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CHAPTER I 

INTRODUCTION 

1.1 Electromagnetic Transitions and the Importance of 

Life -time Measurements 

The predominant modes by which the majority of excited 

nuclear states decay to a state of lower excitation are the 

electromagnetic transitions which result from the inter- 

action of the nucleus with the electromagnetic field. Thes 

electromagnetic modes of decay are, (i) y- emission, 

(ii) internal conversion and (iii) internal pair production 

The electromagnetic transitions have been classified into 

electric 2t pole and magnetic 2t pole types, the former in- 

volving a parity change of ( -1)t and the latter of ( -1f +1. 

Internal pair production can only occur when the energy 

available for decay is greater than 1.02 MeV which is the 

energy required for the production of an electron - positron 

pair. Internal conversion can always compete with y- 

emission and becomes particularly important for low energy 

transitions of high multipolarities in elements of high Z 

number. The relative frequency with which y- emission and 

internal conversion occur in a given transition is a matter 

of great importance in nuclear spectroscopy and is express- 

ed by a quantity called the internal conversion coefficient 
N 

This coefficient is defined as a = Ñe , the ratio of 
Y 

the number of electrons to the number of photons emitted. 
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Since, in principle, the electrons can be emitted from any 

shell, the total internal conversion coefficient a is 

given by 

a = K + 
L 

+ 

where aK aL etc. refer to the coefficients related to 

the various atomic shells. Of course, unless higher multi - 

poles are involved, the most strongly converted electrons 

are those in the K- shell. The conversion coefficient in- 

creases rapidly with the atomic number (,.was z3) and 

decreases as the y- energy décreases. The value of a has 

been tabulated by Rose(1) and also by Sliv and Band(2) as 

a function of these two variables and of the multipolarity 

of the transition. The two calculations are based on 

slightly different methods of treating nuclear size effects 

Nevertheless, the results of the two calculations do not 

show any significant difference. 

Since the electromagnetic field is well understood, 

the transition probability (T) for each of the decay pro- 

cesses can be calculated by the familiar methods of quantum 

electrodynamics. The total transition probability of the 

decaying state is the sum of the partial transition proba- 

bilities for each of these processes. The partial tran- 

sition probabilities are given by the reciprocal of the 

corresponding mean lives (T - 1 etc.) which are re- 
Ly 

lated to the partial level widths ( ¡, (-lc, rip) by the 

uncertainty principle. Thus, for radiative transitions, 
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6.58 x 10 -16 

-Cy. (secs.) 

The transition probability for y- emission from an 

excited state involves a function, F(t, Et) containing 

the multipolarity, L and the decay energy, E9 of the 

transition, and a factor, B(6t, Ii-4 If), called the 

reduced transition probability (6 stands for the electric 

E or magnetic M type of transition). The latter depends 

sensitively on the wavefunctions of the two nuclear states 

involved in the transition. Because of this dependence, 

significant information regarding nuclear wavefunctions can 

be obtained from a comparison of experimental y -decay tran- 

sition probabilities with the theoretical values calculated 

on the basis of specific models of the nucleus. The en- 

hancement or retardation given by Ted /Tth, can be inter- 

preted in terms of the adequacy or otherwise of the assumed 

model. In cases where the choice of model is sufficiently 

justified, the deviation leads to additional selection rule 

whose violation, while not completely inhibiting the tran- 

sition, may retard it to a considerable extent. The life- 

time measurements of excited nuclear states thus provide an 

invaluable tool for understanding nuclear structure. 
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1.2 Transition Probability for Radiative Emission(3' '5) 

The interaction energy between the nucleus and the 

radiation field giving rise to the emission and absorption 

of a photon is given by 

H' _ -j J(r).A(r) + L(r).H(r) jdv (1.2) 
J - - , 

where J(r) is the current density, A(r) is the vector 

potential of the electromagnetic field, u(r) is the mag- 

netic dipole moment per unit volume due to the distribu- 

tion of spins and H(r) is the magnetic field. J(r) is 

related to the charge density, 
y 

by the continuity equa- 

tion, 

V. + á-ß = o.J +J.t. H, 

Pi 
= o (1.3) 

The electromagnetic field can be expanded in terms of the 

vector potentials (s) which are eigenstates of the angular 

momentum (J, JZ and S2) and parity operators. This 

effectively corresponds to the decomposition of the field 

into electric and magnetic multipoles. For a suitable 

choice of gauge, the vector potential A completely des- 

cribes the field of radiation and satisfies the equations, 

= 0 , and div A = 0 (1.4) 

In operator form, A can be expressed as, 

1/2 

_J( 2m) _ (-) 1 
`, 7 (oxL)Je(kr)Yzm(e,ß), 

tg/1-1) 
(15) 

and 
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;/ 
) 

AM(Zm) 
- ( ) 1 2 

L J(kr) ?m (8 9S) (1.6) 
e( e+1)1 

where A (.gym) is the vece for potential of the electric 2 
pole field, 

T,T 

e 

(1m) is the vJctor potential of the magnetic 2t 
pole field, 

k = is the wave number of the emitted radiation 

L = -iryxó , 

JQ(kr) = spherical Bessel function of order t. 

and Ytm(9,/) = spherical harmonics of order (2m) . 

The electric and magnetic fields are given by 

L = 
1 dA 
c "57 ' 

H = Curl A , (1.7) 

and their parities by ( -1)1 and ( -1)1 +1 respectively. 

The transition probability per second for the interaction 

described by equation (1.2) which takes the charged system 

and the field from a state \i> to a state if> is 

given by the golden rule 

l 
TH' 

2 2t dI1 
T = 

i 
1 d 

r- (1.8) 

where á - denotes the number of possible final states per 

unit energy interval. 

