been calculated:and 
are available. These are known as Fermi functions, F(Z,p). The corrected.
form of (11), therefore, is

.2 |
P(p/5 )dpg '.=2_i'_3'f17-é‘3 F(Z,p) IM]2pp2.v(Eo-%)2d% | (13)


http://will.be

A more useful form of equation (13) is obtained as follows:

n(p), the number of beta particles having momentum betwéen p -and p+dp
is related to P(p) through a constant multiplier.

Further, it is customary to use units in which my =h =c=1, and

particle momentum p and energy W are expressed as

This, then, leads to the following form of the momentum distribution R

‘of beta partiéles
n(p)dp = const. |M|2'F(Z,p)p2(WO-W)2dp (%)

In (14) §2(E0-'E)2 is known as the'statistical-weight'. It is this
factor that’describes the statistical divisien of the disinfegration energy
between the beta particle -and the neutrino.

In calculating the transition probability, plane ‘wave functions were
used for the light particles. These were evaluated at thelnucléar-centre on
the agsumption that the nuclear dimensions were negligible compared witﬂ
the wave length"?\= 'E%L. of the plane wave. ' The product of the wave

functions may be expressed as:
Re (I}3 4Dy)-T o 1 Uk

l -
N V e

#%'Vv‘ i

Actually the nuclear extension |r|[ is such that Jrr) € 1

for modérate-energies-and therefore 'é-l'k’r may be expanded as

-1 k.r

1 - 1i(k.7) + %(E.f)a_. . (15)

g of. 1)12 31 (kr)Bf (cos 0)
,o'( ' | 'L( -/((



-10.

‘where jﬁ is the spherical Bessel function and.gk(cos 0) are Legendre
Polynomials.

‘Using (15), we can write

<Ue| Hlup ~ f ARYES "ﬁ’gi-?g‘t’idt - (16)
| ~ [l - )+ el ceeeee B
where ‘successive terms decrease by a factor of»approximately_lo - fer energiés
~1 Mev. 'M is momentum independent, while er\ » \Me\,.etc.ﬂaretall
momentum dgpendent.

The orthegonality properties.of_the waye functions-may,undepucertain
.conditions involving spin and parity changes in the transition, cause -any of
the'matrix elements to vanish. 'This.being 50, 1t ié theAfirst'non-yanishing“
element/which primarily determines the decay probability. The assumption
leading to equation (14) meant that | M| onlvaas'qsed.‘ Such transitions are
most probable, and are called‘lallowed' transitions. Where |M[ is Zero, -and
\%ﬁ non-zero, we have=a"first-forbidden"transition,~etc.

The transition rate in the case of a forbidden tramnsition may be expressed

by an equation similar to equation (13), i.e.,

Plog g, = € 84(p)F(2,2)(Eo-E 5 )o3 dp,

230753 (a7)

where '8 _(p) is called the 'shape-factor'.
The probability of observing forbidden transitions decreases rapidly

with increasing order of forbiddenness.

(iii) Selection Rules

. The conditions whereby a transition falls within a certain classification
(allowed, forbidden, etc.) are called 'selection rules! These obvieusly are
conditiens whereby the -element [Mi[ does not vanish. "As might be expected

the quantum déscriptions.involved,are»angular momentum -and parity.
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The angular momentum '3%. of any nucleus is consgsidered to be a vector
sum of all angular momentum components of the constituent nucleons. These
are of two types§,ofbital angulaf momentum ,4?1 for the ith&Wnucleon, where lﬁ

! 1
is an integral and intrinsic spin angular momentum~sih , where €l = %. The

L,

‘parity of the wave function for the ith nucleon is odd or even if(-l) Lis

odd or even.

It can beishowp that forsthé particles -involved in the transition, the
first element |M| is non-vanishing if &L =0, that is, if the parities of
the iniiial and 'final states -are the_same. These~are‘the alleed transi;iéns.
There.are two possibiliﬁieslwhidhtcan satisfy this parity condition. Since
the decay involves two spin-% partictes, the beta particle -and the neutrino,
the total angular momentum change is that of their intrinsic spins. "The two
particles may come out with their spiﬁé“antipafallel, in which case AI=0.
This is the so calléd singlet stat¢ and 1s the basis of the Fermi hypothesis
and his sélection rules. Thé other possibility is that both particles-arei
em}tped with spins parallel, in which case &£I=1. This is the triplet state
postgiated by Gamow ‘and Teller. To summarize for allowed transitions

AN T=0,n0 : (Fermi ) i(18)
AT=+l or 0 (except 0«>0), no (Gamow Teller)
.For the‘first forbidden transition |45£l=%, i-e. changeiin-angular

momentum of one unit with change in parity,.(-1)Y= -1; therefore

AT =+ l,‘O , yes

(19)
OT

+2, +1, 0, yes

(iv) Kurie Plot

The statistical shape of the continuous beta spectrum has been predicted

by the Fermi theory as n(p) vs. p. Since the spectrometer resolution* é%g .
is not zero, the measured counts per unit time at any momentum setting N(p)v=

. } p )
n(p) Ap. But B =R, a constant. Hence the distribution function n(p)oc¢ N(p).
1Y
P

* Spectfometer resolution.ié defined in-detail on page 22
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A plot of N(p) wvs. p‘gives the true spectral distribution and is shown in
P
Figure 2.

'From Figure 2 it is obvious that the spectrum approaches its end point
energy Wp tangentially ﬁaking it difficult to determine acqurately. "The

difficulty isj removed if, instead, -a Kurie plot is used.

Counts | Conversion lines

/minute 4 . 5

m

P or B

Fig. 2. "A typical beta spectrum with coenversion ‘lines

2.
For allowed transitions |M|” in equation (14) is independent of energy and

therefore it follows thats

- [-ﬁigl___. _v = const (WOfW), ;(22)

Pf=

p3F(Z,p)

where |M| has been absorbed in the constant factor. N(p)-is known experimentally,
the function F(Z,p) corresponding to Z and p involved is available in tableslo

1 o
‘and hence pr) 2 can be computed to plot against W. A plot constructed
p3F(Z,p) |

iﬁ this fashion yields a straight line for allowed transitions and is known as
Kurie plot. The extrapolation of the straight line is the usual method of

determining WO.
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A complex beta spectrum may be resolved into its cempoenents through Kurie
-analysis.

2
For foerbidden transitions, the Kurie plot may not be ‘linear, :since [Mi‘

is no longer energy independent. In these cases, a shape factor must be
included. A shape factor which produces a ‘linear Kurie plot can provide
Anformation on the degree of forbiddeness. It is importanf to ﬁote that a
curved Kurie flot\is'a strong indication that the transition is forbidden
although the reverse is not always true.

The Kurie analysis does have inherent difficulties where many beta
groups -are involved. Any relatively weak group may be lost in the subtraction
processes the method demands. Groﬁps~whose end-points are too close
together cannot be~resoived. .Finally, and parficularlyfin the low ehergy
"region of the spectrum, the thickness of the source and backing become
“important, leading to spectral distortions caused by absorption and back

scattering.

(v) Comparative Half-Life
_ The‘decay constant, CX for beta transition is obtained by integrating

(13) which yields

Prmax

A= P(pg )dpg = C M ‘ef(z, m ‘-) (23)
where o = g2

' - Ef;3hic3
, P ) ) (ol
ane £(2)Pyay) = ‘[)m_axpﬁ (Eo'Eﬁ JF(z,p)dp | (24)

' 1
Numerical values for f(Z ),are,available in tabular form L

) pmax

we

"Since the half life t = (KnE)Q: where the mean life, T .J_ s
define the comparative half life (ft) as

£t = -—_-___coln;tlégt (25)
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The product ft is thus a measure .of the transition matriX‘eIementWMJ. "The
magnitude of M is a measure of the decay probability and hence of the degree
of forbiddenness. Therefore allowed transitions have the smallest ft values,
the ft value increasing with increasing forbiddenness, so that they may be
used for the classification of beta transitions. They range from'lo3 sec

18

to 10 sec. It is, therefore, more convenient to use logloft values

instead. Experimental evidence = leads to the Ffollowing crude classifications.

Transition log, Tt
Allowed 3 to 6
First forb;dden T to 9
Second forbidden 13
Third forbidden ‘ '18

’Logloft values for any decay can be conveniently calculated from the

. 12
nomographs prepared by Moszkowski

(vi)',Orbitgl Electron Capture

An unstable nucléus may attain stability by capturing one of the atomic
electrons. While any electron may be captured, .it will most probably be a
K-shell electron (if the decay energy is sufficient) because K shell wave
functions Qverlap the nucleus the most. This process is knewn as K-capture.
No observable particle is emitted but the finél atom emits an X-ray when a
bound.electron from a higher shell drops into the vacancy in the K shell.
X-rays~emitted are soft and so the capture process is hard to observe. The
so called Auger electrons also accompany the process.

Theoretically, K-capture is similar to pesitron emission'(p+ek——e—n+p')
bpt is -energetically favoured over the ‘latter because no positron rest mass
has to bercreated -and the rest mass of the captured electron is-added to the

‘energy release.
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Where K-capture 'is energetically impossible, L-capture will take place
becéuse'lesser-energy'is required to :ionize an I shell eiectron. Along with
-a. normal K-capture proceg;,-capture from the L and higher -shells 'is always
present.

The calculation of the decay constant for the -orbital electron capture
decay differs from that of electron emission  in two respects. In the first
place instead of free -electron wave‘functions,'K,>L,,eth-shellAeigenfungtions

of the atom are used; secondly, the statistical factor has the form

(Wy + mee® - W)
where W; is the ith shell 'binding energy of the -electron. The decay constant

can still be written in a form similar to..(23), vigz,
N = Co[M|Z £(2,Wr) | (26)
' = CxM]™ fx(Z,W5)

762 3- - 7e2 \ © °
B "Ze 1 [Ze :
where Ty .= 2W<E) L Wo +'1i-3 <Ec—.) ‘ ] (21)

‘2 in equation-(29) refers to the parent .and not the damughter nucleus.

Logloft values for this process have -also been tabulated.

GAMMA DECAX

~In the majority of beta processes, a daughter nucleus is left in an
excitéd state with too little -energy to emit a nucleon. It will, therefpre,
‘losé its excitation energy either by the emission of gamma rays or by the
ejection of. an electron from an orbit of the ‘daughter atem. 'The-latter
process is known-as~’internal conversion’ and will be discussed later.
De-excitation: by gamma radiation may take place 'in a single step or through

several steps.
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(i) Multipole Radiation

By treating the nucleus as.a system of charges and currents, :its
radiation can be sorted out-into distinct types. In gquantum theorya this
corresponds to sorting the -emitted quanta into whaf'is kngwn as 'multipole
orders L', according to the angular mementum L (in units of.h) carried off
by each -quantum. -For each ﬁultipolelorder, there .are two possibie-classes Qf
radiation: -electric éLpole (EL) and magnetiC'é;pole’(ML), which differ in
parity. Classically EL and ML refer to the radiation‘emitted by a vibrating
electric or magnetic 2L pple. ‘Generally the eiectromagnetic radiation field
of a system contains .all the~multipoles'expressed-as-a-converging.power series
in g “with the familiar classical restrictien that g_ & 1, where R is a
typ%éal radius of the charge cufrent system and 3(};S'the radiated wave-
length/2K . This means that only the lowest multipolg order 'L-allowed by
.the symmetries of the system can make .an appreciable contribution, for gamma
rays up to gquite high energy.. -It .also turns out that the strength of an
electric multipole -exceeds that of a magnetic multipoele of the same -order by
a fagtor.g!;where V[iS‘the velocity of the charged particles. Mixtures of

7 : :
electric énd'magnetic multipoles may be radiated. ~So far onlyv(MI+E2) has
'been'detected,

The conservatiﬁn of-angular-momentum ana parity for the nucleus plus
gamma rays imposes ‘selection rules on the possible multipolaritieS'of a
gamma transition between two states of specified angular momenta (Ij;If)
and parities ( Ay, Ap):

teer,  I-Ip € 'L & Ij+Ig

and - % = (-1)* for EL radiation
1 N . N . .

i

o (28)
-(-l)L for ML radiation

Here OXK= +1 means no change in parity and AKX = -1 means change in parity.
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It is noted that radiative transitions cannot occur for L = 0. If
I;=I¢=0, ordinary radiation is wholly;forbidden:though such transitions may
take p;ace by pair production or by,intérnal-conversion.

