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PREFACE

Earlier attempts to detect a second.order‘transition in some
.isomeric nuclei have, while Being éomewhat sucéessful, shown discre-
pancies between theoretical estimétes ana experimental results. The
experimental results and their interpfetation, as performed by different

131m
there are

groups, havé been rathervconflicfing.. Especially. in Xe
two different-reportea.results ﬁigh,two.différent»interpretations of the
observed effect. Due tQ this dis;repancy‘a need existed for further
investigations. It is the hope ofvtﬁé aufﬁorbthat the results obtained
herein may be helpful in'reéolving-fhe existing conflict.

The author wishes to’exppe$s hi$>$ihc¢pe gratitude fovDr. N. V. V.
J. Swamy, his‘thesié adviée;, éﬁa‘Df:’H; J.bFischbeck‘of the University
of Oklahoma for their ihvaluable ass;stance énd guidance in . this work,
Dr. H. E. Harripgton; ex-Head of‘the Physics Depaftment, for his kind
help and to éhe Goverriment of Iraq for’the opportunity given to him to

do his advanced studies in the U. S. A,
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CHAPTER T
INTRODUCTION = -

When .a nucleus is in an execited sfate, the usual process under
which it de-excites itself is the ehission;of a'single quantum, either
a photon or an electron. Another»possible’procéss;is the so-called
second order process,* the emisSion,of‘doubie Quanta. In this process
the nucleus is de-excited with the emission of two quanta--two photons,
two electrons or one of each--and these two quanta share the total
available energy in a continuous way, a feature which characterizes
this process and could be used as its distinguishing mode.

It is of interest to know the ratio between the transition prob-
abilities of the second and first order type of de-excitation of nuclear
states. The theoretical treatment of the double quantum emission has

been carried out by many authorsl’2’3’4

since the thirties, but as

yet there is no unqualified experimental confirmation of the theoretical
predictions. The difficulties involved in studying this second order
process are due to the fact ﬁhat it is a very weak effect ahd it is
usually masked by the much more comﬁénvfirst order processes, It,

therefore, seems natural to study this phenomenon by using some

coincidence technique.

J .
-There can also be a first order transition, but this is usually

several orders of magnitude weaker than the second order one. This
point will be discussed later.



Since the second order process is so weak and cannot compete with
the first order one or the single transition, one has to search for
decays in which the first order process is hiﬁdered. One of these
cases is the one in which the double quantum emission occurs as a
result of a transition of high multipolarity. Furthermore, it will be
favorable and easier if the decay contains only two levels with electro
magnetic transition between them. Then.the possibility for detection
depends on how favorable the ratio is between the transition probabil-
ities for double and singlé quantum emission and these are mainly due
to the spins. and paritiés 6f the initial and final states . in the nucleus,
Eichler et al",3 using the siﬁgle,particlebmodel, calculated the ratio
between the transition_probabflities.Qf double and single quantum

emission approximately as,

P\W(L’ L) ,i }l.; ,I‘

Py (L)) T137 (2)*"0--'»=,:~(1LO 2 ;7 L+1L L)

where L,I! are the multiple orders of the double quantum .transitions
and Lo is the multiple order of'the'single_quaﬁtumvtransition.

- Thus one finds that Xé;Bl

M™isa good case to detect the_second
order process, in as much as it.hés anvisomericllevel h]_,]_/2 and the
level to which it decays isvlowef in angular momentum by several units.
It has a half-1life of 12 days and it decays to the ground state, which
is d3/2+, by a 164 M4 transition.  The double photon decay is. expected
to accompany this M4 gamma transition. The probability of the double
quantum emission in XelBlm.will be measured by observing the coincidence

rate between the two X-rays which result from the internal conversion

of the two gamma quanta. The result of the coincidence between these



two X-rays will be observed as a line instead of a broad continuum,
a condition which is more favorable in studying a small effect phenem-
enon,

In the last few years a.great improvement has been introduced :
into the experimental technique, especially the advances made in the
building of high resolution solid state detectors and in the sophistica-
tion of coinecidence techniques. These developments make it, hopefully,
possible to-search.for the double quantum emission in some of the

131m

simple observable decay cases and Xe is one of them. Ever since

192m manvaorkers have been searching

Mize et al's5 experiments,ineIf
for the detection ef the second.ordef‘effecté,yv, Ye, or ee.
Vanderleeden and Jasfﬁem6 inveétigeted_the double QUantum emission
accompanying the 1,76 Mev tranSitibn-in ngo. Their'result places an
upper limit of 8.10_5 on the.ratio'bf:ﬁhe transition probabilities for
the second order process aﬁd the”firsteorder modes. Very recently,
Church and Gerholm? made theireobservatibns‘on the decay of Inllgm.
Their results show no evidence for aouﬁle K-electron .emission, but an
upper limit on double quantum emission was reported as yy/y<3.10 .
Ga40 was-investigated, independently, by Nessin et al8 and Dell et al.9
In this case the 3.35 Mev transition takes place from the level O+ to
the level O+, where first order processes are abselutely forbidden.
The reported result gives an upper limit of about 10-2 for double
quantum emission, Alvager et allq have seerched for the double quantum
emissions which compete with M2 transition in K41 and Rb85. Their
results place an upper limit for the ratio between the probability for
double quantum emission, YY, and the probability for single quantum

emission, ¥, in the limit of %X <64.1O"5 and %;'<1.2.10-5 for the



1.29 Mev level in K41 and for the 0.514 Mev level in Rb85, respectively,
The double quantum emission which is competing with the M4 transition
in Xe131m was investigated by Alvager et al11 in 1960. Use of two Nal
crystals was made with a tube type multichannel analyzer and a conven-
tional fast-slow coincidence unit. They reported that the double
quantum emission to the single ratio is about 8.10-4 for E2 M2 transi-
tion type and 10-4, 10-5 for E3 M1l and El M3 respectively. These values
were based on the coincidencé couﬁtS'under-thé X;ray peak in the coinci-
dence spectrum. However;vListengarten;14 in his theoretical formula

for the double K-electron .conversion ratio, showed that the reported

.result by.referencé11 is moré 1ike1y :to‘-be‘the"-v-ql—(E , double K-electron
_ ' T : k
conversion to the K-electron conversion:ratio. On the other hand,

13lm case using two Nal crystals

Knauf et al12 re-investigated thé Xe
and in conjunction with a two-dimensidnél eﬁergy analysis. Their
results give an upper iimit’df_Z;ZFIOfs’fbf:thé'ratid»df the YY- to
Y -transition and (3.6'_"0.7);'10-'.3 for the double‘Krelectroﬁ emission to
Y emission probability.'vIn.additioﬁvto that they measured the K-
conversion coefficient énd-the.half;lifé of Xe131m to be 32.130.4 and
11.9930.04d, respectively. They,kalso, attribute the continuum
following the X-ray peak in the coincidence spectrum to the external
Bremsstrahlung, a point which contradicts the result of reference;11
Because of these conflicting experiments, it was considered worth
while to re-investigate this:case with the high resolution solid state
detector and possibly resolve the discrepancy in the reported results,
In the decay of Sb125 there exists a controversy about the spin

assignment of a level at 0.321 Mev in Telzs which is the product of

the decay. The experimental work of Narci:si19 assigns a spin.of 9/2



and odd parity whereas the theoretical work of G_lendenning22 contradicts
this. A group in India reported avlevei at 0.401 Mev which has not

been confirmed by others, These points can be settled by a precise
measurement of the energy levels using solid state detectors and also
angular correlation measurements. This was undertaken and this work

forms the second part of the thesis,



' CHAPTER II
THEORY OF DOUBLE QUANTUM EMISSION

The uysual mode>of decay. of an_e#cited-nﬁcleus'to its ground state
is by the>emiséion of a single quantum of multipolarity 10 =-31 -73f
(|ji-jf|3ji+jf), M Me = (-1)L°. The angular momentum and corresponding
projection quantum numbers of initial and final states of the nucleus
are denoted byjiu:f and jf“f respectively. Their parities will be
denoted by‘nirrf and + is even parity and - odd parity. If one
quantum of order Lo is replaced by two quanta of order L. and L’

(Ei-Ef = hw, wy +-hw2 = HW), then the inequality satisfied is

v]L -I/ﬁs:Los L +L°. -However, in some cases a simultaneous emission of
two quanta is quite possible. Thesé processes, from a quantum mechani-
cal point of view, are called first and Sécond order processes respec-
tively. Assuming the anéular mOméntum is conserved in the transition,
Table I lists the possible multipolarities of yy and vy decays.