In the long wavelength approximation,, kr K< 1, which 

corresponds to energy less than 10 MeV, 

Jt(kr) (kr)t 

(2t+1)!! 

and the contribution of the spin part of the interaction 

energy in eq. (1.2) is negligible. With this approximation, 
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it can be shown that 

<f I H' i> is proportional to Kfl J-c, (60) 

where ».(6't) stands for the operators associated with 

the electric or magnetic transition multipole moment. The 

transition multipole operators in such a case turn out to 

be identical with the operators of classical multipole 

moments given by 

('Et) _ Sfr.e Yelp (G,$)dv 

and 
A (me) = 

eÌz 
. 1 L. grad(r Y )dv 

m c 0+1 t 

em 

The multipole moment operators are irreducible tensors of 

rank e, and their matrix elements for nuclear states of 

angular momentum Ii and If can be expressed by using 

the Wigner- Eckart theorem, 

(I 
f 
m 
f 

Jvt,(60) 
I -m I, e I. 

(-1) f f(-m1 
m m. 

f 1 

< Ii IJ,1,.(6e) M'f> , (1.11) 

where the last factor is the reduced matrix element and 

If Ii 

( -mf m m_) 
is the Wigner 3j symbol. 

The off -diagonal elements of the multipole operators 

give the transition multipole moments, whereas the static 

electromagnetic moments are given by the diagonal matrix 

elements of the same operators. The transition probability 

from a nuclear state I. m. to another nuclear state 
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and cf respectively by 

emission (or absorption) of electromagnetic 22 pole radia- 

tion can, therefore, be written as 

T(62; mi-- mf) = 
t 1-(2t+1)!! 

ñ.2 
2+11 /Ifml IJ2( 6 2)imi; 

(1.12) 

Summing over all possible photon directions and polarisa- 

tions gives the total transition probability, 

T(62; Ii-4 If) = 

or 

1 

2I. +1 
mi' mf 

T(62; mi mf) (1.13) 

T(62; Ii I f) _ 8zc( 2 +]_ ) 
h 

k22 +1 
B(62; Ii, If), 

t R22 +1)' °I 

(1.14) 

where B(dt; Il If) is the reduced transition probability 

for an electromagnetic 22 pole transition. For emission 

of radiation 

B(62; Ii If) = } 
I,(Ifmf 

(62) 
m i,m 

jlimi (1.15) 

Using the orthogonality relation of the Wigner 3j symbol, 

this reduces to 

B(40; Ii-4 
If) - 1 \If 11A (62) 

21 +1 

2 

d I (1.16) 

The reduced transition probability for absorption 

B(6t; Tf - Ii) is related to the reduced transition proba- 

bility for emission B(62; I- If) by 

2I.+1 
B(dP,; I Ii) = B(61; I- If) (1.17) 

2If+1 
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On writing eq. (1.14) explicitly for Et and Mt radia- 

tions, 

T(Et; Ii- If) _ 
(8(t+1) 2,k22+1 

B(ú8; Ii- If) 
e [(2t-E-1)r r y 

1 (1.18) 

and 

T(M2; Ii If) = 
87c( e+1) .k2 t+1 

B M' I I ( ) 

(2Q+1)rr1 
(1.19) 

Eqs. (1.18) and (1.19) express the transition probabilities 

independent of any nuclear model and depend only on the 

properties of the radiation field. The selection rules 

governing the transition rates expressed by these equations 

are given by the conservation of angular momentum and parity: 

(ii - If) I . t (Ii + If) (1.20) 

'c = 9ti7cf = ( 
-1) for i radiation ) 

(1.21) 
_ ( -1)t +1 for Mi radiation ) 

2& &c = +1 means that the initial and final states have the 

same parity, while Pgc = -1 signifies a change of parity. 

It is obvious from eqns. (1.18) and (1.19) that the proba- 

bility of emission for the higher multipoles decreases 

rapidly with increasing i, and hence, although in prin- 

ciple all multipoles satisfying the selection rules (1.20) 

and (1.21) can occur simultaneously in a transition, in 

practice only the lowest multipoles are observed. However, 

when the lowest order radiation is magnetic, a multipole 

mixture is frequently observed, the most common being 
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M1 + E2. Since a multipole radiation with t = 0 does not 

exist, relation (1.20) implies that a radiative transition 

between two states with angular momentum Ii = If = 0 is 

absolutely forbidden, 

i.e. Ii = 0 If = 0 (forbidden) (1.22) 

A 0-4-0 transition may, however, proceed by internal 

conversion and also by pair formation whenever the avail- 

able energy is greater than 1.02 Mev. 

1.3 The Single Particle Estimates(3'4) 

A rough estimate of the transition probability has 

been made, independently, by Weisskopf and Moszkowski, on 

the assumption that the radiation is caused by a transition 

of one single proton which moves independently in a cen- 

tral potential. The wavefunction of the proton in the 

initial and final state can be written as a product of 

(a) the radial function Rne(r) which depends on the de- 

tails of the potential, and (b) a spin -angular part 

Jd(JM) independent of the potential. Thus, the electric 

multipole matrix element can be written as 

00 

Kf I A (E.G) I i> = f e Rf rL Ri r2dr 1tSfYtm(9,,6)0Sidn, 
o 4x 

(1.23) 

where d..n- refers to integration over all angles and 

summation over spins. The Et transition rate for a 

single proton can then be written as 
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2(/+1)e2 
R 
o 2t+1 

T(Et; I I f) = k 
2/+1 

Ii, t, I f) 
t[(2t+1):T 

Rf rt Ri r2 dr 
o 

(1.24) 

where S(i , 2, If) is a statistical factor arising from 

the angular integration and is given by 

S(Ii,t,If) = (2If + 1) 
F(Iilf 

t; 
1/24 -1/2 0)12 (1.25) 

C is the Clebsch- Gordan Coefficient, and Ro is the nucle 

radius. The value of S for all relevant cases has been 

tabulated by Bohr and Mottelson. The radial integral has 

been evaluated on the assumption that the radial wave 

functions, R for both initial and final states are constan 

throughout the interior of the nucleus (r <R0) and van- 

ish outside (r ) R0). On the basis of this constant den- 

sity model of the nucleus, the radial integrals are given 

by 
00 

Rf rt Ri r2 dr 
0 

3R o 

t+3 
(1.26) 

The transition probability for an Et radiation can, 

therefore, be finally expressed as 

TE t - ...._.L1-1- ._ 11-. 1-1-, 
2 +1. ) 

2 1 2 2 +1 
2t 

t [(21 +1) ! !II- t +3 197 I:ieV 

x 1021 sec. -1 (1.27) 
where Ro is in units of 10 -13 ems. 