"The gemma transition probability % is cdlculated using the shme=w¢;l-

known equation from perturbation theory:

2 B
- 2K : “dn.
t s n |<'Uf|H |U£>\ IE

()
The operator corresponding to H depends upon the multipole order. For
:example~in the case of electric ‘dipole radiation it will ‘have the form
égei;i' Estimates of the transition probabilitieS'fo; yarious-multipole
orders can be made. ‘These'estimates,»of course, depend upon the choice of
-a nuclear mpdel. MbsszWSKil3,.for'example,,has made such-estimgtes using
an extreme single particlé-model,;namelywa proton in & central velocity
.independent potential. Thesé-estimates, although very crude, do in many

.cases provide a basiS'for the analysis of experimental data.

(ii) .Internal Conversion and Conversion Coefficients
~Internal conversion processeS'fesult from a direct interaction between
the multipole field of a nucleus and-a bound atemic electron. The kinetic

energy E; of the -emitted electron, is given by

"Ey = W-By (29)

where W is the excitation energy and B; the -atomic binding energy of the
electron. ‘Equation (29) becomes identical in form with Einstein's thto-
-electric equation, if W is replaced by the energy hp of the gnsuccessful
photon. This led to an erroneous picture of the prpcess*that'the~eXCited
nucleus first emits a photen which is then absorbed by the -atom to produce a
photoelectron. -This hypothesis known as-'internal photoelectric effect' was

rejected because of the fact that transitions like 0—0.are observed in

internal conversion though such transitions cannot produce any gamma rays.
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"If gamma emission is .allowed, .internal conversion.and photon emission
-are two competing de-excitation processesiwith transition probabilities
depending upon the matrix element <UHH|U1>

If in a de-excitation process‘Né and N)/»are-respectively'the number of
internal conversion electrons..and photons, the conversion coeefficient:

‘is defined as:

A = .11\\}_8. - (30).
y .
-Since conversion_electronS‘can‘cpme'from different atomic shells

N, =N +#+ N +N_ + ... , therefore

K = Ky + K ot °<i4 + ...

where c{k = Neg is the K shell coenversion coefficient
Y -
‘Ne + Ne + Ne . s . ..
oL I Ly L3 - 1s the L shell conversion goeff1c1ent,

L

and so -on.

‘Theoretical values of the 'internal conversion coefficient are
independent of -any particular .nuclear model but depend strongly on

W,:the transition energy

Z, -the atomic number of the traﬁsﬁénminé nucleus

L, the multipole order of the transition

FAY AN ,_change-in parity

Extensive theoretical calculations of internal conversion coefficients

1k

-are availablé A comparison between experimental-and theoretical values

of caonversion coefficients is a useful tool for determining parity -and

angular momentum of nuclear states.
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'CHAPTER 'II

METHODS OF DETECTION AND MEASUREMENT

“Our knowledge of nuclear properties began when experimenters first
learned how to detect‘and_gﬁalyzeﬂparticles‘or'rayS'emitted by radiocactive
nuclei. Even today, the'study of nuclear stfucture is.-a matter of counting
and analyzing what comes -out of such nuclei either spontaneously or when.
-induced by particle bombérdmgnt;' In what follows we shall describe briefly
only those types of deggctorsvand énalyzers'(spectrometers) that are generally

used with beta and gamma ray work.

DETECTION SYSTEMS

‘Some~important characteristics that determine the quality and suitability
of ‘a detection and measurement system for a particular radiation are‘l),its
efficiency of detection (i.e. its ability to detect a reasonable fraction of
the radiation that passes through it, 2) its resolving power'(ability to
distinguish between radiations of almost equal energy or momentum) and 3) its
resolving time (ability to distinguish between two almost simultaneous events).
If the energy of a particle is E and-ASE is the uncertainty in its measurement,
the resoiution is measured by A%E x 100.

While the last few years has seen the evolution of a wide variety of
basic detectors fo£ all types of particles, those used-in beta-ray spectroscopy
may be classified in three groups, the gaseous ionization. detector, the
scintillation pbosphor, and more recently, the solid-state detector.

The gaseous ionization detector was one of the earliéest used. It
consists of a volume of gas in an electric field. Any-ioniz?ﬁg particle
which passes through the gas, produces den-pairs. These move under the
influence of the field to collecting electkodés and produce»ap electrical

pulse in an extérnal circuit. The field strength may be low enough to produce

no secondary ilonization, or it may be high enough to produce secondary ion
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multiplication or even-an avalanche. The Geiger counter is .an example of the
last case and the output pulse size 1s .independent of the number of ion-pairs
originally produced by the particle. 'Such a pulse gives no information except
the arrivel of the particle. Where avalanches are not produced, the output
pulse height is proportional to,the~original nﬁmber of ion-pairs, and hence
to the -energy lost in the gas by the particle. The proportional counﬁer is
such a detector, and particularly in the case of low energy electrons, the
pulse height can be correlated with the electron energy.

These detectors suffer in comparison with others in thelr time resolution

6

and it is difficult to resolve particles which arrive less than 10~ seconds
apart. Also, for weakly ionizing radiations, such as gamma-rays, the gas
volume must be large. |

The scintillatiqn detector makes use of the fact that lonization and
excitation produced in materials such as-zinc-sulfide, calcium tungstale,
anthracene, gapthalepe or thallium-activated sodium iodide, results in the
emission of photons to which the materials are transparent. Such materials
-are known as phosphors, and the pheton bursts aré-ca1led scintillations.
The number of photons produced is proportional to the energy lost in the
phosphor by the particle. The photons are coﬁverted>into an electrical
pulse, usually by_means-of‘a’seCOndary electron device called a photomultiplier,
the output pulse height being proportional to the energy of the particle.
The scintillation detector is usually much smaller than gaseous detectors,
has a very short resolving time, and a high detection efficiency. It has
‘been the most fopular detector for gamma-rays, e?en though its energy
resolution is 'somewhat pbor1

It was discovered as early as 1945 that semiconducting materials such
as diamond, zinc sulfide and silver chloride, when exposed to an ionizing

radiation, became electrically conducting. The charge thus released can be
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-collected to produce an electrical pulse ‘just as -in the case of the gaseous
detector. They suffered from certain iﬁherent disadvantages however. There
are -a number of charge carriers already present in such crystals caused by
thermal excitation aﬁd impurities, .and these frequently outnumber those
produced by the incident particle. 'Also;«crystal-impufities'provide trapping
centers for the charges which lead to a«storage‘éf charge -and ultimate

crystal polarization. Recently, these defects have been reduced by exploiting
the -junction properties of a -~semiconductor. In a p-type semiconductor,
vacancies or 'hdles% are the charge carriers. AIn an n-type semiconductor, the
carriers are electrons. ‘At a junction be£weeh p-and n type materials, the
charge carriers from each region ﬁlose fp the juncpion migrate into the other
and a shallow layer at the interface is cleared of charge. This zone is
called the 'depletion layer' and its thickness can be increased to over 1 cm
by applying an external electrical fie1d in the direction of the migration.
The depletion layer behaves ‘like -an intrinsic semiconductor, and is used as

>

‘the sensitive region of detection. 'Very recentlyl , solid state detectors
have shown outstanding promise in' low .energy nuclear physics. Their
ionization potential ‘is about 3 ev/electron-hole pair'aS‘qompared with 30 ev
for the gaseous detector. The'lithium-drift techniques applied to silicon
and germanium crystals can give-energy resolutions ~~10ev for particles.

They have a linear energy response, a very fast pulse rise-time (¢~210_9 seconds)

and are the smallest in size of all detectors.

MAGNETIC SPECTROMETERS

Prihciples-of Operation
- The momentum p of a charged particle may be deduced from its trajectory

in a magnetic field. The force on the particle is

F = e(vxB) ' (31)
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In the special case of an electron of charge e and mass m and moving with

velocity v in a field B at right angles to v, we have

2 i
M~ . evB or Bf = T =P (32)
e

I3 e
where f = radius of curvature of the path. ‘Thus'Bf is proportional to p.
The gauss-cm unit of Bf is a convenient measure of electron momentum and

is related to the -electron energy by

E = mé'cg[/\]’(im—%. ?)2 +1 -1] (33)

Extensive tabulations of this relation are availablel

‘The magnetic field also possesses focusing properties, and may focus
an initially divergent beam of monoenergetic electrons into a convergent one,
forming an image of the -source. With a suitabie baffle arrangement, electrons
in g small chosen momentum ‘interval only will reach a detector placed-at the
focal position. ‘Instruments-with this property are known as analyzers or
spectrometers.

There is .a wide variety of magnetic spect:pmeters,-whose principle of
performance is based upon equation (31). A comparison of performance is
better understood by first defining éome of the commonly-used parameters.

a) The resolving power for momentum-selective instruments is defined

as Z§£? . It is usually evaluated from the shape of a monoenergetic
B :
convarsion line of momentum B , Where As(Bf’) is the full width of the peak

at half-maximum as shown in Figure 2. The inverse resolution R =4§£§£—l is

Bf
more generally used. The momentum spread A(BP ) arises from the spectrometer

field characteristics. The resolution R is rated 'high' or 'low' according

as R is small or large.
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b) The dispersion b/, defined as

¥ SX(BF' )

is a measure -of the spatidgl spread of momentum foci, x is-a suitable coordinate
fixing the position of the image of the focused particle. Obviously,
closely spaced spectral lines can be resolved only if the distance between

the images of two lines is greater than the spatial width of the lines.

¢) The gathering power measures the geometrical efficiency of the instrument,

‘The emission of beta-particles from an unpelarized point 'source is isotropic.
The size and position of the -entrance baffles define a -solid angle of

acceptance Jl.,:so that the fraction entering the spectrometer is

»

W = Se-

an
Depending upon the field characteristics, it -may be that only part of these

reach the detector, and some of these maylhisé-detection;if the detector

efficiency is not 100%. Thus, the transmission T which measures the fraction

of the total emitted beta-rays which is detected is the -'effective solid angle'

expressed as a fraction of 4LAX . Thus

T w
d) 1In beta-ray spectroscopy, one is often limited, not by the total .activity
of a'source, but by its 'specific -activity', i.e. the activity per pnit
weight. Sources must be thin to minimize spectral distortions caused by
absorption and scattering vithin the source itself. I the specific activity
iS'low,,ﬁhe source area O must be large to produce an appreciable counting
rate. Large sources_pfoduce poorer foci than smallvsourcesq In this case,
the luminosity L- is a useful parameter where

) L= " GT.