In addition to two photon emission other possible two quantum emissions
are: (a) X-ray and an electrén (ve prpcess), or (b) two converted
electrons (ee). Schwinger and OppenheiﬁerlB,conSidered the.two photon
transition of the type ElEl. A Case of particular interest is the

0 - 0 angular momentum tranSitioﬁ because_hete the one photon decay
mode is structly forbidden. 'Sachsz'evalﬁafed the probabilities for

the YY and Ye processes in 0+" O'gt;ahsition. The Schrodinger equation

for the motion of a particle,df mass m énd the charge e in. an electro-



magnetic field described by the potentials A and &, with an additional

potential V, is given

2
Y h 2 ieh 7 | T ieh T .2 e 2
hYt = [ + == A + 5= A+ - AT + e + VY (1)

A and @ represent an electromagnetic field that is weak enough so
that those'terms contgining A and @ can be regarded as a perturbation.
V. is the potential energy that binds the particle.

Tha Hamiltonian of bne particie interacting‘with an external

electromagnetic field discribed by the potentials A and ¢ is

2 . .
i 2 ie2 2 ieh 2.
H "-2niv+cA v+2mcv',A+e@+V » (2)
With Coulomg-gauge V : A = & = 0, Eq. (2) is reduced to
2 N 2
=L B L Ry S L
2m mc 2mc2
/ : (3)
=H +H
o
—hz 2 L '
where HO == V"™ 4+ V, the Hamiltonian of the system when there is no
’ -2 ' .
— —_ 2
perturbing field, ' = iE_ A -V + = 2_A , the perturbation term. The
2me” '

Hamiltonian in Eq. (3) is true only if there is no interaction between
the field and the -spin of the particle, Including spin interactions,

we have in the non-relativistic case-

: — — 2 —_ — —_
He=pg +8072 .7, 42 _ & 35.742 (4)
o me 2 2 2me
me
where H' (perturbation term) becomes
/ eih = 3 e2 2 eh=2 3 .7
= e— Y - - g .
] ch + 2A % V x.A (5)
2me
0 is the Pauli operator which is related to spin operator as
- s B
=—=0
573 (6)



M 1s the magnetic moment of the particle. Since the nucleus contains
as many nucleons as its mass number A, the H' in Eq. (5) can be written

for the system as

A A A
' - . 2
/_Ze_ih (At ).V Z _eh 37 4« _e_Z 2
H —i—l mc’al(A(ri)'v);;iuich g.v x‘A(ri)+ > A (ri) D)

2me i=1

where éi = 1 for protons and éi-i_O for neutrons. By applying per-
turbation theory one can calculate the transition probability for first
or second order processes (two photon, two electron or photon and

electron). The transition probability, in general, is given by

21 .,
r_, =& |u/_Fem | (8)

where P(E) is the final state density and Hnm is the matrix element
of the perturbing Hamiltonian between.the states n and m of the nuclear
system making the transition. A:direct transition i— f gives second

' 2 X .
order effect as far as the A" term is concerned. But the term linear
in A leads to second order transitions only when intermediate states

, ' ' 2 .
are involved, i.e., 1 = I~ f. It turns out, however, the A" term is
several orders of magnitude less than the other term and is, hence,
neglected in almost all calculations.

The multipole‘selection rule arises out of the usual representation
. T

. N ~y iK.r ‘ . . ,

of the vector potential A =.Mp(k)e whereMp 1is a polarization
-— —
= ' o ik.r |
vector and K the wave vector, The plane wave e is decomposed
into angular momentum waves (multipole decomposition)
—‘D - —
A =) R +30w)
L .

The corresponding terms in each summation have opposite parities.



Formula 8 shows clearly that the detailed transition probability
depends on the nuclear model used which governs the matrix element
Hom = <n'ﬁln1>. M’ayer1 was the first one to consider quantum mechani-
cally second order transition probabilities. Using only the dipole
approximation, she calculated the transition probability for double
quantum emiséion in atoms.».In.hér’calculation she did not include
the interaction between particle spinrand the electromagnetic field.
Sachs2 essentially used Mayer's trénsifion probabilities for his ey
predictions, The generalizatibn»of Mayer's results to higher multipoles,
as also taking the spin into éccouﬁt; wés doﬁe’by Eichler and Jacob3
.who concentrated on thevappliéation of these processes to nuclei, One
important contrast betWeen,atoméind nuclei is the fact‘that in. the
latter case one encounters angﬁlar ﬁomentuﬁ differences of several
units (specially in isoﬁeré)-and'heﬁCgbhigher multipolarities are
important. They alsb‘¢0nsidefeéithe case 0+-4 0" transitions where
first orderbprocessés are completelyvforbiddén.

At this stage a discussion of the éngular momentum selection rules
is in order, Because .of the fact that the multipole fields have
definite angular momentum and parity and these are conserved in electro-
magnetic decays, we have the result that, in a single quantum emission
or multipolarity L0 due to a nuclear transition from state i to state f
we have ]

|3, - dgls L =3 + 3
MM = (—l)Lo (ELO)

i
= p™ on)

the electric multipoles have parity (-1)Lo+1 and magnetic multipoles

have parity (—1)L°.
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Table L summarizes the allowed single and corresponding double

quantum transitions:

TABLE 1

MULTIPOLARITIES OF SINGLE QUANTUM AND
COMPETING DOUBLE  QUANTUM TRANSITION

Single Quantum Double Quantum (¥vy). .

E2 : (E1E1), (MIML).

E3 (E1E2), (MLE2).

A ' (E1E3), (E2E2), (MIM3), (M2M2).
E5 | (ELE4), (E2E3), (MIM4), (M2M3),
M2 (EIM1).

M3 : (E2M1), (EIM2).

oM (EIM), (E2M2), (E3ML).

M5 | (EIM), (E2M3), (E3M2), (E4ML).

In the case.of double quantum emission, if we denote the energies and
angular momenta of these two gammavrays by W and hW , L and L'
respectively, it is clear that L,bﬂ and Lo have to satisfy the quantum
mechanical angular momentum addition rule. Conservation of energy
requires hw =hw+he = hbi - ﬁwf . The following energy level

diagram. summarizes notations.
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i j.m
thw ii
hwo R L L T T ——— Z(nj m_)
L \[L‘hw !
)
For the special case L + L = Lo ='ﬁji - jfi and assuming that a single

particle in the nucleus, the state-of which is described by the quantum
numbers n, j, 1, m, makes the transition i to £, Eichler and Jacob3
derived the following formula for a two quantum emission:

2j + 1
T dw = d (h )2( h 4 .f 1 .
YY c _2Ji + 14 (2L + 1)(2L" + 1) x

<tll1] (0l <zt (ol z<fHT£(k)llZ’> <ZHT£,(1<’)II1>}

{3 —& - —L

i - w - W n W, =~ W_/ - W
z o d z

(19)

Here M.is the mass of the nucleon, <f HT; Hi> are the reduced matrix
elements of the (electric or magnetic multipole T = el or mag) irreduc-
ible tensor operator T; pertaining té the multipole decomposition of
the electromagnetic field and =z speéifiesvan intermediate state with
quantum numbers n, j, 1, miand energy Aw’. From this formula, using
the model of an isotropic harménic oscillator without spin orbit

- coupling for the single»particle, they make an approximate - -estimate of
T(L,L)

the ratio of the two quantum to single gamma transition as L) _

T%? . (5)2L0+2. Eichler extended these calculations and gave approxi-
‘mate estimates for Ty and T . He finds that T X
e, el v e.8 is larger than

TVY by an order of magnitude.