A similar treatment gives for Mt transitions, 

ivI t = 1. 9( t+1) 
(-1-1 

2( r 
21+1 

r R21-2 
v,r 

tE(21+1)4t12 t+3 197 MeV ° 

S(Ii t If) x 1021 sec. -1 (1.28) 

r 
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The transition probabilities given by (1.27) and (1.28) are 

known as Weisskopf single particle estimates. These esti- 

mates for various multipoles, are listed in Table 1. 

While Moszkowski's formula for electric transitions 

agrees with Weisskópf's, there is a slight difference in 

the case of magnetic transitions, the Moszkowski estimate 

being given by 

T(Mi 

0.19( Qr 
r")2 

( 3)2 (Ip2 - Q)( o'T )2e+1 
X Nlosz) 

- 
Q( 2 2+1) ..1 1+- 1+1 197 :.eV 

Ro22-2 
x S(Ii 2 If,) x 1021 sec. 

-1 

(µp = 2.79) 

(1.29) 

These expressions, though derived for a proton tran- 

sition, are used as standards for comparison of all ex- 

perimental transition rates without any distinction between 

neutron and proton transitions. However, for El radia- 

tions, the single particle estimates may be multiplied by a 

factor of l/4 in both the neutron and the proton case to 

allow for the orbital motion of the nucleus around the 

centre of mass of the whole nucleus. 

The single particle estimates apply only to the par- 

tial transition probability for the y -ray emission whereas 

what one gets experimentally is the total transition pro- 

bability for the multipole radiation. Hence, in order to 

compare the experimental transition probability with the 

theoretical estimates, the former has to be divided by l +a 

to take into account the extra transitions caused by 
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Table 1 

Weisskopf Single Particle Estimates 

Llul tip ol ari ty TP in sec.-1 

El 1.03 x 10i4 A2/3 EY3 

Ml 3.09 x 1013 EY3 

E2 0.74x108ALI/ 3EY5 

M2 0.22 x 108 A2/3 
EY5 

2 2 
7 E3 0.35 x 10 A EY 
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internal conversion. Thus, the actual radiative transition 

probability is given by 

T = TeXp% 1+a . 

In many cases, a given level decays by the emission of 

several parallel multipole radiations. The experimental 

measurement in such cases provides the total life -time of 

the level from which the radiative life -time of any parti- 

cular multipole emission can be determined if the inten- 

sities of the various competing transitions are known. 

1.4 Comparison of Experimental Transition Probabilities 

with Single Particle Estimates. 

A general study of the experimental results on life- 

time measurements of El and M1 transitions reveals the 

following facts(6): 

(a) El transitions are all slower by a factor which is 

widely spread between 1 and 1016. This hindrance factor 

is in general larger in heavy nuclei than in light ones. 

(b) Ml transitions cluster around a hindrance of 100 in 

the range 1 - 106, though in a few cases an enhancement of 

up to 10 has also been observed. Statistically, there is 

a noticeable trend towards the Weisskopf value as energy 

increases. 

Although a discussion of higher multipole transitions 

is not relevant to the work presented in this thesis, it 

may be mentioned that in contrast with other multipoles, 

the majority of E2 transitions are enhanced. The enhance- 

ment factors, while always less than 1000, lie mostly 
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etween 10 and 500. 

In view of the fact that the Weisskopf estimates are 

ased on a very naive picture of the nucleus, the state - 

ents made above are not surprising. Nevertheless, the 

arious refinements in the nuclear model(7 -11) shell 

odel with configuration mixing, Nilsson model envisaging 

individual particle motion in spheroidal potential and 

otational vibrational model of Bohr and Mottelson - have 

one a long way in explaining the observed discrepancies. 

It is now well known that the large enhancements of the E2 

transitions in the region of deformed nuclei, particularly 

in the rare earths, are due to the collective motion super- 

imposed on the intrinsic shell model structure of the 

ilsson type. For El transitions in heavy nuclei the 

greement between theory and experiment is not very good, 

though the gap has been considerably bridged by extending 

the Nilsson model to include the effects of nucleon pairing 

correlation, coriolis coupling and octupole vibration- 

article coupling. Such stipulations impose additional 

selection rules apart from those given by (1.20) and (1.21), 

and the enhancement or retardation of a particular tran- 

sition is interpreted in terms of the degree to which these 

rules are violated. 

For low Z nuclei, the concept of isotopic spin (T) 

as a good quantum number under conditions of charge inde- 

endence leads to the selection rules, 

= 0, 
± 

1 , 

ith a stronger rule for El transitions, 

= T = 0 (forbidden), 
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and for self- conjugate nuclei (N = Z), 

T = 0 (forbidden). 