An aperture luminosity L can also be defined as I\ Cco , and obviously

IR AN
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Comparisons 0of spectrometer performances should properly include g1l these

parameters. However, a crude but useful figure-of-merit is one that compares

resolution R and transmission T. ‘For any given instrument, the resolution may

be improved at the -expense of the transmission and vice-versa. In what

follows, we have -selected to -compare the ratiO'g.as,a rough guide of performance.

The higher this ratio, the better the instrument.

Spectrometer Classification

There are two main groups of magnétid¢spectrometersi the flat spectrometer
and the lens (or helical)‘spectrometer. In the first group, the central
trajectory is confined largely to a planeiperpendicular to the magnetic field.
In the lens spectrometers, the trajectory spirals along the field lines. 1In
both types, fields may be homogeneous or -inhomegeneous and produced with or
without iron. The=shape-of the field determines in each case the degree and
kind of focusing. In the so-called double focusing, electrons are focused
in both the horizonfal-and the vertical planes. The flat types may be single
or double focusing; while lens types, -due to their radial symmetry, are

-always double focusing.

Flat Spectrometers

Semicircular spectrometers‘(and.spectrographs) are the prototypes of
the flat instruments. Others in this family are the third order focusing
spectrometer, the double focusing spectrometer; and various sector field
spectrometers, amoﬁg these the 'orange' épectrometer~and the spiral orbit
spectrometer. Each spectrometer in this group has a different shape of the
magnetic field which is responsible for the unique type of focusing in each

case, the principles of which are illustrated for each case -in Figures 3 to 8.
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Fig. 5. 'Principle of third order focussing
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Fig. 8. ‘Electron trajectories in thin lens spectrometer
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’Lens“Spectrometers

To this group belong solenoidal spectrometers, -long lens and short (thin)
lens 'spectrometers, -and the intermediate image‘speétrometer. The solenoidal
spectrometer-eﬁploys a uniform-magnétic field over the entire electron path
which makes the computation of electron trajectories very simple. ILens
spectrometers suffer excessively from inherent focusingf@berrations. .Siegbahnl7
has shown that an -'upward concavéf magnetic field gives a considerably reduced
aberration. The long lens is designed to produce such a field. The intermediate
image 1is a specigl type ‘of -long lens spectrometer. In these,.the source and
the detector lie in fegionS‘ofwa strong magnetic fieid. "For 'some .applications
this provesqavserious'drawback. "The thin lens 'spectrometer is described in
'detail'ih the next chapter.

"There is such a wide range of problems~studied in nuclear spectroscopy
that it is impossible to single out one»particular‘instrument which will have
superior qualities in all cases. 'Different problems need different spectro-
meters. In general, flaﬁ spectrometerS'sﬁch as the semicircular -and the
double focusing instruments are to be preferred for high resoiution, low
transmissien experiments-and precise -energy measurements. Lens spectrometers
-are most suitable for high transmission and moderate resolution. 'They are
prefefable, for instance, for coincidence measurements. ILens spectrometers
‘have proven useful for reasonably;acéurate»energy measurements as well. The
orange spectrometer, however, has the unique property of showing a moderate
resolution with very high transmission.

- A detailed study on beta-ray spectrometers has been undertsken by Gerholmla.

Momentum or energy measurements of beta particles with any of the magnetic
spectrometers usually are not absolute. ‘In most cases, the spectrometer is
calibrated with a known monoenergetic conversion line. A number of such lines
-are known, their absolute momenpa'having been determined by other means (see

‘for example, Seigbahpn et al l9)-Where the spectrometer magnet is air-cored,

a single point calibration is sufficient.
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Spectrometer Measurements of Beta -and Internal Conversion Spectra

The data obtainedAis.always the counting rate‘N(p) as a function of the
field»B.v From the instrument caliﬁration, the Bf or p value corresponding
to B is known.and H%El is plotted againsf P.

Regions of such a specﬁrum not obscured by conversion line interference,
may be subjected to a Kurie -analysis. If the beta spectrum is complex, it
is often possible to use the .analysis to resolve the spectrum into its
‘individual beta components, -yielding.information on group end-point energies
-and relative intensities.

‘The internal conversion lines, superimposed on the primary beta spectrum
provide information on transition energies, where the conversion. lines are
reasonably intense. -Also, -the relative-intensitieS'of the converéion lines
from various electron shells can be related to the multipole order and
electric or magnetic nature of the’ transition. "In particular, the K/L
conversion ratio can be compared with theore&ical-estimates,‘which depeﬁd upon
energy, multipole order and atomic numbér. Such comparisons assist in assigning
spin and parity changes to the transition. "The relative intensities of the
conversion lines .are just the relative areas under the lines -on the géﬂl vs. P
spectrum plot.

It is more diffiicult to measure absclute ‘intensities of internal
conversion lines, since this requires a precise knowledge of the parameters T
and R of the instrument, and it is not always easy to measure these with
sufficiently high accuracy. Where it can be done, .and the .accompanying gamma-
ray -absolute intensities are known, the conversion coefficients may be computed

-and compared with theory.
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Spectrometer Measurements’ofvPhotoelectron'Spectra‘

The photoelectron process provides -a means whereby the -spectrometer may
be used to give reasonably accurate measurements -en gamma-ray energies.

In this methed, the source is placed in a container of low 'Z material,
thick enough to absorb all primary electrons and internal cbnversion-electronsw
To the outside of the containey iS«attachedva-smal;‘thin feil of a heavy
element such as lead or uranium. Gamma rays emitted by the sourge‘eject
photo electrens from the foll which is called-af'radiat@rf which becomes
the photo electron :source. High Z foils are ‘used because the photeelectric
cross ‘section rises rapidly ﬁith increasing' 2 of the radiator-material.

'The phote electrons. ejected from the foil show up-as X, L a@d,sometimes
M photopeaKvaeyond the Compton centinuum. From the peak peositions and the
calibration of the~ins£rument,~oné may obtain the gamma ray energy by adding
~the appropiraﬂe shell binding enérgy of the radiatgr'element.

Relative intensities of gamma-rays can be derived frem areas uqder the
photopgaks, if the source-converter geometry is simple enough to .allow
calculations of yiéld based upon the-photoelectric-qmoss-section and angular

distributions. Hultberg et;algo have discussed this problem in detail.

THE SCINTILLATION GAMMA-RAY SPECTROMETER

This system is based upen the ﬁﬁlsg‘height‘analysiS*pf the scintillation
‘spectra produced in phosphorS'by gamma-rays. The-essenﬁial componenté of
-a typical system -are shown-in_block diagram form in Figure 9.

The electricsal pulses-frpm the -output stage ‘of the photomultiplier which
‘are generally too small to be analyzed directly, are amplified with a linear
-aﬁplifier, then sorted according to their size with either -a sipgle channel
pulse heightvanalyzer‘(P.H.A) or an automatic multichannel.pulse height
-analy;er'(Kicksorter), and finally recorded with a scaler. A plot of the

number of pulses per unit time versus pulse height gives the intensity distrib-

ution of the charged particles or the photons abserbed by the -scintillation crystal.
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In Figure 10 are shown typical pulse height spectra to be expected from
gammag~-rays of different energies. These 'spectra reflect the relative importance
of the photoelectron, -Compton and péir-production processes within the
phosphor. For'Ex & 250 KeV‘(Figure'lOa) the photo electric effect
:predominates,-and the pulse height distributien shows & strong full energy
peak (with a lower energy 'escape' peak corresponding to the events in which
the K X-ray of iodine emerges without loss‘from the crystal of NaI). -The
photopeak produced has -an -amplitude proportional to the -energy of the gaﬁma
ray and noﬁ to that of pﬁotoelectrons be;ause most of the X-rays emitted
after the photoeffect are .absorbed in the crystalgand cpntribute to the
intensity of the scintillation. For- EX> 500 Kev but < 1.02 Mev, ‘the
compton effect iS<also.important and the full.energy‘photopeak'is-accompan;ed
by-é’characteristic‘distribution of the recoil electrons with a Well marked
' Compton edge=(Figqre'lOb). ’For Ey-> 1.02 Mev pair production is possible
-and pesks willfbe observed"?t pulse»amplitudes'corresponding to the energies
E),——Emoce,:EX — mocz-and EZ/ respectively'(Figure“lOc). These three lines
result because of the three possibilities. Firstly both annihilation quanta
may escape’legving behind an energy equai to Eb/-—EmOcz, secondly one gquantum
of ﬁhe.annihiiation pair may be recaptured giving rise to a line of Ekg—moéz
and thirdly both éuanta may be -absorbed resulting ip a full energy photopeak.
If -a very large crystdal of Nal is used almost qothing escapes-and the
;distribufiop wi}l co@;ist of 6ﬁly one'sﬁrong,peak-at‘Ea, .

The position of these peaks.permits an aécurate determination of gamma
raj'enérgies. The width of the peak ‘is 'statistical in origin. The pulse
height (amplitude) is proportional to E-and to the number of photons N
produced‘in the phospﬂer by an event. The latter processﬂis‘a.statistical
process -and therefdre N follow & Gaussiap curve with an uncertainty n\/JﬁE

‘The width of the peak is hence pfoportional to Jﬁi
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COINCIDENCE SPECTROSCOPY

'Thefcqincidence method is designed to measure :'simultaneous' emission
of two types of radiation with the ‘help of two or more counters and a colincidence
clrcuit which produces a count when particles arrive at the counters within
a resolving time, T .. Because of its high detection efficiency, energy
proportionality and fast rise-times, the scintiillation detector»is.ideal'fbr
coincidence work. |

As an -example we may‘describe~avtypical simple gamma-gamma coincidence
system, .illustrated with a block diagram'in.Figure‘lla. :The mixer -element
is ﬁhe Rossi coincidence -circuit and is shown in Figure 11b. The gamma-ray
source is placed beﬁween two detectors. -Of the*pulses'produced in detector 1,
the pulse height analyzer (P:H.A.l) can bé set to select only those of a
certain. amplitude (i.e. energy) and these are fed into one input of the mixer-
circuit. ‘This is called the gate pulse. ~P.H;Af2vcan be used to scan the
-entire:specﬁrum from.detector‘E,.which is fed into the other -input of the_
mixer-circuit. The latter will produce an output pulse only if it receives
pulses on both inputs which arrive within a time interval, T. The -output
pulse;-of the mixeregircuit, then respresent the gamma-ray spectrum of
detector 2 in coincidence with the gate pulse.

The chance (accidental) coincldence rate is given by

Ny = 21\11‘1\127'
where N1 and Np are the total‘counting rates of counter 1 and counter 2
respectively and “C is the resolving time of the system. 'To keep N, very
much lower than the true coincidence rate,it is important that "C should be
as small as possible. WhereaSvthe:résolving time of the Rossi circuit alone
can be.made as low as 1077 sec., the resolving time T of the system of
6

Figure ‘1la is never better than 10"~ sec. 'This is because the resolving time

of the system is practically governed by the P.H.A. only. In the process of
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‘pulse-height analysis, the P.H.A. imposes & variable delay in the output
pulses depending upon the size and the shape'of’the‘input pulses. The
magnitude of the time spread-associated with the variable delay iSr\VrlO_6
sec. |

Bell, Graham‘and'Petch21 solved -this problém by bgrforming the co@ncidence
" se€lection and the pulse height ‘analysis in entirely seéarate channels, -and
combining the results of these operatiohssin a separate, relatively slow
cqincidence circuit. ‘The;system used by them is called~g Fast-Slow
Coinéidence-system,andvis illustrated 'in the bleck diagram of Figure 12.