. 13Im , U »
The isomer Xe 31m is & nueleus with 4 units of angular momentum
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difference between the metastable state and ground state. It has a

half-life of 12 days., Its single quantum decay is illustrated in

thé following:

164 kev

hli/ ' o ' hw
9 = :
M4 164 kev

+
d3/2

. . hw ; ]
. ’XelBlm, -

For this nucleus Eichler and Jacob estimate -the ratio of double quantum

to single quantum transition as

: T. L,L’
W( ,LO) 5

= 5,10
T .
YY(LO)

Because of the following approximations the results of Eichler and

Jacob are usually considered only as rough estimates:

a)

b)

d).

e)

a single particle model of a harmonic oscillator without spin
orbit coupling is used for the nucleus in the evaluation of
the nuclear matrix element <nlﬁ|m>.
only one or two intermediate states are considered.
the multipolarity of the radiation is restricted to the case
/

L+LT =1

0
in the case of 0 - 0 transitions the single quantum energy is
assumed to be equally divided between the two quanta in the
double quantum.transition.
other numerical approximations including the assumption that

the matrix elements are weakly dependent on.the energies of
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the quanta.
Furthermore in their analysis it turns out that the quantum spectrum
depends on the parities as well as the multipolarities of the two quanta,

2
,13 An

in contradiction to the conclusions of Sachs and Schwinger.
. 4
improvised treatment has been made by Grechukin who starts with a many

particle Hamiltonian. His estimate'is given by the formula

, 2 ;
T . (L,L°) _ » . AW T®(L L'L; j.j.)
-%y-(—L)——-'— = (5 to 1).10-5,}( ‘{ vo‘ o ; £ } (10)
Y - o g idie >

the factor in braces depends on the nuclear“model. bThé numerical
factor emerges out of aﬁgular iptegfétioﬁs involved in assuming the
' applicébility'of Racah<algebra.' When the energy of the single quantum
is unequally distribufed between the>two quanta there is a likelihood
of interference in the proBabilities of emission of these latter two
quanta. Assuming a cancellation of these interference terms (random
phase approximation), using the model of an independent particle model
with spin orbit coupling‘and avphenomenological model of quadrupole
collective nuclear excitations background, Grechukin estimates
W 5
= 1.8-10  in C1

7,0

38

While we shall postpone a detailed comparisoﬁ of theory and
experiment to a later chapter one point hés to be mentioned here. In
the actual experiment, what is usually observed is a coincidence between
two X-rays resulting from the escape. of two K-electréns which is due
to the internal conversi6n‘of the‘two gamma'réyé»in the ground state

131m

transition of Xe There can be an alternative interpretation of

~this experimental observation .as was pointed out by Listengarten.
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In a process of internal Compton effect the nucleus emits a virtual
photon in a transition and this virtual photon makes a Compton collision
with one of the K electrons resulting in a real photon and the emission
of an electron. Tt is quite possible that, in the experiment studied,
the second electron.is due to the internal converéion of this real
photon, and thus instead of saying double internal conversion due to
double quantum emission one can as well say double electron emission
folloﬁing an internal Coﬁpton éffegf. Jacobson15 worked out the theory
of internal.Gompton'effect.. Basedgon this Listengarten calculates for
small transifién eﬁérgieS'the prdbability‘of double conversion in the

K shell as aéproximately equéi.to'the'ﬁrobability_of internal Compton
effect in the K shell multipiied by ‘the ihtérnal conversion coefficient

of the multipole radiation:

k : .
W 2 (1) L
kk - bdoos dk.o 1w M0
e CO Il S N O | | (11)
k, |
i
Here W and W, i are emission probabilities of one and two K electrons,

o is the Sommerfeld fine structure conStént and W is the transition

energy in units of mcz. dkl = Zk, ky, =W - Zk and Zk is the binding

.energy of K electrons. dk,is the conversion coefficient in the K shell.

If we substitute W = ,322, Zk = ,068 and .089 sak =2.22, corresponding

. , . , . 1 ' . .
to the experimental situation in Xe 31m, eq. (l1) then gives a numerical

-4 . . . .
value 5.0 x 10 ~ for the ratio of double conversion to single conversion

probability in Xenon.



The sample of Xe

-1,

CHAPTER. IIT
EXPERIMENTAL TECHNIQUE AND METHODS

Preparation of the Sample
131m was prepared,iﬁ the following steps:

1131 carrier freé was brought in the chemicgl form of

Ino- 1N NaoH and its~rédiochemfcal'purity.was 99%, It is
well known that IISl.has‘a half-life of 8 days and it decays

by B_ to Xe131v(See Figﬁréll). One of XélSl excited states

has a half-lifg.ofKIZ‘dayé which is called the isomeric level

hli, {' Avvacuum Systém was used, (See Figure 2), to milk

out the Xe1’31‘m ffom 1131.‘ A‘SO mc of 1131 was put in. the
system énd after 13 déys some staBle Xe was introduced. The
131

T solution was kept frozen all the time by surrounding it

with. a mixture of alcohol and dry ice. Part.3 was also

-surrounded with a mixture of alcohol and dry ice so that ‘it

traps the iodine gas, in case there is escaping gas out of
Part 1. After a series of unfreeze and freeze for Part 1
the Xe gas was frozen in Part 2, - Nitrogen liqﬁid was around
Part 2 which freezes the Xe -gas. Then Part 2 was sealed off,
The Xe gas was sealed inside the glass tube and sent to
Argonne National Laborétory. There the isotope separator
was used to separafe the_Xg;Sl from. other impurities and

shoot it into the source holder. The source.holder was made

15
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I _ 970.4xev

Xe
E ( kev)
zn.muoé,,m 722.92
303.67(06%.8)
6 666.68
334.10(7.4%,6.8)
505.93(89.6%,67) : v 636.30
806.42(0.7%,9.2) 72292
: (0.663)
3256
(0.030
50275
- 1{0146)
636.30
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of an aluminum foil of 3.5 mg/cm2 which was glued on an

aluminum ring of 19.9 mm diameter.
Experimental Arrangement

During the course of this work a number of different arrangements
were used depending on.the purpose of the measurement to be taken. The
main arrangements only will be considered here. Other minor arrange-
ments are not crucial to the experiment under discussion. Those major
experiments are:

13lm decaying to the

1. Investigation bf intermediate.level in. the Xe
ground state: ' In fhis case the'Ge(li) detector was inside the
source holder while the Nal detector was about 2%" from the source,
Antiscattering shield, made of copper and lead, was used to prevent
the back-scattering from one crystdal to the other. A coincidence
measurement was performed byvsitting on fhewﬁoleax-ray peak, with
.a window .of 40 kev, in the NaIl channel and accepting the whole
spectrum in the Ge(li) chanﬁel.b

The Nal channel or the gating channel consists of the
following:

a. NaI(Li) crystal‘with 2" diameter and 0.04" thickness. This
was integral line mounted on a RCA6342A photo-multiplier
tube.

b. Preamplifier Stump Model 1405

This preamplifier is a charge sensitive device which
integrates the output signals from the detector. Its
stability is better than 0.01% per ¢® and its integral non-

linearity is less than 0.2% for O to ¥ 1.3 volts into 100
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ohms, It contains an operational type amplifier, whose
feedback from outpuf to input is through a capacitor. The
voltége developed across this capacitor is proportional to
the charge from the-detector.- The operational amplifier is
followed by a white emitter.follower, which was designed to
drive low impedance lines términated in their characteristic
impedance.

Lihear'Amplifier Model 1410‘(Canbéra Industries Inc.).

The Model 1410 linear amplifier provides in one module
energy pulse shaping mode presently utilized for high resolu-
tion nuclear spectroscopy and counting. Through convenient
front panel selection, one could be able to switch this
amplifier intovsingle or double differentiated delay line
or RC shaping modes.

In the RC pulse shaping mode, RC time constants are
switch selectable from 0.1 to 7 microseconds. In the delay
iine mode, there is a 1.2 microsecond delay-line, Four
prompt- and delayed unipolar and bipolar outputs are simul-
taneously available fromvthe front panel. This alliows use
of tHe single differentiatéd signal for energy resolution
while the double‘differentiated signal is used for =zero
crossing timing purposes. The delayed signals are then
available for multichannel pulse height analysis. - There.is
a unique feature of this-amplifier that is that there is an
internal switch which removes integration from the bipolar
outputs in order to obtain the sharpest zero crossing timing

while retaining integration on the unipolar signals for
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optimum energy analysis in the multichannel analyzer. The
unipolar output was taken to the single channel analyzer and
the bipolar output was fed into the zero strobe. The ampli-
fier was in double delay lines mode,
Zero Strobe Model 1420
It was used to detect the zero crossing point of double
delay-line shaped pulses for precise timing of the incidence
of these pulses in the deteétof. It generates a timing signal
when the output signal of a double differentiating: linear
amplifier crosses the zérd'voltage baseline. This timing
signal 1is then used by‘a fast coincidence unit for time co-
.iﬁcidence evaluatiop of Ewdvmore pulses.
.The advéntage of usiné Ehis tiﬁing identification is
that there will be a minimal timing éignal shift due to ampli-
tude variations in.the dﬁtput<éignél from the linear amplifier,
The total timing shift aue to signél:aﬁplitude in the sturup
zZero strobevis less than 1 nanosecond over a range of
0.5-8.0 volts. The stability of the delay éetting is better
than ¥ 0.3 nanoseCondstef c® from 25 to SOCO, The internal
discriminatorﬂlinearity.isvbetﬁer than 1% (integral) of full
range,.0.3'to 10.0 volts. The output of the strobe was fed
‘into the fast coincidence unit.
Single Channel Analyzer Model 1430 (Canbara)
-This single channel analyzer is used to sort, from all
input pulses, those that fall within a pre-selected energy
range. It generates an output (or logic) pulse whenever the

input signal pulse from a pulse shaping amplifier falls
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between two chosen voltage or energy levels determined: by
separate baseline and window width controls, Or, if selected
to operate in the discriminator made, the unit operates as a
simple baseline discriminator, generating an output pulse,
whenever the input signal is above the lower level or baseline
setting.