An additional single particle selection rule for Ml tran- 

sitions is 

Li = Lf ) 

(allowed) 

ni = of 

This implies that only spin flip M1 transitions of the 

type 1 p3f2-* 1 p1/2 would be allowed. Nevertheless, 

Ml transitions with At = 2 and AI = 1 have been ob- 

served and ascribed to configuration mixing. In odd Z 

nuclei such t- forbidden transitions are found to be retard - 

ed(12, 
13) 

In odd N nuclei, on the other hand, the L- 

forbidden transitions are observed(14) to be fast by a 

factor of ,d5. The reason for this enhancement is not 

nown. The systematics of forbiddenness of El and Ml tran- 

sitions in low Z nuclei has been reviewed by- Wilkinson(15 

The large retardations for the El transitions in dis- 

torted nuclei are usually explained in terms of the K- 

selection rule of the unified model and the selection rules 

for transitions between intrinsic particle states of the 

iilsson model. The K- selection rule of Alga(16) governing 

the transitions of multipolarity L between states of 

different rotational bands is 

LiK = ( Ki - Kf I L (allowed) 

where K is the total angular momentum along the symmetry 

xis of the nucleus. This rule is strictly obeyed when the 
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intrinsic and rotational motions are completely independent 

If P K 7 B, the transition is forbidden. The degree of 

forbiddenness represented by y = A K - Z determines the 

extent to which the transitions are retarded. Examples of 

K- forbiddenness have been observed in Tm169, 
Os190, Hí178 

and many other nuclei. K- forbiddenness also explains why 

the El transitions in distorted nuclei usually do not go 

to the ground state. 

The quantum numbers used for the classification of the 

intrinsic particle states described in the Nilsson model 

are N, î z, _A- and "Z , where N is the principal 

oscillator quantum number, pZ is the oscillator quantum 

number along the symmetry axis of the nucleus, J- is the 

orbital angular momentum along this axis, and 22. is the 

component of intrinsic spin along the symmetry axis. 

Obviously, K= _A-- +22 . N, ì- ... and are called 

the asymptotic quantum numbers. The selection rules govern 

ing the change in these quantum numbers for El transition 

are reproduced in Table 2 from reference (16). 

Table 2 

Multipole AN Ariz LS1\- AZ 

El 1 1 0 1 o 

0 1 
+ 

1 0 o 

Selection rules for allowed changes in asymptotic 

quantum numbers. 

These rules seem to provide an adequate explanation for the 
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hindrance of El transitions in many distorted odd nuclei. 

Several authors have considered the effects of coriolis 

mixing (rotation- particle coupling) in attempting to explain 

the remaining anomalies. In some El transitions with 

AK = - 1 the general agreement is found to improve when 

the retarding effects of the pair correlations between the 

nucleons is taken into account, though the same procedure 

causes poorer agreement for 1SK = 0 transitions. There is 

no answer to this puzzling anomaly. Based on these lines 

of approach, several papers 
(1720) 

devoted to the retarda- 

tion of El transitions in deformed odd A nuclei have 

appeáred in the past few years. The general conclusion 

seems to be that although the Nilsson model represents a 

large improvement over the spherical shell model, the 

theoretical predictions still remain unsatisfactory. By 

extending the Nilsson model to two particle states, Conlon 

(20) 
et al. have provided an explanation for the retardation 

of the 67 keV El transition in 71Lu172 and also of the 391 

'keV El7j transition in N180. The 391 keV El y -ray in 

ùV180 is ascribed to the transition KIx = 8, 8,- -4 0, 8, + 

thus making it heavily K- forbidden ( b K = 8). This is in 

agreement with the prediction &K = 7.3 of Rusinovts 

empirical formula for the K- forbiddenness of El transitions 

in even -even nuclei, 

log10 12 e. 2(AK - P) , 
I M 

where 1M12 is the reduced matrix element. W180 is one 

(1.30) 
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of only a few heavy even -even nuclei in which the retarda- 

tion of El transition has been theoretically accounted for 

It must be admitted that, in general, the reasons for the 

hindrance of El transitions in such nuclei are not well 

understood, and hence much remains unexplained. 

1.5 The Object of the Present Experiment 

A lifetime measurement of the 1720 keV El transition 

in 82Pó206 following K- capture decay of 83B1 
206 

is pre- 

sented in this work. Two values for the lifetime of this 

transition have already been published. The first measure- 

ment erformed in 1959, by Brunner et a1.(21) p , gave a 

retardation of about 50 compared with the single particle 

estimates, whereas in more recent work, Wu et a1.(22) have 

reported a retardation of about 600. Both groups have ob- 

tained the lifetime by measuring the intensity of the mono - 

energetic K- positron associated with this transition. The 

reason for the observed discrepancy is not obvious, though 

it is certainly not surprising because of the uncertainties 

involved in the estimation of the positron intensity. This 

will be discussed more fully in section 2.7 where lifetime 

measurements by observations on monoenergetic positron 

emission will be described. Of all the existing methods 

of lifetime measurement, no other is suitable for such El 

transitions, and hence no alternative method of checking 

the results is available. 

A new method for measuring the lifetime of El 

transitions based on the observations of K -X ray satellites 
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associated with such transitions has been evolved in this 

laboratory and already applied( 3) to the 1409 keV El 

transition in Sm152. As a further test, this new method 

is applied in the present work to the 1720 keV El tran- 

sition of pb206. The choice of this particular transition 

is because of the existing discrepancy referred to above. 

Before the new method is described in Chapter IV, the 

existing methods of lifetime measurement are reviewed in 

Chapter II. Chapter III is a collection of information on 

X -ray satellites and other associated phenomena relevant 

to later discussions. 
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CHAPTER II 

LIFETIME MEASUREMENTS OF NUCLEAR EXCITED STATES 

This chapter presents a brief resume of the existing 

methods for measuring lifetimes of the nuclear excited 

states in the range 10 
-6 

- 10 16 seconds. It is not in- 

tended to go into the details of the experiments, rather 

only the principles and techniques involved are outlined. 

The important methods of lifetime measurements may be 

listed as follows: - 

(1) Delayed coincidence method. 

(2) Recoil and Doppler shift method. 