‘ The unselected pulses from the détectors are Ted into‘théhfgstgcéincidence
¢ircuit whose resolving timenmybe10‘9 sec. -At the same time detector pulses
are also amplified, analyzed and fed into‘the so-called slow coincidence
circuit with a resolving time,\J'lO'6 sec. At the -end of the chain the
triple coincidence unit selects,-ouflof-all the fast co%qcidences-originally
formed, only thqse that are in coincidence with the outputs of the two slow
.channels. In this way the full speed of the detectors is preserved and at
the same time pulse height selection is carried out without affecting the
fast ;esponse~of the Rossi~éircuit. Thenresolviﬁg time of the fast-slow
coincidence system is determined by'the’fast coinciaence circuit &lone.

'Coindidenge spectrometryy,is a very useful -and widely used-ﬁechnique>in
nuclear spectroscopy. .

‘When dealing with -a complex beta spectrum'with several beta rays, the
beta gamma coincidence technique;is far more relaible for determining the
upper -energy limit and the ‘spectral shape of the beta transitions-than is
‘the-conventional Kurie analysis approach. The reason is that by a proper
choice of gating pulse, some of the beta groups are eliminated leaving the

Kurie analysis to deal with -a simpler picture. ‘Similarly, the use of

gamma-gamma coincidence measurements can sometimes isolate a single compenent

from a compdsite gamma ray peak in theVSingles*spectrum.
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‘Coincidences may -also be measured between conversion electrons and gamma

Eggf_ﬁhich would appear‘to have attractions -over gamma-gamﬁa measurenments.

This method exploits the high resolutions ebtainable with magnetic spectremeters.
However,:the results<a?e usual}y_of_qualitative interest only and merely assigﬁ
in deducing.decay séQuences. Directional‘correlation_éffects ma& be‘large

iand generally unknpwn'unless<a prior determination of»the\spins and.pafities

of the -levels has been made.

Gamma~-Gamma "Angular Correlation

[

- It has been shown theoretically that the angle between I

the directions of emission of twe photons emitted in cascade

e
‘depends upon the spins of the nuclear levels connected by b

oS

the two photons. For example, if one -gamma T&Yba_is

emitted in a particular direction ?i, the prebability of

Figure 173. Two»?crays

the -emission of the -second gamma ray Xé,in the direction -
' : . in cascade

;é’is»a function of the angle between ;i and‘;gj(say, 8).
A convenient form for expressing the -directional correlation W(Q) between

Xl .and Xe iss-
W(e) = l,+‘AéP2(cos*G),+3AuPn(cosEO)v+ ...<A§Pv(cosi9)+.... (34)

The coefficients ‘A, depend upon five parameters; -the multipole orders'Ll
;and”lQ of the gamma rays and the spins 'Ig,:I,, and I, of the nuclear levels.

The maximum value for v is established by the condition,

Vpax = Min (2Ly; 2Iy; 2Ly) (35)
‘Calculations -of the coefficientS'Av in (34) for various combinations
of the gpin and multipole order parameters have been made by Bigdenharnvand

Rosé22 .
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Gamma-gamma angular correlations are obtained by fixing the ‘direction
of one detector .and moving the other through small -angular steps and recoﬁding
the coincidenc¢=couﬁting rate at each step. A least square fif to the déta
of a function of the form (34) then yieids-v-a-_luesfor-Av which can be
compared with those calcuiated theorétically. If multipoL?rities~of
the gamma rays concerned are known from some other source (the internal
conversion coefficients,»say) then the experimentally measured values of
‘A, can be extremely helpful in establishing the spins of the -levels
‘invelved. If they are not known, -then a tpi&l-and-error procedure must be

used'to-detérmine which parameters best fit the results.
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CHAPTER III

THE THIN LENS MAGNETIC SPECTROMETER

‘Introduction

- This spectrometer uses a bell-shaped field produced by a relatively

short (compared with the source to detector distance), axially symmetric

magnetic’éoil.(Figure-lg). The ‘seurce
and the detector are located along the
' B(0,2)|

coil ‘axis on opposite sides of the coil

- and outside the region of high field.

In this spectrometer analegies with

.23

optical lenses have been much‘u§9d-Bugﬁ? 1

= IR\ 4

first pointed out that the ordinary lens

1,1

formula l;= -is applicable in this

f
case -and showed that

Figure ‘14. 'The bell-shaped field
in & thin'lens spectrometer.

+_co
1. 1 =e ‘ . _
7 e B, (0;2)dz | : (36)
Zeo

where B (0,Z) is the axial field component and:Bf is the electron momentum.

Deutch, Elliott and Evansggncarried out a detailed study of the thin lens

spectrometer -and showed that
ho} 2 .
f=Cc(&) (37)
v ni : :

where p is the electron momentum, -ni is the ampere-turnk, .and C is a constant
depending upon the shape:and size of the magnet coil. 'Thus, for a fixed
geometry, the momentum of the focused electron is proportional to 1.

‘Fiéurg 8-show§-the radial'displacement of typical trajectprieS‘for.a

short lens field. It ‘is obvious -that even ‘for a narrow range of ‘emission

angles, the axial focus is much«gitended,.a fact which demands detectors of
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large size. ‘The disadvantage may be minimized to some extent by using low
emission angles, and a symmetrical geometry‘of source. and detector, but this
inevitably leads to low transmission and dispersion, and hence to poor
resolution. |

Even so, the thin- lens spectrometer possesses certain distinct advantages
over other types. It is inexpensive and easy to construct. .The~source and
detector, both lie outsidelthe-high-fiéid region and are easily accessible, -
so that it is readily adaptable to beta-gamma coincidence -work.

An unmodified thin lens spectrometer, with symmetrical geometry -and
-axial detection has. a transmission of;approximately 0.3% with & reselution
,\,3% in momentum, characteristics which suffer -in comparison with, for
example, the Siegbahn-Slatis intermediate image spectrometer. However, the
possibilities of the thin lens are teo tempting to discard-it, and from time
té time,,attempts have been made by various workers in this laboratory -and

elsewhere, to improve its performance.

THE MODIFIED THIN TLENS SPECTROMETER

In Figure 8, the electron trajectories reach a region of maximum
convergence off the agis before coming to -an 'extended' fecus along the -axis.
The envelope of this convergence forms -a ring in & plane perpendicularvto
the magnetic axis. This'is;the»well-known-fring'focus',-which has been

exploited by many_workeré ‘in the past. -‘Keller et a126,ffor example,
‘inserted suitable baffles at the position of the-ring,.and»with;ah}axial
detector found that for the same resolution, the transmission increased by
a factor of two.

29

"Mann and Payne took.advaﬁtagevof the ring focus property.but in a
different way. Their attack was to'place the detector not on the axis, but
at the position of the ring. Their detector will be described in detail later,

but briefly, it consisted of a ring of -anthracene crystals coupled to a
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photomultiplier. Detection thus takes place before the electron beam diverges
again past the ring focus. This arrangement made it possible to use greater
ranges of emergence angles oA -. ‘It is well-known that the transmission
‘increases as Oéeﬂand the resolving power as o{ . ‘The physical size of the
vacuum chamber will 1limit o if a symmetric geometry is used. With ring
detection, .the symmetric geometry may be discarded, and the source moved
closer to the magnet. Using these modifications, Mann»and-Payne,achievedla
resolution ~v 1.24% with a transmiééion/~d 1.1%.

‘Mann and Payne began their‘investigations by first computing :a large
series @fmtrajecﬁofies-for the 'thin lens ‘field.after the method of‘Deutch
et al2 . The calculations were made by the computing center of the University
of Toronto. From the families of curves of which Figure 8 is an example, the
position and naturé'of the ring focus was found to be -a sensitive function of

(d) source-to-magnet distance s,

(b) detector-to-magnet distance 4,

(c) mean emission angle oL, and

(d) angular divergence A

The ring focus radius was fixed at 5.0 cm., a value chosen for convenience
because of the vacuum chamber size, and each of the four parameters was
varied independenily in .a systematic way. .They placed in front of the ring
. detector and-at,the position of the Iﬁjgfocus;Aannular exit baffles of
variable slit width. At each position, a line profile of the K-conversion
line of Csl37 was ﬁéken. ‘In all cases, the object was to determine the
values of the four parameters-which would produce the best'line,-i.e.,maximum'
peak height consistent with minimum peak width. -They Were'limited to some
extent in their search by the length of their vacuum chamber, and by a lack
of adequate controls for variations of s and d, and as a result, they were not
certain that the results they achieved were necessarily the ultimate attainable

with the magnet used.
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Chaturvedi recognized thaﬁ precautions should be taken to ensure
alignment of the sourcefdetector-axis with the magnetic fgéld axis, -since
otherwise, the arrangement could not be gxially syﬁmetric, He designed a

vacuum tube mounting which could.be sensitively and.accurately controlled. With
this, it was possible to rotate the tube about any axis. Mann and Payne had
provided a source centering mechanism, whereby the source position cpuld be
adjusted in a plane perpendicular to the spectrometer- axis, but -Chaturwvedi

was still limited in detector position controi.

A schematic diagram of the spectrometer used in the present work is shown
in PFigure 15.- The vacuum chamber length has been increased by_BO% and the
detector 'is mounted on a cylinderical carriage -inside the vacuum chamber with
Béll-bearing rollers and position controlled by an external rod passing through
a vacuum seal. This-giveS»g smooth -eand easy access to the detector. -Parameters
‘s and 4 are continuously -adjustible with this device and with the axial movement
of the vacuum chamber, which iS'ﬁounted on rollers.on the Chaturvedi supports,
and can move freely into and out of the magnet. -With these modifications, the
work of Mann and Payne was fepeated, but with greater ranges of the four
parameters.

Details of the ring detector~are4shownfin’Figure'l6,Aand except for the
controls, .it is the design of Mann and Payne. The 5" photomultiplier'(ngont
6364),was selected from several for the smallest dark current, and is coupled
to the anthracene ring by a shallow lucile-light pipe cut to a éritical reflection
shape.. The anthracene is fitted to.a shallow (3/16" deep by 1/4" wide)
,circular-ring cut into the lucite. The:lucite.and anthracene -are coup;ed by
a mixture of glycerine a;d'Ivory soap, .& mixture with good pptibal p?dperties
which flows freely when-warm, but which is solid at room temperature. The

‘lucite is coupled to the face of the photomultiplier with a mixture of

silicone gel -(DC 400) and silicone oil.
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The photomultiplier is shielded from the residual fiéld of the magnet
by placing a mu-metal shield around the photemultiplier itself, and then by_
surrounding the -entire detector assembly with a Fernetiq~Conetic*'jacket.

Figure 17 shows the-effect of this“shieldinggafrangement-as-a funétion of magnet
current. ' The first effect of the fie;d'occursﬂwhen the field strength is
adjusted tq focus-electrons offapproximately 600 kev. This field efféct

appears to be constant with time and shows no detectable "hysteresis.

The entrance and exit baffles, shown in Figure 14, are made of 1/8"
aluminum. The entrénce baffle system which determines ¢(~and OHA are
mounted rigidly to the source holder on aluminum stand-offs. The.source holder
'in turn is mounted on the source~-centering assembly ofiMannmand‘Payne. ‘It is
-a simple rack -and pinion arrangement- controllahle fromﬁoutéide-the.spectrometer.