By means of an-ekternalvstrobing feafure, an external
strobing pulse allowsbthe output of the single channel
analyzer to be éynchronized with the fast coincidence module
outputvso that both‘signals'cah be applie& to a slow coinci-
denqe mbdﬁle for'concurrehé'timébaﬁd energy analysis:without
further delay adjusﬁments; This-singlé'channel analyzer was
used in this experiment to seiect the window on the X-ray
peak whiéh is to bebih,coinc{dence with the whole spectrum
in the Gé(li):chahnél.' The output of it was fed into the
fast coincidence.uﬁit.

The Ge(li) channel consists of the following:
a. Ge(li) Detectér

It is a Coaxial Lithium Drifted Germanium detector. Its
size . is 2,56 mm diameter x 10.5 mm length. Drift depth is
7 mm, diffusion depth is 0.7 mm and its total active volume
is 4,0 cc. Window to detector distance is 10 mm. There are
absorbing layers of AL and Teflon with a thickness of 0.5 mm
and 1 mm respectively. In this detector the germanium dead
layer is zero. It has a resolution 2.8 kev Fwhm 1,33 mev at
(-1000) volts bais and 2 microsecond. The drifted, or

sensitive region, extends from.the surface toward the center
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of the device. Both the sensitive region and the P-type core
are symmetric with ﬁhe circumférence along the entire length
of thé detector. This geometry assures uniform collecting
fields and fast uniform pulse rise time characteristic of
palaner devices while also providing the greater volume
necessary for increaéed gama- efficiency.
Tenelec Model TC130 preamplifier

It is a FET preamplifier specifically designed for use
with cooled Lithiu@-drifted Cermanium detector. Also it can
be used, with minor or no modification, with any other kind
of radiation detector such as silicon surface-barrier detec-
tors, gridionization chambers, proportional counters and
scinfilation detectors.’ Its extremely low-noise character-
‘istics make it particularly useful in high resolution Gamma-
ray'spectrometry. ' The ldwest noise field-effect transistors
commercially available are used invthe input stage. It can
be opefated in ény position and under practically all normal
laboratory conditions., But is is not advisable to operate
it at high temperature (above 50 or 60 ¢®). Also it is very
sensitive to strong vibration and ambicut noise which may
‘have some deleterious effects on its performance. During the
course of the experiment thé whple system was shielded against
the interference from outside noise, The output of the pre-
amplifier was fed into the main pulse shaping amplifier.
Linear amplifier Model 1410 (Canbara)

As it was deseribed in the Nal channel, The prompt

bipolar output was fed into the zero-strobe and the prompt
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unipolar output was fed into the delay amplifier,
d. Zero Strobe Model 1420

This was described in the Nal channel. During the
course of the experiment the variable delay of the strobe
was set on the positioﬁ where the coincidence countrate is
-optimum, That was done by measuring the coincidence .count-
rate as a function of the delay.

e. Delay Amplifiér (Ortec Model 427)

This delay amplifier has a nominal gain of unity and
provides the capability of linearly delaying a linear or
logic signal from zero td 4.76 microseconds in 0.25 micro-
second incremehts. The amount of delay is selected by five
front panel switches. These délay lines are terminated in
their characteriétic impedance at both énds to minimize

-impedance mi smatch and resultant'pulse reflections on the
-lines. In this experiment a delay of 0.5 microsecond was
used. The output. of the delay amplifier was fed into the
input of the multichannel analyzer.

The outputs of the zero stfobes of the two channels
‘were fed into the fast coincidence unit. The fast output of
the fast coincidence unit and the output of the single channel
channel analyzer in the NaI channel were fed into the slow
coincidence unit, The output of the slow coincidence unit

was used as gating pulse to the multichannel analyzer,

Fast Coincidence Unit Model 1440 (Canbara)

This unit is used to determine whether pulses occur within a
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preselected time period of one another. It generates a logic signal
output when the output pulses from 2, 3, or 4 zero strobes (or compar-
able zero crossing discriﬁinators)7a11 occur within the resolving time
-as set by front panel control. It has four channels A, B, C and D. To
achieve a coincidence efficiency of one, channels A and B were modified
to obtain maximum resolving time of the amountb(175.9.i.0.9) nanoseconds,
This was measured very carefully_usiﬁg both two-source method and delay
method. This value was obtained with a cbnfidence level of 98%. The

experiment was run with this resolving time.

Slow Coincidence Unit Mbdei 1445 (Cadbara) |

The Model 1445 slow coincidence moaulevgenerafes simultaneous
positiVe and negative routing;or gating pulses whenever selected energy
or energy and timing conditions are met simultaneously by the signals
detected by two, three, or four detectors.

In the "slow" or energy analysis mode two or more signals are
required to generate an output logic signal. In the "fast/slow'" mode
both the energy énalysis conditions as preselected on the unit and a
timing input pulse (typically from a fast coincidence unit) must be
present. An "anticoincidence" input feature disables the unit when an
anti-coincidence pulse is present. It is quite stable in the temper-

ature range of 20° to'SSCo.

Multichannel analyzer (Nuclear Data, Inc. series 2200)

It is a completely modular multichannel analyzer in which the
modules themselves are AEC éompatible and may be placed in and operated

from a standard AEC bin and power supply. The versatility of this
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system is exemplified in that the analog to digital converter, master
control, read-in/out display, and system memory. It can be constructed
in sizes bf 512, 1024, 2048, and 4096 channels, It has so many features
that one cannot simply mention them here.

The data was read out with the Monroe Data/Log printer. The
Omingraphic Recorder Model 6550 was used fof plotting the spectrum.

Figure 3 shows the block diagram of the setup.

2. . Search for the Double Quantum Emission Effect

In this experiment use was made of Ge(li)-Nal and Ge(li)-Si(1i)
detectors, The reason for using Ge(li)-Si(li) was to investigate the
effect of the I escape peak in the case of the Ge(li)-Nal setup.

In the Ge(li)-Nal coincidence experiment the arrangement was the
same as in Figure 3 except that the Nal detector now is in the source
holder. But in. the case of the Ge(1li)-S5i(li) coincidence experiment
there were two arrangements. ' The first one was to look for the effect
of I escape peak in which the‘Ge(li) channel was set on the 164 kev
peak to gate‘the multichannel analyzer., The output of the slow coin-
cidence was fed to a‘delay amplifier to match the internal delay in
the multichannel anélyzér. In. the Si(li) channel the amplifier was
1417. The block diagram:of this sétup is in Figure 4,

The second one was to search for the double quantum effect as it
was done with the Ge(li)-NaI. The experimental setup was the same as
in Figure 4 except that the two detectors -exchanged their positions,.
The window in the Si(li) channel was set on the‘X-ray péak to gate the
multichannel analyzer. In bothbcasés there was a. 107 mg/cm2 of AL

between the Si(li) detector and the soufcevwhich'prevent the electrons
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from entering the Si(li) detector. This will be shown in the results,

3. Xe131 Spectrum with the Si(li) Detector

The aim of this experiment was to look for any possible conversion
lines other than the 164 kev convérsion lines. Also, it was used to
demonstrate the effect of tﬁe absogrber onvthe electrons. The silicon
detector was enclosed in an aluminum chamber - and kept under vacuum
during the course of the experiment. Also, the detector was kept cool
with the aid of a mixture of alcohol and dry ice. A liquid N, sorp-
tion pump provided g vacuum of better than 1K, The same preamplifier
used with the Ge(li) detector was used with the silicon detector. In
this experiment the source was inside the vacuum chamber. Spectra were
also taken,With the source outside, a case in which the K and L conver-
wion lines disappeared indicating that the electrons did not penetrate

the chamber window which is 107 mg/cm2 of aluminum.
4, Si(li)-Nal Coincidence Expeériment

This expetiment was done to see whether there are coincidences
between the continﬁum, which was observed in experiment 2., and the
conversion electrops.‘ The setup arrangement in this case is the same
as in Figure 4 except that the Nal detector replaced the Ge(li) detec-
tor. The spectrum was looked at in the silicon detector while the
window in the Nal channel was moved beyond the X-ray peak. The source
was inside the aluminum chamber in front of the silicon detector. - Under
this arrangement no electrons are expecfed to go to the Nal detector
because of the 107 mg/cm2 aluminum window of the silicon detector

chamber.
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Collection of Data

. . . . 12
For the c01nc1dence experiment the system was tested with I >

which emits two coincidence vaays of about 27.4 kev. Data was sortéd
in a multichannel analyzer.