(3) Nuclear Resonance Fluorescence method. 

(4) M8 s sbauer effect. 

(5) 

(6) 

(7) 

Coulomb excitation method. 

Inelastic electron scattering method. 

Monoenergetic positron emission method. 

2.1 Delayed Coincidence Method 

The fundamental principle involved in a delayed coin- 

cidence experiment is that a coincidence circuit produces 

an output pulse only when it has received two input pulses 

within a short time, Zo of each other. Zo is called 

the resolving time of the coincidence unit. The use of 

coincidence method in measuring the mean life of a nuclear 

excited state may be understood from figures 1(a) and 1(b) 

Let X1 and X2 be two nuclear radiations emitted 
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in cascade, and B be the excited state whose mean life, 

-C is to be determined. In a typical coincidence ex- 

periment, counter 1 detects the parent radiation X1, 

counter 2 detects the daughter radiation X2, and the 

variation of coincidence rate is studied as a function of 

time delay (T) between the two radiation pulses. A vari- 

able delay can be inserted in either channel by electronic 

means (univibrators, phantastrons, etc.),by digital cir- 

cuits or by delay lines. If there is no natural delay 

between the two input pulses, i.e. if the state B has a 

very short life, then the plot of coincidence counting rat 

against artificial delay gives the 'prompt resolution 

curve', P(x). But if the state B has a measurable life, 

the experiment then provides the time distribution, e T/Z 

of the coincidence rate as a function of T. The plot 

F(x) in this case is called a 9delayed resolution curve', 

and can be used to obtain the desired mean life of the 

state B . 

The delayed coincidence experiment can be done in two 

different ways. In the integral delayed coincidence 

method developed by Feather and Dunworth(24), the parent 

pulses X1 are stretched to a known duration T by pulse 

shaping circuits, while the daughter pulses X2 are kept 

relatively short. The coincidence counting rate as a 

function of T is given by 

1 -e í 

For any particular value of T, the measured coincidence 

rate is the integral of the desired time distribution from 
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T = 0 to T = T. The original form of the time distri- 

bution, e 
-T% is obtained by differentiating the measur- 

ed curve, or which amounts to the same thing in practice, 

by taking the difference between the successive readings. 

This method was used to measure the half -lives of the 

members of the a- emitting series po216 
(T17 

= 0.16 sec.) to 

212 
(T11 = 3 x 10-7 sec.). 

In the differential delayed coincidence method, both 

the pulses X1 and x2 are kept fixed in length, but X1 

is delayed by a known time T and the coincidence rate is 

studied as a function of the time delay. For any value of 

T, the coincidences recorded are those which occur in the 

interval T - T + t o. Hence the coincidence counting rat 

as a function of T is given by e -Tt which represents 

just an ordinary radioactive decay of the state B . The 

mean life of the state can be determined from a logarith- 

mic plot of the coincidence rate against T. 

Since the differential method gives the mean life of 

the state in a straight- forward manner, it has been 

universally adopted for lifetime measurements in its range 

of application. The integral method now remains of 

historical importance only. 

The delayed coincidence method can be very convenient 

ly used if the resolving time of the circuit is smaller 

than the lifetime to be measured. But as the resolving 

time of a coincidence circuit is limited, among other 

factors, by the speed of the detector, it puts a limita- 

tion on the applicability of this method. It was for this 



reason that in the early years of nuclear spectroscopy when 

6 
ionisation chambers with response time ,-,10 

- 
seconds were 

the only detectors available, the lifetime measurement was 

confined only to the microsecond region. With the develop- 

ment of scintillation and solid state detectors having 

- 
response time in the region of 10 -9 - 10 

10 
seconds, it is 

now possible to have a resolving time of this order and 

measure lifetimes in the nanosecond region. The theoretical 

works of Bay 
(25) 

and Newton 
(26) 

on the interpretation of the 

results of the delayed coincidence experiments have led to 

a method of measuring mean lives, much shorter than the 

smallest available resolving time. The method consists of a 

comparison between the delayed resolution curve obtained 

with the source under investigation and t prompt resolution 

curve obtained with a radiation of similar energy whose life- 

time is very short. As shown by Bay, the desired mean life 

of the state is given by the displacement of the centroidsof 

the curves F(x) and P(x), the position of the centroids 

being determined by a numerical integration procedure for 

the two curves. Bell et al. 
27 

have applied this idea to 

the lifetime measurement of the 158 keV Y-transition in 

Hg 
199 

following -d 
199 

P ecay of Au These authors used a 

pair of lens 3-spectrometers placed end to end, each being 

provided with a scintillation detector. The source was 

mounted on a thin film at the centre of the spectrometers. 

The delayed resolution curve, F(x) was obtained by 

focussing one of the spectrometers on the L-conversion 

peak of the 158 keV Hg 
199 

Y-ray and the second on the con- 

19 tinuum of the nuclear 3-rays from Au 9 
. In order to obtain 
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the prompt resolution curve, P(x), the Au199 source was 

replaced by a Th B source and coincidences were observed 

between the F -line of Th B and the (3 -rays. The plots of 

F(x) and P(x) on linear and logarithmic scales are 

shown in figure 2. The half -life of the 158 keV transitio 

as measured from the centroid shift was (2.43 .12) x 10 

seconds. The two curves intersect each other at the maxi- 

mum of F(x), and for F(x) » P(x), the former falls off 

as e -T/ . The half -life obtained from the slope of the 

falling part of F(x) was (2.26 
± 

.12) x 10-9 sec. 

By a slight variation of the above technique, Bell et 

al.(27) evolved a self comparison method in which the 

f 

delayed resolution curve is compared not to the prompt 

resolution curve but to its own inverse, i.e. to the 

delayed resolution curve obtained by reversing the roles 

of the two counters. Obviously, the centroid shift in this 

case will be 2r. Using this method the authors found the 

lifetime of the 112 keV y- transition in Hg198 following 

p-decay of Au?98 to be (1.0 1.7) x 10 -11 seconds. 