A lead baffle shiéldS“the detector . from -direct gamma radiation frpm the:
source. Othgr baffles .are used to 'reduce the number of electfons¢and gamma.-
'rays scattered from the chamber walls, an effect that becomes very important

when strong sources are used.
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Pigure 17. Defoéusing«effect on photomultiplier noise.

Finally to compensate for the earth's magnetic field, the entire spectrometer

assembly . is -enclosed by large rectangular Helmholtz coils.

* Available from Perfection Mica Co., -Chicago, Illinois.
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THE ASSOCTATED CIRCUITS

(4) The Field Current Control Circuit

The electric current used to producé the focusing field was taken from a
110V d.c. generator. This current was-suppligd to the magnet through a
regulater capable of regulation to:l-part'in-idu. ThiS'is accomplished as
follows (See Figure’lB).I-The current through the field coils &lso passes
through a bank of 38 paralleled 6AS7-G's and-a 0.1 ohm standard resistance ﬁade
of manganin strip. The voltage produced across the standard resistance is
compared with that from a Rubicon potentiometer. This comparison is carried out
in the bias-control-circuit which feeds the required bias %p the grids of:the
6AST-G's.. The bias-contrel-circuit consists of a Brown coﬁverter-fgd d.¢. centrol
amplifier having a frequency. respense from O /g to 20 ¢/g5 and a gain of: 30,000
in parallel with an. a.c. amplifier of.frequency,response~from lOC/s to 2000 C/s
and . a gain of'l0,00Q. A complete circuitﬂdiagram of the bias control circuit is
shown in Appendix 2, Figure -A5.

(b) Beta Spectra. Counting Circuit

_A block diagram of the counting circuit is shown in Figure 19.

The cqllector‘output of the photomultiplier is fed te a cathede follower
to match-the'impedance of the signal cable ‘leading to ‘linear pulse amplifier
(Tracerlab;amplifier,:mpdel RLA-l). -Tﬁelamplified pulses are cognted with a
standard scale of 6h. High voltage for the photomultiplier is provided by .a
John Fluke Manufacturing Co.;Inc., :Seattle (U.S.A)JPower supply, model LO2M.

‘The voltage supply circuit for the photomultipler is -shewn in: Appendix 2, Figure A6,

SPECTROMETER: ADJUSTMENT

The source used for calibration and adjustment was Csl37. 'This source
has an isolated K-conversion line of43381.28ip.5 gauss-cm. corresponding to a

661 Kev transition. The Cs137 was obtained from Chalk River in the form of

CSN% dissolved in HNO3, A beta source was prepared by depositing a drop of the
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solution on a 240 Pgm/cmz thick aluminum foilgahd allowing it to dry. It was
then covered with a thin film of collodion to contain the active material.

biscriminator Level Setting

In any photomultiplier there»are»always some 'dark' pulses or -'noise'.
'It.is important that the signal-to-noise ratio -should be,as”largeﬁas>possiﬁle.
For electron energiesAaone a few hundred kev the -signal-to-noise ratio for -the
photomultiplier used isvhigh and in consequence the discriminator level can be
adjusted for low béckgrounq (noise) with no-loss of counts. With low energy
electrpns, however,,the'signal pulses overlap the noise pulses to some extent
and hence .a lower discfiminator'setting,is necessary to :'dig' out the signal.
In beta spectra, we must deal with a continuum of~energie5’fr6m'low.to high and
~-under these circumstanpes, it is-advantagequ§ to use different discriminator
settings'for‘different,small‘ranges of electron energies. For -any particular
émall range of electron energies the discriminator setting -is determined by
‘measuring the peak height of a conversion line as a function;of discriminator
setting or noise level. .As the discriminator level is lowered, the number of
significant signal pulses‘increaseé until it reaches its maximum value. Further
lowering the discriminator level leaves the significant peak-height unaffected.
The plot of peak height vs. noise is thus a plateau;shaped curve, the knee of
which detefmines-the discriminator 'setting-at the energy of the -electrons to
‘be focused. One such graph i; shown in”Figuré 20. |

-For measuring spectfa covering-a lafge»energy range, .the knee-points
-determined for energy intervals beginning-with'gnergy'E result in a curve of the
type shown in Figure 2l-and.from this, the -optimum discfiminator-setting«at
any -energy may be found.

Spectrometer Alignment

The ‘following procedure was -adopted as the most reliable.
(a) The source is positioned in its mounting so that it -lies in the centre of

the spéctfbmeter end-plate. A special jig was constructed for this purpose.
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This does not ensure that ‘it lies on the mégnetic—axis.

(b) The vacuum chamber is then Visuaily,centred to meke it reasonsbly concentric
with the circular Qpening“in the magnet.

(c) The position of the source is next varied with the rack and pinion
arrangement and the peak profile of the conversion line -is studied as afunction
of the source position. The position of the source corresponding to the
maximum peak-height attained is then used in subseguent adjustments.
(d),Following,an optical -analogy, it is apparent that the performance of

the instrument will be -optimum when the source-detector axis and the geometric
axis of the Vacupm chamber coincide or, at least, intersect each other at the
magnet-centre (léns—centre). Whereas the above three operations may bring tﬁe
ring focus ‘into coincidence with the scintillation detector, they may not fulfil
this condition. For this reason the vacuum chamber is rotated around an axis
through the magnet-centre -and the peak-height of -a conversion line studied as
~a function of the angular displacement of the vacuum chamber. The position of
the v;cuum chamber cprresponding to the maximum peak height is then taken

as the correct position for both vacuum chamber and source. The spectrometer
is now ready . for tests.

Variation of the Parameters

The parameters ol and Dol are determined by the size and position of the
-entrance baffles. 'Six mean emergent -angles were chosen, such that the mean
tangent of o (and the associatéd gathering powers w), were 0.2498(1.1%),
0.3030(1;2%), 0.3384(1.13%), 0.31:,81(1. 17%),_ 0.3685(1.09%) aﬁd 0.3834(1.1%).

It had been intended to keep the gathering powers constant for all six
baffles, but after they had been cut, their calculated gathering powers showed
thé above variations. We found that for higher mean tangents and larger
gathering powers, the vacuum chamber wells interfered with the beam. 1In
principle, this can be overcome by a smaller value of §, but with our

arrangement, it was physically impossible, because of vacuum pump connections ,

to reduce s sufficiently for higher mean tangents than 0.383k.
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For each entrance baffle, and with a wide open exit baffle, ‘s was varied
in steps of 0.5 cm. .At each such position, .the line profile of Cs137'was

measured as a function of detector positien d. .An example of the results for
a particular value of s is shown in Figure 22 and Figure 23. A comparison of
such curves for all source positions enabled a choice of optimum ‘s and

for that particular entrance baffle, and the spectrometer was set on these.

Then the exit slot width WaS'féducéd in steps to obtain a 'match' between
the focused beam and the exit baffles. Where the exit slot is too wide, the
transmission is defermined by the beam width, and the line width by the exit
baffles. Reducing the slot width has mno effect upon the transmission until
the match point is reached, although the line.width steadily decreases. When.
the exit slot becomes narrower than the beam width at the focus, the line
height drops and the line width stays constant, since the latter is now
determined by the width of the focused beam. Figure 24 represents a typical
set of line profiles. This procedure was followed with all entrance baffles.
Table I 1is a summary. of the results. In Table II, we compare the results
with those of Mann and‘Payne,.inﬂthg'oniy two cases where the same mean
tangents and gathering powers were used.

It is obvious that in spite of the greater flexibility of control
available in this 'survey, the performance of the 'spectrometer has not been
significantly improved, and we.are forced to conclude ‘that we have reached
the optimum settings for the thinvlenS’ﬁagnet ﬁsed7 It is most probable that
the 1limit reached.is-imposea by the fact that the field itself is not radially
symmetric. No special precautions were taken wigh ihe-windings of the coil.
If this symmetry is not present, then the ring focus will not 5e a true circle
and no circular exit baffles can properly match it. The only possibility for
further improvement would be to use precision techniques in winding the coil,

e.g., square cross~section wire with accurate controls of turn radius.
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Fig. 23. ‘Variation of R, T and T/p with s

Fig. 24k. Graph showing 'match' condition
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TABIE I

Results of Calibraticn Measurements

Mean tan .| w% R% T(arbitrary units) %) ;;.;.
0.2498 1.1 | 1.39 29 26 19
0.3030 1.2 | 1.20 e 35 | 29
0.3384 1.1311.09 - 38 --.3h 31
'0.3481 1.17 '1.07 4o 34 32
0.3685 1.09 | 1.02 31 _28 27
0.3834 1.1 |1.03 34 ‘ﬁ31 30
Table II

Comparison of present work with that of Mann' and Payne

(‘_‘.') x“lOO)
R

Mean tan . -Present work Mann and ' Payne

0.3834 106 83.
0.3481 109 89.
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CHAPTER IV
THE DECAY OF Csi3"
55 .
134 134 , )
The 2.3 year negatron decay of Cs to Ba has been investigated
: 55 - % 150 .
31-52 4nd while agreement has

during the past few?&ears by a great many workers
been reached oﬁ éertaip aspects of the decay,mthere'are still many;differences

in the proposed schémes that require clarification. The published decay

schemes are becoming increasingly complex as authors present evidence for new
beta and gamma ray transitions which have not been noted before. \

Fig.25(a) shows those levels and transitions in the decay that are
generally accepted. Fig.25(b) indicates other levels and transitions that have
been reported from time to time by some laboratories. While this work was iﬁ
progress, the two most recent papers appeared. Van Wijngaarden énd'CohgorSE‘have

134

analyzed the decay of Cs , paying particular attention to the preparation of

the beta séurce, ‘They report -that if the source and backing are too thick,
back scattering gives evidence of beta-groups at 410 and 280 kev which almost
entirely disappear when thinner sources -are used. With the thinnest sources,
they could not detect any of the transitions of Fig;25(b) and have‘been able
to place very small upper limits on their intensities. They concluae that the
decay scheme of'Fig.25(a) is correct. 'Part‘of théir conclusions has received

51

indépendent support from the work of Schriber and Hogg who examined the

decay using a sum coincidence spectrometer. Thelr results indicate -only the
presence of the levels in Fig.25(a), -and that therefore the only beta-~groups

with end-point energies less than 662 kev are those of energies 410 and 89 kev.

EXPERIMENTAL PROCEDURES
N

.The’Cs13 used in our measurements was obtained from Osk Ridge National

133 (n 3t method. It

. _ 1
laboratory where it had been prepared by the Cs ,7() Cs

was received in the form of CsClL in HCZ solution. A small quantity of this
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L.

solution was evaporated to dryness ahd then dissolved in distilled water. The
reéuitant solution was, practically acid-free. A drop of this solution was
deposited on a thin aluminum foil (150 Fgm/cmg) and evaporated to dryness.

It was then covered with a thin film of collodion to keep the active material
in place; This source was used for the measurement of beta, gamma, internal
conversion and-coingidence spectra. This is the type of beta source that

52

Van Wijngaarden and Connor” predict will show spurious beta groups.

For the preparation of photoelectroﬁ source, -a specially designed brass
\capsule,-aS’shown'in_Fig.26, was used. The active material, in fuli éanentration,
was deposited into the capsule,~évaporated |

Brass.
to dryness -and covered with a thick layer

Radiator

of collodion. The thickness of the brass

between the source material and the

-radiator was 0.75 mm which is adequate
to absorb all expected primary betas and

conversion electrons. "The radiator was

8 circular disc of lead, 4 mm.in diameter Fig}26 Photoeléctron source.
and 15 mg/cm? thiqk, fixed td the brass |
capsule as shown in Fig.26.