In this type of experiment when one is searching for a very weak
effect, it is necessary that exﬁerimental factors be optimized in so
far as the experimental performance is not affected. TFor this reason
a study of the coincidence countrate as a function of the delay was
made and the result is shown in Figure 35, nAléo, study of the coinci-
dence countrate as a function of the resolving time was made to estab-
lish the coincidence efficiency. It was found that the resolving time
of the fast coincidence unit had to be increased to 180 nanoseconds in
order to achieve a 1007% cbincidence»efficiency.

The resolving time‘was @easpred'by two methods, the two-source
method and the delay method. in Both_dasesﬂuse.was made of the

formula Nc = 2TN,N, , where Nc = accidental coincidence counts,

h 172 h

Nl’ N2 are the single counts and 2T is the resolving time. It was
measured at least ﬁwenfy-five timeé and its value was established to
be 27 = 175.9 % 0.9 nanoseconds.. This measurement has the confidence
level of = 987%.

The experiment was run under this resolving time which is corres-
ponding to a 100% coincidence efficiency as is demonstrated in Figure 6,

The background was measuréd man§ times during the performance of
the experiments and it was found negligible in the coincidence experi-
ment but not so in the single spectrum. Since in.our calculation use

.0f the Nc(X) to the Nc(l64) ratio was made, as also the ratio of Ns(X)

to the Ns(164), a correction to the background was made for both the
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coincidence and the single spectra, Nc(x) is»the coincidence countrate
in the X-ray peak and Nc(l64) is the coinciaence countrate in the. 164
kev gamma-ray peak which. are, in fact chance coincidences. Ns(x) and
Ns(l64) are the singles countrate of the X-ray peak and the gamma-ray
_ peak respectively. It was experimentally shown that the ratio between
Nx(x) and Ns(164) is the same as it is iﬁ the chance coincidence
spectrum which gives another proof that the 164 kev peak in the coinci-
dence spectrum is due to chance coincidences.

As another test for the electronic system the chance coincidence
countrate in the 164 kev peak was calculated from the formula
Nch = 2'TN1N2 making use of the Y-ray peak éingle countrate and the
single countrate of the Nal detector. It was found that in both cases
the chance coincidence countrate is in good agreement which indicates
that the electronic setup is functioning in the right way.

The Xe131m was calibrated with the use of 3" x 3" NaI crystal.

16,17 _ .

This type crysﬁal was studied in defail by several authors
its efficiency is very well establisﬁed;‘ It was found that the initial
source strength is 1.3 Wci. |

During the coursé of the coincidence experiments the gating window
‘was chosen with the aid of the ﬁultichannel analyzer.

Since there are many processes that could compete with the doubie
quantum effect a number of test experiments weré performed to study.

the possible effect of these other processes. All these will be dis-

cussed in detail in Chapter IV.



CHAPTER IV
DATA REDUCTION AND PRESENTATION
Analysis of Data

The coincidence spectrum which is shown in Figure (7) is due to
the coincidence between events detected in the NaI(TL) crystal, which
pass the energy selection of the single channel window, and those
photons which go into the germanium detector. The observed coincidence

countrate can then be expressed as:

ch - Nxx +'Nxhu +Nch 1)
o W
2 ’ k k
= Z - -
where Nxx Nozf?) 2@@(2Wk Pxx £+ (1+) thv £)

Here Pxx is due to the two coincident X-rays and Px is due to coinci-

hy
dence between X-rays and photons with energy such that it falls within

the window. Nxhv'is due to photons going into the germanium detector
and X-rays going into the window of NaIl detector. The source of these
photons could be due to either bremsstrahlung with the conversion

electrons, or internal Compton effect or due to both of these effects.

NCh is the chance coincidence which can be expressed as

2 2 ,ak (2
Nch(X) = 2'1"NO El(X) EZ(X) Wk ( 1_W) (2)
where 2T is the resolving time of the coincidence circuit unit

No is the source activity

33
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El(X) is the Ge(li) detector efficiency
EZ(X) is the NaI(TL) detector efficiency

Wk is the flourescence yield

ak is the K-conversion coefficient

ols the total internal conversion coefficient
f’is the fraction of the X-ray peak in the Nal window with
respect to the total peak.

f is the fraction of the photon continuum which might be included in
' Nxhv.-g'xw)

’
Ny YD)

Nxhu(xw)’ as defined before, is a part of the continuum which falls

the NaI(TL) window and it can be expressed as f = where
within the Nal window and NthCYT) is the total of counts of the con-
tinuum. The coincidence countrates of the continuum in the Ge(11i)

detector can be expressed as

_ . akk .
Nxhv(c> = Nozi(x)-ﬂz(x).( T ) thuf v (3)
From equations (1) and (3) one finds that
| o e
N, - Nc(Cont.) =N+ Nch(X) =N | (&)
Fz c ‘C ’ .

If n =X N o=FN | (4 )

XX XX XX .

where F. is lower limit of the sum on the peak and F, is the upper

1 2

limit, then nxx can be expressed as

2 7 ~Olk
x ~ * No 21(X)22(x)[2'Pxxwk £ (1+a ) wk thufj *
2 - . 2 ok ’
VF 2T No El(x)EZ( ) wk. (140) £

It was shown experimentally that Nc(164) = NY is due to chance
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and it can be expressed as:

ok )2 wk

+eov ‘ak

. _ 2 '
NY = 2T N_ El(x)Zz(X) (»1 f (6)

where El(y)-is the Ge(Li) detector effieciency for 164 kev gamma. The
single countrates of the X-ray and the gamma ray can be expressed

respectively as:

, ok
Nsx ='No Z:I(X) wk ( 1+o )
. (6 )
Ny =N 2,0 (359

Taking the same fraction F for the same limits as in the coincidence

case one can write that:

-FN I ok
Mo F No 1(X) Wk (s1+a )
, . I » i (7)
n =‘N % ('Y) 1' : ) R
sy o 1Y (14+w) :
From equation (7) one gets the relationship:
2l(X) - 1 . Rox : (8)
El(y) Fa‘ka | nSY
From equations (5), (6) and (8) it follows that:
_ | _1 ok 2 [™x [s -\t
A = B+ E ) =g 2 N [ == -] e )

“SX

where ¥ is defined as:

xhv
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A(y) is the total measured effect. Other symbols are as defined
A
earlier and y is a function of window width. e E is the source decay

correction. From equation (9) one can write:

g
L]

AGY) -Ze(Efg)

XX

(10)

0 , R will be explained later.
Caiculation of A(y)

Since»NY»'in.equation (9) is the chance coincidence countrates in

the 164‘keV>peak,‘this can. be expressed as:

NY = 27T NY(W) nsy | (11)

where NY(W) is the single countrate in the Nal window, and nSY is the
single countrate in the 164 kev peak. Therefore A(y) can be expressed

as:

2 Dex - At
) [s— - 1] & 12)
Y sx '

ok
14w

AGy) =.% 21 N_

In equation (12) above nxx must be taken after the correction for the
continuum. The correction for the continuum was made as follows. Under
the assumption that the continuum is mostly due to bremsstrahlung, it

is expected that the flux (ehergy times coﬁnts times a correction
factor for the detector efficiency) falls on a straight line, when
plotted against energy.  This is fouﬁd.to be nearly satisfied and the
straight line passiﬁg through the continuum points is extrapolated to
the left side'of the X-ray peak, Then flux ﬁoinfs were taken at each

channel and converted back to counts and subtracted point by point
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from ch in the X-ray peak. Then one would be left only with N;x from

which o, can be deduced (see equation 4 ).
Calculation of (zﬁf/%/)