In another variation of the delayed coincidence metho 

which is useful for non -radioactive isotopes, a pulsed 

beam of particles is used to produce any particular excite 

state in the target nucleus by Coulomb excitation. A 

delayed coincidence experiment between the delayed radia- 

tion from the state so formed and the electrical pulse 

exciting the accelerated beam gives the lifetime of the 

excited state in the usual way. Several groups of workers 

have used this method to produce and measure the mean life 
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of the first 2+ excited state in a number of even -even 

rotational nuclei. Using an ultrafast pulse technique 

which gave a time resolution of 7 x 10 -11 seconds, 

Goldring(28) measured the mean life of some low lying 

levels in a number of odd A nuclei in the rare earth 

region. The values obtained lie in the range (3 -20)x 10 

seconds. The theoretical and technical aspects of the 

pulsed beam production have been discussed by Mobley(29), 

and Fowler and Good(30). 

A remarkable development in the delayed coincidence 

technique is the use of multi -channel time analysers 

which give the time distribution of coincidence rate in a 

single measurement. The advantages of a multichannel time 

analyser are the same as those of a multichannel pulse 

analyser over a single channel one. For longer time inter 

vals, the multichannel analyser uses the digital timing 

apparatus in which the parent pulse starts a clock 

oscillator and the daughter pulse stops it. This device 

is very accurate and can be used to give delays 0.1 µs 

per channel. W.E. Bell and Hincks( 7) were the first to 

use digital analysers to measure the mean life of positive 

muons. For mean lives shorter than 0.1 µs, the digital 

device is replaced by time to amplitude converters. In 

this device, the time interval between the two input 

pulses is converted into a pulse whose amplitude is 

proportional to the corresponding intervals. This then i- 

analysed by a multichannel amplitude analyser. A detaile 

account of the systematic development of the time to 
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amplitude converters and their use in measuring lifetimes 

in the nanosecond region is given in an article by Bell (4) 

2.2 Recoil and Doppler Shift Method 

Excited nuclei produced in typical nuclear reactions 

or disintegrations recoil with velocities of the order 

108 - 109 cros. /sec. The recoil motion can be used to 

measure the lifetime of the excited state either (a) by a 

direct measurement of the distance traversed by the nucleu 

before it radiates, or (b) by observations on the Doppler 

shift of the emitted y -rays. The direct distance method 

has been used to measure lifetimes down to about 10 
-12 

seconds where as with the Doppler shift the range is ex- 

tended to about 10 
-14 seconds. 

The Direct distance method: 

For a typical radiation mean life of, say, 10 -11 secs. 

a recoiling nucleus will travel a distance of about 10 
-2 

- 10 -3 cms. in vacuum before radiating. A measurement of 

this distance permits the mean life of the state to be 

estimated provided the initial velocity of recoil be known. 

In the simplest form of the experiment, a thin layer of 

the desired target placed in vacuum is bombarded with 

suitable particles, and the intensity distribution of the 

radiation emitted from the recoiling nuclei is studied as 

a function of distance from the target plane in the 

direction of recoil, the region from which radiation is 
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observed being defined by very narrow slits. The intensit 

distribution curve thus obtained is then compared to the 

theoretical intensity distribution curves drawn for variou . 

assumed values of the mean life (t) of the excited stag- 

The experimental and theoretical curves agree when the 

correct value of has been chosen (Fig. 3). This 

method has been used by Devons et al.(31) and Thirion et 

a1.(32) to measure half lives in the range 10 -8 - 10 -12 

seconds of several y- transitions in the nuclei 016, 
017 

and F19. The technique has been further developed by 

incorporating coincidence arrangements which have the ad- 

vantage of selecting a well defined beam of recoil nuclei 

in a definite direction. Severiens and Hanna(33) have 

applied this modification to measure the lifetimes of the 

first excited states of B10 and Al 28 populated in 

(d,p) reactions. The values observed are (8.5 
± 

2.0)x10 

and (3.0 .5) x 10 -10 seconds respectively. 

The Doppler Shift method: 

This method basically consists of allowing the recoil 

nuclei to pass through a stopping film and measuring the 

Doppler shift of the emitted y- radiation. The energy of 

the y- radiation will be different depending on whether it 

is emitted before or after the recoil nucleus is stopped 

in the film. Radiations from nuclei which have been 

stopped before they radiate show no Doppler effect while 

those from others do. The observed energy of the emitted 

y- radiation will depend, therefore, on the slowing doom 

I, 
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time of the recoil nuclei in the stopping film. For obser- 

vations at an angle 9 to the direction of recoil, the 

energy of radiation is given by 

E = Eo Ll + 
c 

cos 9 l+aA] 

where Eo = radiation energy for nuclei at rest, 

v = initial velocity of recoil, 

( 2.1) 

c = velocity of light, 

A = log 2 /la , being the mean life of the 

state, 

and a = R /V, R is the range of recoil nucleus in 

the stopping material. 

The energy shift, 

AE = Eo v/c cos 9 
1+aaA 

(2,2) 

can be used to calculate the lifetime of the excited state 

provided the velocity -range relation for the recoil nucleus 

in the stopping material is known. In practice, the energy 

shift is measured for the positions 9 = 0 and 9 = . 
The mean energy shift is then given by 

NE' = 2Eo v/C 
1+aA 

(2.3) 

A coincidence arrangement between the bombarding particles 

and the succeeding Y -rays may be incorporated in order to 

define a beam of recoil nuclei in a definite direction. 