For beta éndiconversion electron measurements, the modified thin lens
spectrometer was set for a line-width of 1.5% in momentum and a gathering
power of 1.61%. The large photoelectron radiator gave wider 1ines,-and.in these
measurements, thé photoelectron line widths were approximately 3%.

Gamma-ray singles spectra were taken with the source in position in the
spectrometer as shown in Fig.28. The gamma-detector was a 1&™ x 1" NdI(TL)
crystal assembly, optically coupled to an RCA 6342 photomulitplier by a 5%"

long luciterod (Fig.27). This arrangement moved the photomultiplier back from

the strong field of the spectrometer magnet and at the seme timé kept the
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_RCA 6342
Photomultiplier

'Harshaw 1" x 13" NaI(T1)
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Fig. 27.
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Gamma. Ray Detector Used in the Beta-Gamma

Coincidence Measurements
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%
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[T [ Detector Assembly

Source .

Lead Shield

Preamplifier
Electronics

- Fig. 28. Gamma Ray Detector Assembly in the Magnetic

Spectrometer. -
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NaI(Tl) crystal near the source. The residual magnetic field effect on the
photomultiplier was further reduced by surrounding it with a Fernetic-Conetic
magnetic field Jacket. Even with this protection, the gamma-ray pulse
heights were affected by the field, but to a small extent only, and the effect
was not troublesome.

A lead shield was placed around the crystal to reduce the scattered
gamma-radiation reaching the crystal from the surrounding brass. This shield

was only partly successful as evidenced by a concentration of low energy pulses

in the singles spectra.

Thg‘Coincidence'Systems

Two separate coincidence arrangements were used in this experiment. They
will be called the gamma-beta and the beta-gamma systems and are shown in
block diagram form in Fig.29 and Fig.30 respectively. Both are fast-slow
systems and have:'some elements in common. The fast-slow miXer'is a'commercially
“available Borg-Warner unit, model DZ4 with a resolving_timer-\.»lo"7 sec.

The gamma-beta system of Fig.29 was designed to measure spectrometer beta
pulses in coincidence with selected gamma-ray pulses. Pulses of a few
millivolts amplitude from both beta and gamma detectbrs'feed the fast inputs
of the mixer. Since the latter require input amplitudes of 20‘ma.into-1000
ohms, the direct pulses are first amplified and converted into standard pulses
of the required amplitude and polarity by specially designed circuits called
*fast drivers', a schematic diagram of which is shown in Appendix 2, Fig.AT7. .

At the same time,"slow“ gamme. pulses from the seventh dynQde'(see Appendik
2, Fig.A8 ) are-amplifiéd and fed to a single-channel pulse-height analyzer,
whose output goeé to one of the slbw channels. A particular base line setting
- of the single chanhel analyzer selects from the slow gamma output, pulses

corresponding to a selected gamma-ray. With this arrangement alone, the fast-

slow circuit gives an output pulse whenever a spectrometer pulse is in coincidence
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L6.
with the selected gamma-ray. However, the faét beta pulses include photo-
multiplier goise~as well, which contributes heavily to the chance coincidence
rate. To reduce this, the beta-detector output is fed to an amplifief discrimin-
ator whose output feeds the other slow input, and the fast-slow output then
represents triple coincidences between the fast sum pulses and the twoislow
channels. Because of amplifier, discriminator, and pulse height analyzef delays,
it is necessary to incorporate into the system the proper external delays to
‘ensure that all pulses arrive at fhe mixer at the same time.
The beta-gamma system of Fig.30 is designed to measure gamma-ray spectra
- in chncidence with seiected beta-pulses. The fast inputs are ﬁhe same -as those
of the gamma-beta system. Only the beta-slow input is used, so tnat the mixer
output pulses represent all gamma-ray pulses in coincildence with beta pulses
selected by the spectrometer current setting. This output provides a time éate
to the multi-channel pulse height analyzer and only during this time is the
analyzer receptive to the gamma-ray slow input. The spectrum thus analyzed is
that in coincidence with a preselected beta gate. As before, external delays
‘are incorporated to ensure the proper arrival times of all pulses.

It will be noted that a variable delay has been incorporated on the gamma-
side in both arrangements. This compensates for the difference in transit time
of the electrons in the 5" photomultiplier used on the beta side and the 2" photo-
multiplier on the gamma side. The magnitude of this transit time difference was
determined by measuring the coincidence counting
rate‘between the 605 kev K-conversion line
andfthe 797 kev gamma-ray (which are known

to be in coincidence), as a function of *g
the delay. A typical result is shown g
Q

in Fig.31.

O".‘ 0.12 6:?0 L
\J 7:' = T > ,.A/A@,C
Fig.31 Beta Gamma Cdincidence
response as a function
of delay on the gamma
‘side.
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_EXPERIMENTAT, RESULTS . .

The primary beta and conversion electron spectrum is shown in Fig¢32;

" and Fig.33 shows the Kurie analysis of the spectrum with the conversion lines
removed. The highest energy beta-gfbup that is defecﬁable, gives a least-
squareS'end point of 659 + 3 kev in agreement with the more precise
measuremenf of\66l.9 + 0.5 kev of Van Wijngaarden and Connorsg. ‘The -spectrum
also shows two other'groups with end points of L1l and 272 kev. ‘Strong
source absorption begins atr\dl30 kev -and in consequence,the low-ehergy

" 89 kev group could not be observ;d. When the data of Fig.32 is'replotted as
E;VS P, tﬁe-areas under each group are‘proportional to the group intensities.

ghe actual counté'under the. 662 kev group are 2730, while the relative

intensities of the 662, 411 and.272 kev groups are 100, 1k, and 7.6 respectively.
Fig.34 shows the inhternal conversion lines taken‘from Fig.32 with the

primary beta background subtracted..‘The.very weak K~conversion lines corres-

ponding to transitions of energies 1036, 1168 and 1366 kev,were difficult

to measuré and each experiméntal point in this region has a minumum counting

time of 60.minﬁtes. 'In this region the statistical uncertainty is approximately

15%. Also shown is a weak conversion line corresponding to a LT3 kev

transifionu ‘'The intensities of all:lines were compared by"measﬁfing_the areas

under each beak and diviéing by the peak momentum. VThe results are |
sunmarized in Table IV. It is to be noted that the 605 K-conversion line
includes within it a small (L+M) shell contribution from the 563, 569 kev
transitiens.

Fig.35 shows the photoelectron spectrum taken with the-lB'mg/cm2 lead
radiator. The Compton distribution, measufed with the radiator removed, has
been suﬁtracted. ‘The spectrum was used only to relaté_the intensities of

the 473, 563-569, and 605 gamma-rays. The intensities were compared in the

same manner as for the conversion electrons except that corrections for
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. Conversion Electron Intensities
(Beta scale)

E(kev) K-conv. (14M) conv.
473 0.81 + 0.30

563 2.48 + 0.60

569 4.2k + 0.60

605 19.2 + 1.0 3.5 + 0.5
ggg} 8.1 + 0.4 1.3 + 0.3
1036 0.08 + 0.02

1168 0.086 + 0.02

1366 'o.»016 + 0.03
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variation of photoelectron cross-section with energy, using the data of

23

Davisson and Evans”~, were also applied. ‘The energy spread is-small enough

that such factors as the dependence of angle of -emission of the photoelectrons

on energy may be ignored. 'The data from this spectrum is included in Table]V.
Fig.36 shows the gamma-rays singles spectrum. It was analyzed by

successive stripping of the upper energy profiles.  For the three high

energy gamma-rays, we used ‘as shape standards the line profiles of the

gamma-rays of Co6o, a source that was readily available. It has the advantage

that its two gamma-rays of energy 1173 and 1333 kev are very close to two of
13k

the gamma-rays of Cs , but is suffers from the disadvantage that the line

60

shapes aré not resolved. To obtain these, the Co singles spectrum was

taken with the same geometry as with 05134“

This is shown in Fig.37.The 1333
kev photopeak is sufficiently resolved to measure its width. The peak

profile is constructed as shown in the figure. When this peak is subtracted,

" the residue shows the clear leading edge of the li73 kev photopeak. The
correct half-width is selected (consistent with alE dependencé) and this
"establishes the @ompton continuum of the 1333 kev gapma-ray under.the 1173

’ kev»photopeak. This is then scaled down to provide the 1173 Compton continuum.

In this region of the spectrum, the sum of the two profiles is identical with

the measured Co6o.spectrum. The photopeak area ratios, when corrected for

54

the known variation of peak/total ratio and crystal_efficiency , gives the
correct relative intensities of these two‘gamma-rays E%%%%%= 0.96{ to
within 4%. They were then considered to be acceptable shape standards and
were used to unfold the three upper energy profiles in Fig.36. The
intensities of the'expected Compton distributions of the combined 1036, 1168

13k are not likély to exceed 1% of the 605 or

and 1366 kev gamma-rays of Cs
797 kev photo peaks so that even though their exact shapes are not known,

their effect upon these intense photopeaks is minimal. Rather than ignore
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Table IV

Relative

E From singles Relative Gamma-

‘(kev) Photoelectron Ray Intensitieg
Intensities

473 1.0 + 0.5 1.0 + 0.5

563 =
: ' 126.5

605 100 100

197

803 o4 + 5 ok + 5
1036 1.5+ 0.3 1.5 + 0.3
1168 2.4 + 0.3 2.4 + 0.3
1366 3.6 + 0.3 3.6 + 0.3

50.
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it completely, however, the 605 and 797 kev residues were reduced by a
constant 1% of the 605 kev photopeak. '

. The 661 kev line profile of cst37 vas used as a shape standard for the
remainder of the spectrum, -each profile being adjusted for photopeak width
and peak/total rétio. We could not resolve accurately the weaker 563,569 kev
COmpoéite peak from the stronger 605 kev peak and preferred to use the intensity
ratio from the photoelectron data. "A summary of all intenéities is given in

Table IV relative to the 605 kev gamma-ray.

Coincidence Results

We first used the gamma-bets system with the gamma-gate set on .the. 797,803 kev
photopeak of the Csl3l+ singles spectrum. The spectrometer then scanned the
beta-ray spectrum in coincidence with these gamma-rays. The Kurie analysis of
the results is shown in Fig.38. ‘The 662 kev group ‘is present but there also
seems to be contributions from lower energy groups, in complete disagreement
with the deday scheme shown in Fié:QS(a).