In order to determine the value of this term an experiment was
done where the Nal window was set beyond the X-ray peak with a width of
about 40 kev. A coincidence was 6bsérved in the X-ray peak. Some of
these coincidences are expected to be due to X-rays and photons in the

continuum, The total coincidence countrates can be expressed as:
N =N D T, W 2Eyp £ 4w (13)
c o~ 1 2 k * l+o xhv w ch

where Zz(y) is the Nal detector efficiency for energy between 50 kev

and 100 kev. -fw is the fractipn of the continuum in this particular

| N )
ind d as: = ;
window and can be expressed as fw’ NxhvéfT),’ where NthCw») is
the N counts in the continuum window of Nal detector and N (YI)
xhv _ . - xhv

was defined earlier. From equation (13) one can;writé that:

c ak

N = NE R B0 W (75) By £= N - N (14)

xhv "w . ¢ ch

From equation (14) and the X-ray single countrate (see eq,'6') one

finds that:
c .
xhv
e—— = Z ’
N Z(Y) thv fw
5
from which it follows:
c
N
1 ) cxh
Pawly = T20) N (15)
2 sxX
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Z(f/f,) can be written as;:

| _ L ok
C
I - S| w1 )
= : S ,
2Wk 1+ o ZZCy) NSX fw /f
C
N
1 ok o1 xhV
where 9 === 9 T N
k 2 sx

and R =—(f/f ). - All other symbols are as defined before. From this
W N

particular experiment and its corresponding single run it was found

that:

C

Nxhv 3

= (.304 + 0,015) x 10~
SX

ZZCY) was taken from reference16 to be 0.46 + 0.01

(o] =

K 29

o = 41.6
Wk = 0,87

Using these values one finds that:
g == -3
= 0.26 x 10
Table II gives A(y), (O R/f/) values as functions of window.
The indicated errors are based on the estimate of possible instru-
mental errors as well as statistical uncertainties. Before coming to
the discussion and evaluation of Pxx'from‘Table IT, one has to consider

any other possible processes which might contribute to the coincidence

countrates which contribute to A(y). The following effects were



TABLE IT

) WLTH DIFFERENT WINDOW WIDTH

A(y) AND O-( R
. . - -3 -3
Window Width kev- R/f Q-R/f x 10 A(y) x 10

20 . 2.64 . .0.59 + 0,06 0.74 + 0,04
+0.3 : S

14 1,99 0.44 + 0,05 0.58 + 0.03
+0,2

10 1.77 0.4 + 0.04 0.57 + 0.03
+0.18

8.3 1.76 0.39 + 0.04 | 0.87 + 0.03
+0.18

5.6 1.75 0.39 + 0,04 0.45 + 0.03
+0.18

4.4 1.58 0.51 + 0.04 0.51 + 0.03
+0.16

3.4 2,25 ~0.51 + 0.05 . 0.46 + -.03
+ 0.2

2.5 3,22~ . 0.72 + 0.06 0.54 +.0,03
+ 0.3

considered: _
1) impurities in the Xe131m sample

2) chance coincidences

3).coincidences between K-conversion electrons and K X-rays
4) multiple scattering-between the two detectors

5) K electron ionization of'Xe by the emitted K conversion

electron
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6) external Compton effect

7) an intermediate level.

Other Possible Processes Which Might Contribute to the Coincidences

1. Impurities in the Xe131m Sample

The sample was electromagnetically isotope separated at Argonne
National Laboratory. Under these conditions, only activities with

mass number 131 could occur, possiblé Ilsl,

To look for this and other
. . 131
possible impurities a spectrum of Xe was taken for a reasonably long
' 5
time. It was found that a Co 7 impurity is less than 0,005% and other
possible impurities are far ‘less than 0,001%. This can give rise to
true coincidences between gamma-rays and X-rays. The contribution to
the observed coincidence countingrafe from Il3l'has'been investigated
by making use of pure 1131 source which was about 18 times stronger
131, .. 131 :
than the impurities of I in the Xe sample. With the use of the
coincidence countingrate in the x-peak in Xe131 coincidence spectrum
and that of pure 1131 it was possible to estimate the‘coincidencé
countingrate due to the 1131 impurities to be = 8 counts per 10 hours
compared to 7700 counts per ten hours in the Xe141 x-peak., This gives

about 0.1% contribution which is considered quite negligible, The

other impurities' contribution is, therefore, also negligible.
2, Chance Coincidences

This was measured by introducing a delay of 700 nanosecond in the
gating pulse side. Due to the fact that the source activity was about
1.3 Bci and that the resolving time was at maximum value (175.9 + 0.9

nanoseconds) the true to chance coincidence ratio varies from 2 to 6
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depending on the time when the measurement was made. But since PXx

was calculated from equation (10) if.was not necessary to subtract the
chance coincidence counting rate. A comparison of the real and chance
coincidence spectra is shown in Figure 7. The background coincidence
counting rate was found to be négligible. By background one means that

the source is not present,
3. Coincidences between K-conversion Electrons and KX-rays

It is quite possible that some K electrons penetrate into the
X-ray crystal, which can give rise to real céincidences between the
K electrons and KX-ray. In 6rder to avoid this, a careful study was
made to estimate the possible number of electrons which might penetrate
into the.crystal in spite of placing an absorber of more than 60 mg/cm2
thickness, a thickness which exceeds twice the range of electrons with
an energy of 130_k¢v. This was done with the aid of a silicon detector
which haé a resolution of about 10 kev for all practical pﬁrposes.
Figure 8 shows the xe131 spectrum where the:Kiand L lines are very
well resolved. Figure 9 represents the Xe131 spectrum with an absorber
thickness of 28 mg/ém2 between the .detector and the source while
bFigure 10 represents the case when the absorber thickness was 56 mg/cmz.
Further, the source was taken outside the chamber of the silicon detec-
tor, the window of that chamber being about 107 mg/cmz. The spectrum
in this case is given in Figure 11, From Figure 10 and Figuré 11 it
was possiBle to estimate the rétio between the possible penetrating
electrons and the initial electrons wherebno absorber was present.
This was based oﬁ the assumption that in Figure 11, there is no

possibility of the electrons penetrating through the 107 mg/cm2
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absorber to the detector but a possibility of penetration through the
56 mg/cm2 absorber. The counts in Figufe 11 were subtfacted from the
counts in Figure 10 and the difference was considered as an upper limit
to the numbér of electrohs which might possibly penetrate into the
X-ray crystal. It was found that’the number of left electrons is about
10w4 of the initial number;_ further, as the efficiency of NaI(TL) for
electrons is only about 10%, one can estimate: that.the totél possible

contribution to the observed peak intensity from X-ray K electron

coincidences is no more than 0.2%. This can be verified using the

formula:
N (ex) = (2K N Z () Ty W, £(0) (16)
e 17 I+a’ o7 1Y VAL 07
where
Nc(elx) = coincidence counting rate between electrons and
X-rays
Zl(e) = efficiency of the NaI(TL) for the electrons
f(x) = X-ray transmission factor which is approximately

one.

The other symbols are similar to those used in equation. (1).

WK = 0.87 for Xe131

Z(e)Q = 0.045

-3
Q= :
% = (15.6 £3.9) + 10

2202 was calculated from the relation:

ok

1+oz) w

-Ns(x) = No’22(22 ( 'S (17)

Where Ns(x) is the totai count under the X-ray peak in the single

spectrum of xe131.
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From equation 06) one findé‘thét Nc(e1x) 5.2 cps = 120 cpm if the
whole K electrons penetrate iﬁtq the Xéray'cpystal. But that was not
the.case because 6f.the_60.mg/cm2:ébéorber. The numberiof penetrating
‘electrons was found to be about 10i4‘as:én upper limit which gives about
0.012 cpm which is O.2%>6f_tﬁé-pﬁsef§éd coiﬁcidénces. Therefore, it is

negligible.v‘_
4. Multiple scattering between the two detectors

Backscattering from one detector to fhe other can contribute to
some extent to the coincidence counting rate. This effect was largely
suppressed by use of the lead and copper absorbers between the detectors.
Under this antiscattering arrangement one might conéider the contribu-
tion from this effect to'be quite negligible. There is, in addition,

a possible contribution to the coincidence countingrate from the iodine
escape- X-ray. This was fouﬁd(evideht:in the experiment when the window
inbthe singlé channél analyzer was set on the 164>kev gamma-peak, It
is very well known that the 164 kev gamma-ray is- in no coincidence

with anything in the Xel31>épectrﬁm and it was appearing in the coinci-
dence spectrum.as chance. This was provéd from the fact that the 164
kev peak in.both thévcoincidéncé énd the chance’spectra;ié the same.
However, when the.window-was Set on this peak, it was found that an
X-ray peak in the coincideﬁce.spegtfum is still there, After careful
investigation the peak was-found to be a 28.4 kev which is the X-ray

of iodine.  What happéﬁed Qas that, when the-164 keﬁ gamma-ray entered
the NaI(TL) crystal, it QXCitedvthe‘iodiné atomiand an iodine X-ray

was emitted.: This:was.fuffhér'investigated by use of silicon detector

and Ge(li) detector where no real coincidence was shown. However, it
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was found that the contribution from iodine escape X-ray was negligible.
5. K electrons ionization‘of Xe by the emitted K conversion electrons