Using this method Devons et ale(34) have obtained the limits 

10 -124 < 10 
-11 

seconds for the mean life of the 6.13 

MeV level in 016. 
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The accuracy of the results obtained by the method des- 

cribed above is very much limited chiefly because the 

velocity -range relations for the recoiling nuclei in dif- 

ferent materials are not well known. In a later work, 

Devons et al, have shown that if a light material of thick- 

ness x be sandwiched between the target and the target 

backing material, then the Doppler shift is given by 

tsE = Eo v/c cos o[ 1 - exp(-Xx/v) 1. ( 2.4) 

This permits a lifetime determination independent of a . 

Though Doppler shift of Y -rays has been observed as is 

evident from the above experiments, it is much easier to 

detect the shift of the corresponding conversion electrons, 

and for 1-energies in the X -ray region, of photoelectrons 

ejected from an external converter whose K -edge is fairly 

close to the 1-energy. Elliot and Bell(35) have measured 

the Doppler shift of K- photoelectron lines ejected from a 

uranium radiator by the 479 keV Y -ray of Liz produced in 

the reaction B10(n, a)Li 7 . The slowing down time of the 

recoiling Liz nuclei was varied by using target backing 

materials of different density. The observed line widths 

were compared with the theoretical curves (Eq. (2.3)) com- 

puted for various assumed values of t . As shown in 

Figures 4(a) and 4(b), the observed widths fit on to the 

curve which corresponds to the correct mean life of the 

excited state. The mean life of the 479 keV level obtained 

by this method was (0.75 t .25) x 10-1-5 seconds. 

Burde and Cohen(36) have used the Doppler shift of the 
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L- conversion line to estimate the mean life of the 40 keV 

excited state in Ti 208 produced in the a -decay of Bi212. 

The experimental arrangement used by these authors is shown 

schematically in Fig. 5. The recoiling nuclei from the 

source travel through a small distance in vacuum before 

entering into a stopping foil, a definite beam being selec- 

ted by a coincidence arrangement between the a- particles 

and the L- conversion electrons of the 40 keV Y -ray. The dis- 

tance (x) between the source and the stopping film deter- 

mines the ratio of the number of nuclei decaying before 

reaching the film to those decaying in the film. Hence, 

the observed momentum of the conversion electrons will 

depend on x provided the latter is kept small. The 

Doppler shift (6) in this case is given by 

ó = 5 e-x/v 17 
o 

(2.5) 

where 5o is the shift corresponding to infinite separa- 

tion (^ -2mm) between the source and the film. By plotting 

log t against x /v, the mean life of the 40 keV state 

was found to be (1,0 - .05) x 10 -12 seconds. Obviously, 

this method also gives lifetime in a manner practically 

independent of the slowing down time in the stopping 

medium, 

2.3 Nuclear Resonance Fluorescence Method 

When an excited nucleus (or atom) returns to the 

ground state, the photon emitted may be absorbed by another 

identical nucleus (or atom), which in turn is excited to 

the same state and subsequently emits a photon of the same 
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energy. This is the phenomenon of resonance fluorescence 

or resonance scattering, and, obviously, can be observed 

only for transitions going to the ground state. 

Resonance experiments with Y -rays are usually perform- 

ed by either measuring the scattered intensity or by deter- 

mining the attenuation of the beam due to resonance 

absorption. The cross -section for resonance absorption and 

by a nucleus of a Y -ray of energy E and 

wavelength X is given by 

X 
2 2I1+1 rr 

6a(E) = 8 2Io+1 (E E r )2 1 r2 
4 

2 2I 
1 
+1 r;,2 

and 6s( E) = 8ñ ' 21 0+1 ' 
( E-E r) 2 + 

1 r2 
(2.6) 

(2.7) 

where, Er is the resonance energy, r and are the 

natural and radiative widths respectively of the excited 

state, and I and I are the nuclear spins in the ex- 

cited and ground states respectively. In cases where the 

internal conversion coefficient is very small and Y -tran- 

sition is the only mode of decay of the excited state, 

rY = r . Thus, an experimental measurement of 6- will 

give the level width and hence the lifetime of the excited 

state. 

An essential requirement for the resonance absorption 

to occur is that the emission and absorption lines must 

overlap - a condition which is normally not satisfied in the 

case of nuclear transitions. It follows from the principle, 

of conservation of energy and momentum that if a nucleus of 
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mass M emits a photon of energy E, it will recoil with 

E 
2 

energy ; an equal amount of energy is lost when the 
2M c 

photon is absorbed by a similar nucleus. Thus the energy 

available for the excitation of the absorber is reduced by 

E2 -- as a result of which the centres of the emission and 
Mc 

absorption lines do not coincide. In the typical case for 

a Y -ray of energy 500 keV in a nucleus with A = 100, the 

recoil energy loss, ER is 2.68 eV. In such a situation 

the emission and absorption lines can overlap only if they 

are sufficiently broad. But the natural widths of the most 

common Y- lines, E2 and Ml, are too small (,-,10 
-3 

eV) to 

make this possible, and the lines practically do not overlap 

in spite of the fact that they are considerably broadened 

due to the thermal motion of the nuclei (Fig. 6). The 

scattering cross -section is, therefore, too small to be 

measured. A high background due to the competing processes, 

e.g. Compton, Rayleigh and Thomson scattering, make the 

measurement still more difficult. The thermal motion of thé 

nuclei referred to above which tends to broaden the emis- 

sion and absorption lines has also an undesirable effect of 

reducing the maximum scattering cross- section (Go) to 

60 ry , where L. is the Doppler broadening of the line 

shapes due to thermal motion of the nuclei and is given by 

- 
E 

( 
T)2 c M (2.8) 

K is the Boltzman constant and T is the absolute tempera- 

ture of the source and the absorber. In fact the Doppler 
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widths are so many times larger than the natural widths at 

ordinary temperatures that they give a Doppler form to these 

lines. In practical situations where p )) r , Metzger 

has shown that the effective cross -section for resonance 

scattering has the pure Doppler form given by 

6( E) 6o r7,2 

2A exp L 

E -E 
- ( )2 ( 2.9) 

When the absorbing and emitting nuclei are at different 

temperatures Ta and Te respectively, A = ( Aa2+ g2) 
may be substituted in the above expression to give, 

r 2 (Ee Er) 
D(E ) = 

2( 
2 2,i ex, P . - 2 

a d a Qe 

where Ee = 

(2.10) 

energy corresponding to the peak of the 

emission line. The above expression confirms the statement, 

made earlier that for the situation represented in Fig. 6, 

the value of 6' will be too small for the resonance fluores- 

cence to be observable particularly in the presence of a 

high background. 