Fig.39 summarize§ the results of measurements with the beta-gamma system.
Fig.39(a) shows the gamma-rays ‘in coincidence with the K-conversiéh electrons
of the 797,803 transition. As expected, only the 605 kev photopeak appears,
‘which prdbably includes the 563,569 gamma-rays as well. Fig-39(b) is the
coincident gamma-ray:'spectrum when the spectrometer is set at the gate point
A of Fig.33. If the decay scheme is correct, these should be in coincidence
only with the 662 kev beta-group. Fig.39(c) shows the results when the gate-
point is moved to B. ‘This should include the 411 and 270 groups as- well,
both of which should be in coincidence with the 605 kev gamma-ray, but not
with the 797,»803 kev ;adiation,-and from the Kurie analysis, this difference

should not be negligible. In fact, however, the distributioas in Fig.39(b)

and (c)'have the same shape.
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If we assume that our 411 and 270 kev beta-groups are actually back-
‘scattered electrons of the 662 kev group, then the spectra: at gate points
A and B should be identical when corrécted for time and the difference in
counting rate at the twd'gatesw In Fig.39(d), the solid curve is that of Fig.39(c)..
The@suﬁefimpbbeducrosées“aré.theﬂxcorrecté&n experimental points obeig.39(b).
‘Within the experimental uncertainties, they ére idehtical. ﬁe conclude then,
that the 411 and 270‘kev'gr6ups from our beta spectrum must.be largely

back-scattered electrons of the 662 kev group as predicted by Van Wigngaarden

and Connor

i

THE DECAY SCHEME

The transitiens thatIWe have been”abie to detect, fit the decay scheme of
Fig.25(a) and in Tables III:aﬂdI[Qe have the conversion and gamma intensities,
‘ea;h'to a-different scale. 'From previous work, it appears that all conversion
coefficients are less -than'lO;2 so that for the purpose of estimating
transition ratesy,the'conversion intensities may be ignoréd. ‘'The relation
between the two intensity scales may be deduced by Teferring.to'Fig.25(a)Aand

l3h. ‘AT gamma-ray

.examining the intensity balances of each level of Ba
intensities will be denoted by ‘.[i'] , and beta intensities by ( ). We
will reduce all intensities to the gamma-scale, i.e., relative to the value

of 100 for the 605 kev gamma-ray, and use mean values throughouf.

The 605 kev level [197) + [563] + _[1036] + [1366] = [605]
o - fod v o265 - B ¢ Ly + 56 - o
so that l:569] + [8032\ = 25.6 | (a)

and similarly from the

1168 kev level [569] + @03] = 27.9 (b)

In what follows, we will use the average value E6ﬂ + @Oﬂ = 26.7.
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g - b

. The 1402 level (659) |

+
or (659) = 94 - @Oﬂ - {§6ﬂ = 67.3
The 1641 level  (11) = [w73] =+ [03§ = 2.5
‘.Th‘e 1971 level - (89) = [569] + o3 + [u366] = 30.3

Beta-group Intensities

The percentage intensities of the beta groups from this analysis thus are
89(31%), 411(2%) and 659(67%), in excellent agreement with those reported by
Van Wijngaarden and-Connor52 of 28%, l% and 71%, who determined them by direct

Kurie analysis of the ﬁepa-spectrum from a very thin source.

Conversion Coefficients and Transition Multipolarities

We can now reduce the conversion intensities.to the gamma-scale. The 662
kev beta group has an intensity of 2730 counts on thevbeta scéle and 67.3 on
the gamma scale. 'The conversion multiplier is then 0.02L47.

Table V. lists the revised conversion inteﬁsities, the associated gamma-
ray intensities -and the calculated conversion coefficients. Also included are
the theoretical values for some mUltinlaritiésvcomputed from the tables of
Sliv énd Bands5 A TR H:f? . With the error 1imits,'gll multipolarities are
consistent with the spin-ﬁarity assignments of Fig;25(a).

It was not possible to resolve eithef'the 563, 569 or the 797, 803 kev
’gamma-rays»from'the pﬁotoelectron spectrum. However, we can use the éonversion
data to make some estim;fesm If.we.compare the 797, 803 kev composite peaks
-and the 605 kev peak in b@th conversion and photoelectron spectra, we find that
they have the same percen£age width. It is particularly evident in the
' conversion spectrum, where both peaks are 'clean', and this is shown in
Fig.40(a) where the 605 kev peak has been scaled up to the 797, 803 peak. ‘In
addition, the maximum of the latter corresponds exactly to a transition of

energy 797 kev. Thereforée the.803.kev component must be weak. From test
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Transition Intensities and Conversion Coefficients

Table V.,

Energy Gamma-Ray K-conversion K-conversion L Theorefical Identification
Intensity coeff. 1K . EK °§K
, ' 0.032 ,
473 1,0 + 0.5 0.020 + 0.006. | 0.02 * j"977 ]0.00325 |0.0130 [0.0097 ML or E2
5631 | 26.5 + 6.5 EO"O& + 0.006 | 0.0063 + 0-0023 8
. . . . . .0 E
569 0.105 3+ 00015 0.00215 |0.008L4 [0.0060 Ml or E2
605 100 0.47h + 0.03 0.00LT + 0.0003{0.00185 [0.0071 |0.0051 E2
gg; o4 +5 0.20 + 0.01 0.00213 + 0.003{0.0010k [0.0036 [0.0026 E2
1036 1.5 + 0.3 0.0020 + 0.0004 [ 0.00133+0.00067 |0.00063 |0.0020 |0.00147 ML or E2
1168 2.4 + 0.3 0.0021 + 0.000L | 0.00088+0.00031 |0.00051 {0.00154 [0.00115 E2
' 1366 3.6 + 0.3 0.0026 -+ 0.0005 | 0.00072+0.00022{0.00038 |0.00108 [0.00089 E2

.ng
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profiles of composite peaks constructed from components of varying intensity
ratios, we conclude that the 803 kev component cannot be much greater than
about 10% of the 797 kev conversion line. From the egfablished decéy scheme,
both should have the same multipolarity, so that this should be approximately
the ratio of the gamma-ray intensities.

The 563, 569 composite peak in'the conversion spectrum has a much
greater percentage width than the 605 kev standard, -and was easy to
resolve into components of intensity ratio 0.58:1 as shown in Fig.LO(b).
‘Again, the decay scheme predicts the same multipolarity for these transitions
(ML predominantly).and this should be a measure of the gamma-ray ratio.

The only way we can gheck these conclusions is to check their consistency
from the decay scheme intensity balances. If‘the {563]‘/ [569] ratio is 0.58,
then [563] = 16.8. Therefore, from the 1971 kev level in Bal3u, [803]'=.9.9
which is roﬁghly the intensity predicted from the conversion line profiles.
Alternatively, from the 605 kev level, we get [797_‘] = 85.2. Thus [797) + [803]:
95~l.§ompared with the measured value of 9k.

These conclusions are in reasonably good agreément with_the intensity
estimates of other workers who were able to make them. Table VI shows the
-compariséns}df our estimates of these four gamma-rays with soﬁe published
results. )

In»summary;-our»resuIts support the simplification of the decay scheme
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as proposed by Van Wijngaarden .and Connor

oL

and supported by Schriber and
Hogg ‘Other levels as shown in Fig.25(b) have been postulated for a variety
of reasons not the least of which are observations of beta groups other than
the three in Fig.25(a). "The intensity measurements of Van Wijngagrden and
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Connor”  have placed upper limits on the intensities of beta-groups of
energies greater than 662 kev as £:.0.05% which to all intents and purposes

rules out the 683, 892 and 1453 kev groups. The only group they detect with



Table ng

Comparative Gamma-Ray Intensities

(Percentage of decay)
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Author B631 5693 (71913 (803]
Bashilov. et at3 10 18 103 8
41
Forster & Wiggins 1k 12 72 11
42

Kiester et al.. 9.4 12.8 91 18
Trehan et al 9 11

Schriber & Hogg ™ 9.5 12.6 83 12
Present work 9.5 16.4 83 9.7
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‘an energy between 662 and 89 kev is the 411 kev group,-ard it has an
intensity of approximately 1%. 'The 1770 kev level, supposedly fed by a Loh
kev beta group de-excites by 960 and 1564 kev transitions. Van Wijngaarden

p)

and Connor 2 place an upper limit on the 1564 kev gamma-ray of < 0;02%. “We

made a serious attempt to detect a 960 kev gamma-ray in the photoelectron
spectrum but without success. . It was reported by SegaertSo'and_by Girgisu7 who
quote intensities of 1-5% and 0.6% respectively. Counting times of
approximately one hour on each point in this region of the spectrum produced

no detectable peak. We were able to detect the 473 kev photopeak with relative
ease and its intensity is 1% of the'605 kev gamma-ray. It is true that at

960 kev, the photoelectric cross-section félls to about one-quarter of its
value at 473 kev but this should be more than compensated by the almost
complete absence of Compton background, and by the much lower photomultiplier
background we were able to use. The 1036, 1168 and 1366 kev photopeaks are
clearly discernable as measureable peaks. A uranium radiator (50 mg/cmz)
increased the latter butﬂétill shoﬁea nothing at 960 kev. We concludé that

if this transition exists, its intensity is less than 0.2%.

'The,logv(ft)'values of the three beta-groups closely parallel the results

0.10

of other workers. They are 8.9fi_0.5;-9.6'i_o.20

and 6.2 4 0.05. for the
662, 411 and 89 ‘kev components respectively.
The spin-parity assignment to the 1641 kev level is somewhat uncertain.

13k

lThe'ibg(ff)'value for the 411 kev group from the L4+ Cs ground ‘state to
this.level-is 9.6 which looks like a first-forbidden tranéition although it

is just possible that it is a heavily-retarded allowed decay. The conversion
coefficients of both the "1036 -and the 473 kev gamma-ray can be either Ml, E2

or a mixture of both. The efror limits on bofh transitions do not include other
multipolarities such as El, M2 or E3. "If these identifications are correct,

then the state is probably 3+ or U+ . This agrees with the two possibilities

resulting from the angular correlation studies of the 1036-605 gamma-ray
[ 50

cascade renorted hv Secasrt et al .
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It is not easy to fit the decay scheme of Fig;25(a) in all its details
to a particular nuclear model. 56Ba%gh has 6 protoné oﬁtside~a closed shell
and 4 neutron ’holes‘ SO thaf the energy levels can hardly retain any single-
particle characteristics. On thevoﬁher'hand, the npclegs does not fall into
the strongiy deformed group (A > 150 in this region of the'periodic table)
that have been treated with some succéss by the various collective model

approaches (see Appendix I). In their paper, Segaert et a15o

have calcqiated
the level structure to be expected on the basis of seven different models
developed for the medium weight nuclei, -and the asymmetric rotor model of
Mallmann62 appears to givefﬁhe-closesf fit. All of the levels of Fig.25(a)
appear with the correct spins and parities including the 1641 kev levél which
is degenerate with spins 3+ and L+. 1In 'addition however,. it predicts levels
at about 1570 and 1770 kev which do not appéar to be excited 'in this decay.
All seven models predict the first 2+ state‘(605]ke?) and most of them the
second 2+ state (1168 kev). It is interesting to note that the ground, 605
and 1971 kev states fit almost exactly the predicted sequence of rotational
band componénts fof K=0.

It is also of iﬁterest to compare Fig.25(a) with the level. structure of
5uXe$gz (2 paired protons }ess). ‘'These -are shown for fhe first few leveis in
Fig.h41. jThé simi;arities are quite marked,<although'for Xe132 there are
two less protons which can interact with the core. It is tempting to conclude
frombthié that thetmany-particle shell model with configurational mixing is
a better approximation in this case t@gn one which emphasizes core

63

excitations. Kurath ° points out that the region of the 18 shell is one

7

in which the many-particle model should work reasonably well. The gix

'extra-core'protons of BalSu have 1g states immediately available which
_ /o : ;
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lie above the 1lg 'configurationsq It is fruitless however, to speculate on
€9/, |

one model to the :exclusion of others since it is probable that both types of

excitation contribute.
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Appendix 1

NUCLEAR 'MODELS

Attempts have been made from time to time to arrive at a model of the
nucileus consistent with the available experimental evidence. Several models
have been proposed each of which explains some aspects of the experimental data
in a more or less limited way. Among the models which have been proposed are
the Fermi gas model, the liquid drop model, the alpha particle model, the
shell (independent particle) model and the collective model. For beta.and gamma,
ray spectroscopy the last two have proved really usefnl and hence will be

described briefly.