Due to the isotope separation prOCedﬁre_an amount of stable Xe
in the sample'is ﬁecessary to bé u$ed as carrier; This amount of
stable Xe in the samp1e was>1ésé.thaﬁ 0.2 micfogram. It. is quite
possible'that K'conversionbeléctrdﬁs ionize the K electrons of the
 stable Xe and X—ray Qili be~pr6du¢ed. Thus this can give rise to real
coincidences betweén two X-rays.. A test expériment was done to investi-
gate this cause by use of 211 mg/cm2 of Ba. The thiékness of stable
Xe in the sample was calculated to be 2.5 gm/cmz. It was found that
the ratio betwéen-Nc(x) and Nc(164) is increased by about. 50%. Since
Nc(164) is a pure chance coincidence, as is evident from the experiment,
the increase in the ratio can. only be due to the enhancement in the
real coincidences in the X-ray peak. Part of the increase in the real
coincidences could Be due to increased bremsstrahiung too. Comparing
the amount of stable Xe in the sample with the amount of Ba which was
used in the test experiment one finds that the Xe to Ba ratio is about
10-5. Iﬁ this test éxperiment one_expects.that the effect will be

magnified at least By a factor of two thousand--not by only 50%. Thus

the K ionization must be completely negligible.
6. External Compton effect

This effect can give a contribution to the continuous distribution.

However, this was taken care of by the evaluation of Nxhv as mentioned

earlier.
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7. An intermediate level

The photoﬁ may not go diréctly,to the ground state but pass through
another level with specific energy, spin and parity. This can be a
very competing effect because of the fact that a real coincidence
between two X-rays is quite possible in this case. This could be
verified experimentally.

With the use of the silicon détector (see Figure 7) it was found

that the intensity of a possible conversion line other than the K 164
131m

22 .
131 one might expect that a

kev and L. 164 kev lines in the decay of Xe is about 1.3'10-4 as an

upper limit. From the decay scheme of I
single particle level, the 5% 1evé1, is a possibility for an inter-

mediate state which implies that the decay to the ground state must

transition from‘hii‘tq Si+. However, the transition pro-
77 "
.is quite.small, both experimentally”  and theoretically

go via an E5

bability Qf,ES

compared to the M4 transition probability. This makes the transition

hll-—‘ ?l ?3+ ~1s unfavorable.

2 2 2 |
Moreover, one could measure the expected contribution to the real

+ -

coincidences from this possible effect. This can be done with the aid

of the following formula:

NC(KX) = No Zl Gﬁ‘ZE Qz ( Thor ) Wk -I(KX) (18)

Where I(KX) is the upper limit of the intensity for any possible

LM for E5 is reported11 to be about 0.009 and « is

about one for an energy of about 80 kev. From equation (18) it was

electron line. @k

found$;hat the real coincidences from this effect are less than 0.06

counts per twenty hours compared to an average of 3600 counts per
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twenty hours of the_observed»coinéidénceé. A11»this information indi-
cates that'the iﬁtermediate ievei, if it exists,»contributes very. little
and the observed effeét_cénnot bé,dﬁé:tpvit,

A search qu‘ﬁhe'intermédiafe level was, however, carried out
because in pfiﬁciple, dne shéuld be able to detect the intermediate
level as a peak in the continuous distribution. Such a peak was not
found, as is clear from Figure 7. A search for any other possible

1
3lm was done too.

level other than the hlyélevel in the decay of Xe1
An upper limit of about 1.13-10_4 was found for the intensity of any
~possible peak with respect to the 164 kev gamma-ray peak. ' This is

another evidence showing that the existence of any intermediate level

is quite improbable.
Evaluation of P
v XX

F#om equatiopT(IO)bgnd Table IT the value OfiPXX was calculated
for egch window.' Then.thé average of P#x for the‘different windows
was taken as an'uppe# 1imit beqéusé»qf_theifaCfithat Px% should be
independent of the wihddw»if the effect doeé exist. However, this work
showed. that the éffect is‘quife:sensitive'tofthe window setting which
implies that only an upper 1imit'cén be>deduced. This upper limit is

calculated to bef

P <(7.5 + 1.5) x 10'5
XX bl .

PXx represents the ratio of ‘a second order transition to a single order
one. Since the observed peék,ih the .coincidence spectrum is an X-ray
peak, it can be concluded that the two X-rays which were observed in

coincidence could be due to vYY, or Yek emission. According

®x %k °

to referencelz'vy are to be ruled out. The observed effect, therefore,
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is due to the emission of .two K-quanta and these double K-quanta result
either from a double conversion in the K shell or from the internal

conversion of the internal Compton effect. Thus the measured value
We o W
of PXX is equivalent to the ratio "k'k where'ekek_is the transi-
' W W -
e Y
* W
tion probability for the simultaneous emission of two K-electrons, e

is the transition probability of a single e, electron and WY is the

k

single gamma transition probability. We =:QW§ where & is the total

. ] c s . . 12
internal conversion coefficient which, as reported in reference ", has

a value 53.3. From.the relation between We and WY and making use of

the.flourescence'yiéld, which has a value of 0.87 for Xe131, one finds

W .

that’wkk (3.1 +0.6) x 10-3. This result is compared to (2.7 + 0.7)
3" 12 2 11 e e

x 10 of reference and 1.85 x 10 7 of reference ~. Also k 'k was

Wy

found to be f;(A.i + 0.8) x‘10-3.v It was reported in reference12 that
W o Co - g ‘ S
®k®k is  >260 for E2M2 and '>130 for EIM3 and MIE3. From this it
_ . S W
was possible to deduce the following upper limits for WQQL s

=
<

Y <(1.6 +0.3) x 107> for E2M2

=

Y ' 5
< (3.2 +0.6) x 10 5-for_lElMB or M1E3

. : 12
whereas for the latter multipolarity Knauf et al., — have reported a

5

limit of 2.2 x 10~



CHAPTER V

ANGULAR CORRELATION MEASUREMENTS' IN Sb125 DECAY

Introduction

The basic phenomenon of angular correlations can be stated as
follows: a nucleus decays from .a first level A by emitting a radiation
Yl’

through the emission of vy 9 in the direction (Kz), into the final

in the direction (Kl) into the intermediate state B and from there,

state (as in Figure 12). Now the .question is what is the relative
probability W(G)dUJ that' the radiétion Y, is emitted at an angle® with

respect to the'di:ection‘K1‘o£ the_radiatipn Ni, into the solid angle.

o
=

w
—

Figure 12, Radiations Emitted in Cascade

W(0) has been calculated using perturbation theory18 and shown to be

53



expressible as a series in Legendre polynomials

W) =1 + Ay (1)A,(2)P,(8) + A, (1)A,(2)P,(®) + .....

Decay Scheme of Sb125

In order to make angular correlation measurements, one has to be

sure that the decay of the nucleus, which is chosen for study, is

very well established. TheAdec'ay‘of-,Sb125

many authorslg’zo’21

_fﬁéé been investigated: by

but the results have beén somewhat conflicting
regarding the spin assignment of the 0,321 Mev level in Telzs, which is
the product of thisbdeéay. ‘For'égémple Narcisi_19 on the basis of the
measured_internal-conversiOn(cqeffiéieht of Ehe 0.176 Mev transition
assigns é spin of 97é ﬁovthis 1eve1;b However, such a large spin is

not predicted by the siﬁgle particle model with a spherical nuclear
potential. Glendenning22 calculated the energy levels and thevspins
using the intermediate coupiing model, This model shows that no
assignment of 9/2 spin could be predicted fo levels other than the

high levels at 0.931 Mev and 1.33 Mev. In addition to this controversy
it has been reported23 that there may exist a new 0.401 Mev. level.

It waé, therefore, felt necessary to re-measure the energy levels
using high resolution detectors - the germanium solid state detectors, -
so that one could be sure about the deéay scheme before going into the
angular correlation measurements. Moreover it is of importance to make

sure that there are no.impurities in the sample. The latter point can

be confirmed by taking the singles spectrum of the isotope.
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Experimehtal_Teéhhique and Methods

1. Single Spectrum of Sb125

The source was deposited on an electric tape and kept in front of
the germanium detector. The electronic assembly consisted of a pre-
amplifier, amplifier and muifichannel analyzer, All these components
have been described in Chapter III. The system was calibrated using

241 57 137

the standard sources. Am , Co and Cs . The single spectrum is

shown in Figure 13.

2. Assembly for the Angular Correlation Experiment

Fof tHis expetiment_two n x'é" NaI(TL) crystals were used. Each
crystal was mounted on RECA 6342‘phofompltiélier tube. The apparatus
consisted of tw0‘symmetricélbchannels, eaéh chaﬁne1 consisting of a
detector, a’preamplifie: an&;é’siﬁglekghannel analyzer or pulse height
selector. »Theboutppt froﬁieach ﬁuiée height selector'(aifferential)
provided the input pulSesvtbla coiﬁciaenCe circuit. »Thé coincidencé
circuit was a replica df the'Advaﬁég Rédiation Engineering-Corporation
Model 401 coincidenceQanticoincidence unit, It has three channel logic
modes (triple coincidence circuit); aﬁd a résoiving time which is
adjustable from 0.5't0>20‘microsec6nds. In this}wbrk,.the cbincidence
~circuit Was'adjuSted to a resolving time of 1.4 x 10“6 sec as determined
by berforming an ekperiment Qitﬁ Ewp ihdependent sources with the
detectors separated from each other by lead shielding. To calculate

the resolving time the following formula was used:

Nch = 2'rN1 N2
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where NC is the chance coincidence, Nl’ N, are the single counting

h 2

rates and 2T refers to the resolving time of the circuit. The block
diagrom of this arrangement is shown in Figure 14,

In this case a special apparatus was designed which consisted of
two arms attached to a 360° scale plus‘a vérﬁier scale. One of these
arms was fixed and thé other ‘was movable along a circular path. - The
source was deposited on é mylar foil of 0.0l mm.thickness and covered
withhan identical foil,fforming a "sandwich” wrapped around a hollow
lucite cylinder 3 mm in diameter. Thé lucite cylinder was fitted to
stand on edge on an.alumiﬁuﬁ cylihder; The. readings were taken at

o)

angles 90°, 120°, 150°, and 180°. A check was made to see if the

arrangement was symmetrical by obtaining the readings at the angles
270°, 240°, 210°. It was found symmetric within statistical errors.
The energies of the two Y rays which'afe‘to be studied were selected
with the aid of the single chénnél’anaiyzer. Each ray was chosen
carefully so that any poésible interference from adjacent rays was
negligible. This was déne with the aid of the window of the single

channel analyzer. The coincidence: counts were registered with a TMC

model SH-3A2 scaler equipped with a discriminator and a timer.
Determination of the Angular Correlation Coefficients

After the coincidence counts were corrected for chance coincidences,
background, normalization of the product of the singles count rates was
carried out. The normalization was done to take care of any possible

shift in the singles count rates. ' Using the least squares method

developed by Rose24 the coefficients A2 and.AA, which establish the

angular correlation function for the two - cascade, were obtained.
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By a comparison with the theoretical values of A2 and A4 one can deduce

the spin of the. level.

Results and Discussion

Decay Scheme qf Sb125

The.result of this work confirmé the existing decay scheme which
.is shown in Figure 15, However, therg is.no ¢lear evidenﬁe for the
existence of the 0.401 Mev-leyel. ~Table III gives the energies
measured in this work compared»to‘fhélrésults‘of others. For the
angular corrélation méasurements;»the result of the single spectrum

.confirms the absence of any impurities;

TABLE ‘III

GAMMA-RAYS ENERGIES OF Télzs AFTER THE DECAY OF Sb125

Th;zezork ' Lazar19 Narcisi20 Champion, et al21
‘ kev

109.44 109 109 ——
176.45 176 176 172.4

(204.5, 208) (203, 206) (203, 206) 207 .4
320.9 319 ) 319 320.6
380.45 379 379 380.6
427.96 427 427 427.9
463.4 462 , 462 463.5
600. 85 | 597 , 597 600. 2
606. 69 604 604 606.9
635.89 633 633 635.4

——- 652 652 -
671.3 : 668 o - 668 670.6
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Angular Correlation of ¥Y-Y Cascade

The angular correlation set up has to be calibrated using a very
well established standard. . It is well known that the angular correla-
tion between the»0.356tMevfandv0Q082 Mev’YJY cascade following the
decay of Ba¥33_isjquite well determineo{‘ Thevangular correlation func-
tion of thisvcesoade{wés esteblished to.bezsl ‘

w(e) =1 +_(0;042Li°0.0055 Pét(cose)le-(o.oo4'i 0.007) P, (cos8)

This anguiar'Cortelationjfunotion_has,been re-established here as
a check on the setAup'boilt to'meaSure‘the'anguiat correletion:function
of the 0,320 Mev - O 176 Mev cascade in the Sblzs.decay schene The
result of the present set up for the 0 356 Mev - O 082 Mev. cascade in
the Ba133 decay has been found to be | | |

W(G) =1 + (0 0398 +—0 005) P (cose) - (0 0074 + 0. 0095) P4 (cosB)
nlth an anlsotropy coeff1c1ent A 0 058 + 0.002 where

A= —ES—Q:;ILL— -1, see: Figure 16.

W( 8=1/,)

The angular correlation between 0.321 Mev - 0,176 Mev v-ycascade in
125

the decay of Sb

This was carried out specially to check the spin assignment of the
0.321 Mev level. The angular correlation fonction of this cascade turns
out to be: |

wW®) = 1 + (0. 0532 + 0. 002)P (cosg) + (0.001 + Q.0003) P4 (cosg)
with an anisotropy coefficient»A =.0.082 +.0.01. :Figure 17 shows W
as a function of 8. From the F coefficients table26 one finds that

QD) (1) (1) , (2)
A ’ A4 A2 A2 and

2

= 0.303, 0.0 respectively where A2'=
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(1) , (2) _ . - o (2) _ |
A4 A4 = A4. Since A2v 0.0532 it follows that A2 0.176.
From this result one can conclude that the cascade 0.321 Mev - 0.176 Mev
has the 7/2+(D) 9/2° (D.Q)11/2  sequence and supports the assignment of

spin 9/2° to the level 0.321 Mev, és was discussed by Narcisi19 on the
basis of his conversion coefficient measurements.

Concluéion‘
125

The measurement of the énergies of Te

Sblzs shows no evidence of the'0.40l Mev  level and the 0.652 Mev ground

following the decay of
state transition, which wés‘suspécted»bylbther workers; hés not been
observed, agreéing With:thé findings.offChampionvet 31.21 The angular
correlation measurement of the '0.321 Mev - 0.176 cascade, however,

supports the previous spin. assignment Qf‘9/2f for the'0.321 Mev level,
Summary of Results and Conclusions

A comparison of‘the results.of this work and‘thOSe of other
experimenters is given in TablelIV.v As far as the discrepancy in the
reported results of Alvager et al and Knauf et al are concerned, this
work confirms the findings of the latter. The theoretical estimate of
Listengarten, which gives credence to the experimental work of
referencell, is not a serious limitation in accepting the currént
results because he uses a rather crude approximatioﬂ in.computing the
actual ratio of the transition probabilities, = The merit of his paper,
however, is to point out the alternative interpretation of the observed

double K-quanta coincidence as due to internal conversion of internal

Compton effect. The uppef limit for - - agrees more or. less with

"
%

the theoretical estimates of both reference3 and reference4. At the
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TABLE IV

SUMMARY OF THE RESULT AS COMPARED TO THE PREVIOUS WORKS

Alvager et alll' This Work Knauf et al12

We e ‘

k Kk ’ =4 . -5 -4
— 4.5.10 .<0,75-10 0.66-10

e
LI ‘ S R _
ek 2.44107% <4.1 .1073 3.6:107°

% + 0.8 -
Wik -2 B 3 .3
= : 1.85-10 R <3.1 -10° 2.7-10°

Y ‘ -+ 0.6
W Lo '
wyy | Cs107t 0 <3.107° 2.2.107°

present stage of experimental inVestigation possible one can only
determine the upper limits for the double quantum emission probability
given above.
. 125
Measurement of the energies of the levels of Te shows no
positive evidence for the existence of a new 0.401 level and angular
correlation measurements confirm the spin of the 0.321 level as 9/2,

odd parity.
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