The Shell Model

.. It is now well established that electronic energy levels -in an atom show a
distinct shell structure which acceunts for its characteristic behaviour. For
inStence, atoms such as helium, neon, krypton etc. -are exceptionally stable
becanse they'have’all their electronic shells completely filled. Among nuclei,
those containing 2, 8, 20, 50, 82 and 126 protons or neutrons-are observed to
be more'stable56>than others. These numbers are known as 'magic numbers'. The
nuclear -shell model originated -as an attempt to explain the magic numbers on
lines similar to those of atomic shell structure.

‘The basic assum@tioné of the shell model after -Mayer, Haxel, Jensen and
SueSS'areSﬁ: |
1) a nuclepn moves independently in a nuclear potential field created

oy all the others. - This‘potential consists of two parts and is analytically

expressed as

v(r) + £(r) Z.E‘ ' 1

T e
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where V(r) is the average central potential due to (A-1) nucleons and f(r) I.s
is that resulting from a strong interaction between the orbital and spin angular
momentum of a nuc&epn.‘

“

2) The effect of the -latter is to split each ['level into two levels with
. o .
J = ﬁ% and § =£ -1, the j = £+} level lying below § = [-% .
For V(r) the most commonly'ﬁsed form is one intermediate between the square

well'potential and the oscillator potential and is shown in Fig.(Al). The exact

form of f(r) is not yet known.

When these assumptions are incorporated F4ON
into the wave mechanical treatment, the L %
result is that protons and neutrons form 12, 22<.
independent shells, or -subshells,- which N _
close at the magic numbers as shown in - {? '

. ! "20 |<\
Fig.(A1). § . ¥
. : m L 2

In addition to explaining the magic’ E—-—Tz

. . L 10
numbers, the shell model gives a complete l L___ungf
description of ground state spins' and B 2
parities, nuclear isomerism and some ;m oL——
information about magnetic dipole Fig.Al FEnergy levels in a

: _ . ; potential well intermediate
and electric quadripole moments. between: square well and

an oscillator potential.
To deduce angular momenta, we start

- with nuclidesconsisting entirely of
closed shells (N:éndfz, both magic) and those.conéisting of closed shells plus‘
or minus one particlé. Aécording to the é#clusiomlprinciple the fofmer must
have zero angular momentum and the total éngular momentum of the latter is just

the angular momentum of the ‘extra' or the "missing"(hdle) particle. Thus the .

8 16 20 4O 126208 _' 815 9 17
‘angular momenta of g0 | ,oCa: ‘82P6 are zero and those of 7N » 80,
20 39 125 126,209 15 3 1,49 - -
19Kr R 82Pb207 and 83Bl are 5 5 { 5 5 and 5 respectively in accordance
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with experimental evidence.

For odd-~A nuclides, the assumption made is that like nucleons in a nucleus
pair off " in such a way that their angular momenta cancel. Then the angular
moméntum of an odd-A nuclide is due entirely to the angular momentum of the
last quaired nucleon. Aectually this assumptidn is insufficient unless due
account is taken of the fact that nucleons outside the closed shells interact
with each other. As a result of this so=-called pairing energy effect, a level
will be depressed when it contains an even numbér of nucleons compared with its
value when it contains an odd nﬁmber of nucleons. Moreover, the effect increases
with increasing orbital angular momentum. Thus odd A nuclides with N above
58 will be expected to have angﬁlar mémenta of 7/2 or 11/27 ‘Instead they
have angular momentum of"%, showing that 1{g7/2 and 1 hll/2 levels are
depressed below the 35% level when they aré filled by even number of nucleons.

The assumption that like nucleoﬁs outside closed shelils pair off to

produce zero angular momentum is not really self evident. However, it has

12
11

of 5/2,-32Mn55 with 5/2 instead of 7/2 and 228679 with 7/2 instead of 9/2. ‘In

failed only in three cases. "They are Na23-with angular momentum 3/2 instead
these three nuclidesthe total angular momentum is then due to -the three
nucleons outside the closed shell.

For odd-odd nuclideé, the total angular momentum must be due to at least
two unpaired particles, the-laéﬁ proton and the last neutron. In this case there x
is no simple rule to deduce the angular momentum of the nuclide because the
angular momenta of fhe two unpaired particles can combine in many ways.

By convenfioﬁ, nucleons have an evén intrinsic parity. The parity of a
nucleon state is given by (-1) . The shell model predicts the orbital
angular momentum for -each nucleon and hence the parity of each nucleqn in
- different nucleon states is known. "The parity of the nucleus, then, is the

product of the parities of the individual nucleons.
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The single particle shell model is very successful in predicting spins
and parities of the ground states of odd-A nuclei, and even some of the low-
lying states of excitation. Higher excited states lose their single particle
character, probably because some nucleons are excited out of the core to join

the odd particle.

Goldhaber, Hill,"SunyarS -have studied nuclear isomerism  in terms of the
shell model. Isomerism: (i;e. the phenomenon of long-lived gxcited states)
occurs when transitionsvto neighbouring nuclear stdtes become forbidden
because of large changesin angular momentum involved. The shell model predicts
that the conditions-for isomerism should exist below magic numbers 50, 82 and
126, but not immédiately above them. This is what 1s observed when the known
blong lived isomers ( T%?;; 1 sec) with odd A are plotted against their odd Z

‘or odd N number. Such a plot reveals the presence of groupings or'islands

of isomers'vjust below the magic numbers 50, 82 and 126.

Magnetic moments‘(fﬂ) are obtained using ground state angular momenta.
For even even nuclides, J=o and hence p=o - For odd A nuclides,Jd=j and

magnetic moments are calculated using the following relations:

(3-2)g, + g  for f=4-%

. (3)
e [ (J%)gz . %’s] for L= j+b

1l

where %L 1 for a proton and zero for a neutron; g5 = 2.79 for a proton and
-1.19 for a neutron.

F-values calgulated using the above relaiions are known as Schmidt values
and are compared with the observed magnetic moments. ~Qualitatively they agree
very well but guantitatively they show deviations,.-and usually lie somewhere
between the two limits. These deviations disappear (partly) if mixing in of
states other than fhe single particle states is also ﬁaken into account. There

is some evidence 9that the magnetic moment P of a free nucleon is not the same

as when the nucleon is in a bound state.
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Shell model predictions regarding electric quadrupole moments (Q) are:

Q = o for magic number nuclei
Q is -ve for nuclei with a proton or a neutron outside a closed shell
and Q is +ve for nuclei with a ‘'hole'.

No exceptions have been_found to these prédictions.

Regarding the magnitudes of Q's the situation is very discouraging.
‘Theoretically @ should be of the order of.the nuqlear radius squared i.e.
10°2%cm® . This is found to be so for small A, but for A > 100, values as
large as lO'x 10725 occur. Another puzzling feature is that Q's for odd A-odd
N nuclides are of the same order as those ofioddzAéOddZ nuclides whereas the
shell model predicts the former to be much smaller.

The magnitude of Q is a measure of the deviation of a nucleus from
spherical shape,<and thershell‘model seems to underestimate this deviation.
"The 1érge values of Q ﬁean that the nucleus is far from spherical in:shape.
'Wﬁén,vinstead,~a spheroidal nucleus is treated mathematicaily, the Q's turn
'6££.td'be closer to the observed values. This modification of the shell
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model leads to the collective model .

The Collective Model

In the shell model, it is assumed that nuclear properties suqh as
'angular:%omenta,.magnetic moments and electric quadrupole moments are
determined by the last nucleon moving outside the nuclear core. "The nuclear
core does not play any active role. The col}ectiVevmodel,.however, assumes
that nucleons outside the core exertva ceﬁtrifugal pressure on the surfacei
of the core. As a result the core m;y undergo surface oscillations and
become deform@d into a non-spherical shape. The hucleons thus move in a non-
spherical potential. "The nuclear deformation reacts on the-nucleons and.

modifies somewhat the independent particle -aspect.
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The total angular momentum remains the same but now it is shared between
the core and the last nucleon outside it. The core,makésra contribution
‘AJ% ch£e towards the magnetic moment, 'This brings magnetic moments in better
agreement with the observed values.

The effect on the quadrupole momqpt is much larger. A small deformation
of the core can lead to large quadrupole moments. .Since the gquadrupole
moments are due to core deformations,-odd>A-oddN nuclides may show.the same
order of quadrupole moments as those of odd A-0ddZ nuclides.

The deformation of the core is specified by parameter/3 such that

3= DR,

Ry

~2 (1)

wheré R, 1s the average nuclear radius and AR, is the difference between the
major and minor semi-axis of the ellipse, n is the number of nucleons outside
the core.

‘Variations of the potential energy of the nucleus with respect to /3

reveals that

s
/
7

.
/

1) for'small n, -the equilibrium shape of the nucleus is spherical and
colléétive mofion is a vibration about this shape.

' 2) for large n, the nucleué is permanently deformed -and the collective
motion is a rotatiom of the nuclear orientation.

Under these circuﬁstances the collective angular momentum R is given by

2 (fixed in space)

FL

IR|? = \:J(J+1)-K2]ﬁ2_ | (5)

(nuclear orientation)

‘Fig.A2 Coupling scheme for
angular momentum’of
.‘deformed nuclei.
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where I is the resultant angular momentum of the nucleus and K is the sum of
the intrineic angular momenta due to all nuqleons outside the core (Fig.A2).
' For the sake of.simplic;ty it may bé-assumed now that level spectrum
arises from: )
a) ihtrinsic nucleonic motion in a spheéémdal potential of which shell
model predictions are a special cése |
b) collective rotation

c) collective vibration

8) Intrinsic spectrum for a spherdidal field as a function of ﬁ} has been

calculated by Nillson61."A specimen of his results are shown in Fig. A3.

~
It is seen that each

éhéll modelvstate splits up

into 3(2j+1) states. For B =o,

the ndrmal shell ordering appears. - A1 %‘

For large 4, however, there is a -~

drastic change.

B) For rotational state

By =% 1§ (6)

where w is the -angular velocity

of the core and I is the
effective moment of.inertia

-of the core. I is giwen by

I = %MA(ARO)ra

~-0% -02 -0l 0 +0°| +0'2 +03
" Deformation /3

Combining (5) and (6)
2

E = 2—1 EJ(J+1)-k2] (7)

Equation (7) determines the

Fig.A3 Single particle states in a
‘ spheroidal potential as a function
of

rotational band superimposed on the intrinsic levels.
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For even even nuclei K= o-and as in the case .of a homonuclear diatomic
moelcule,the levels are given by
J=o0, 2, 4, 6, ... (parity even)

For odd A nuclei K is egual to the angular momentum of the last odd

particle as determined from Nilsson orbits ‘and the allowed values of J are
J = K, K+#1, K+2, .... (half integral) .
Parity is determined by K and hence is the same for all states of the

rotational band.

¢) In this case the nucléus possesses a certain number of vibrational
quanta (phonons)-each of energy h&ﬂ,and angular momentum An. . In the simple
case of even even nuclei the vibrational spectrum is due to quadrupole

phonons and is shown in Fig.Al.

+
Collective model thus predicts - 38w — 0,2,3,4,6

fine structure of nuclear levels. 2hw O,£+h

It retains all the characteristics g : ot

of the shéll model and at the same o ot

time gives better results for Collective Vibration

magnetic moments, -electric ‘
Fig.A4 Vibrational ‘levels in
quadrupole moments, excited even-even nuclel.

states of nuclei and other

phenomenorn.
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‘Fig. A5 Magnet current control circuit
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