It is evident from the foregoing discussions that any 

attempt to achieve a measurable resonance fluorescence must 

restore the loss of recoil energy, at least partially, to 

ensure an overlap of the Doppler- broadened emission and 

absorption lines. Several methods have been suggested for 

doing this. 

In the first method suggested by Moon(37) , the emit- 

ting nuclei are put on the periphery of a fast rotating 
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centrifuge so as to give them an additional velocity to- 

wards the absorber. Y -rays emitted along a particular 

tangent are only allowed to strike the absorber. The tan- 

gential velocity of the emitting nuclei shifts the emission 

line as a whole towards the absorption line by an amount 

depending on the velocity of the centrifuge. If u be the 

velocity of the emitter with respect to the 

absorber, then the Doppler effect will increase the energy 

E of the emitted Y -ray, by 
uç 

Hence resonance will be' 

completely restored when u = um = E /Mc. For a Y -ray 

energy of about 500 keV in a heavy nucleus, the velocity 

needed to satisfy this condition is r-d 104 cms./sec. which 

is not difficult to achieve. Moon has applied this method 

to determine the lifetime of the 411 keV transition in 

Hg198 using liquid Hg as scatterer. The appropriate ex- 

pression for scattering cross -section which takes into 

account the effect of thermal velocities of the nuclei is 

x2 211+1 2I1+1 Mc2 )z 
exp - 

M(u - um)2 
87c 2I +1 2 

o 4%K TE 4KT 

(2.11) 

The value of Ç obtained was 2.1 x 10 -5 eV which corres- 

ponds to a half life of (2.2 L .5) x 10 -11 sec. In the 

experimental arrangement employed by Moon, large scattering 

angles ( 115 °) were used to filter out the Compton photons 

which were further suppressed by surrounding the detector 

with suitable shields. The problem of reducing the back- 

ground in resonance fluorescence experiments has been dis- 

cussed in great detail in a review article by Metzger(38) 



Another method for obtaining resonance fluorescence is 

the thermal method, developed by Malmfors in which the 

emitter or the absorber or both are heated in order to make, 

the Doppler broadening, and hence the overlapping larger. 

For practical reasons, it is the source which is usually 

heated while the absorber is kept at room temperature. A 

theoretical plot of 6Th 
(6Th = cross section 

(e)max 
appropriate to this process) against the source tempera- 

ture for different Y- energies (see Fig. 7) shows that the 

thermal method is most suitable for Y- energies between 150 

keV and 450 keV. Malmfors( 38) used this method to measure 

the lifetime of the 411 keV transition in Hg198 and obtain- 

ed a value of 8 x 10 -6 eV for the level width which is 

much smaller than Moon's value. The discrepancy was 

attributed to the small scattering angle used by Malmfors 

in which case the assumption of isotropic distribution of 

the scattered radiation is not justified. A correction on 

this account gives i = 1.3 x 10 -5 eV or 3.5 x 10 -11 sec. 

for the half life. Metzger and Todd repeated the measure- 

ment with an improved technique and obtained the lifetime 

of (2.2 - .2) x 10 -11 sec. which is in good agreement with 

the value observed by the centrifuge method. 

The third method of obtaining resonance fluorescence 

utilises the recoil motion from the radiation (ß or Y tran -i 

sition) preceding the formation of the excited state to 

impart Doppler broadening to the emission line. Since 

molecular collision times in solid sources are of the order, 
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of 10 -13 seconds, this method cannot be applied for life- 

times % 10 -3 secs. with such a source. For a solid 

source the method is only applicable to an El transition 

provided it decays to the ground state. One of the rare 

examples of such a transition is the 961 keV El Y -ray in 

Sm152 following electron capture decay of Eu152. Grodzin39) 

using a solid EuZ52 source was able to observe a measurable 

resonance effect entirely due to preceding neutrino recoil. 

range of this method is, however, much increased if a 

liquid or gaseous source is used because the molecular 

collision times in such media are of the order 10 -6 sec., 

and hence the recoil momentum from the preceding radiation 

can be preserved for a longer time. Grodzin found that with 

a liquid Eu152 source the scattering cross -section for the 

961 keV El Y -ray in Sm 
152 

was about 4 times larger than 

that with a solid source. For liquid and gaseous sources, 

when resonance is obtained mainly by the recoil motion of 

the preceding radiation, the average scattering cross- 

section for a thin scatterer is given by 

N(E 
R 

) X2 211 +1 

áv NT e 8/c 2Ì +l 
2 

2 ri 2R r (2.12) 

where N(ER) is the number of Y -rays per unit energy at 

E = ER, and NT is the total number of quanta in the in- 

cident beam. Since the energy resolution of the detector 

does not permit a direct measurement of N(ER), the ratio 

N(ER) 
is usually obtained from the theoretical estimate 

NT 

of the microspectrum. Palathingal( ) has used this idea 

to measure the mean life of 564 keV excited state in 
T1122 
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using a gaseous source of Sb122 in the form of antimony 

trihydride. The value obtained was (..05 t .16) x 10-11 sec. 

In cases where N(ER) is not known, a self -absorption ex- 

periment can be done for the measurement of level width. 

The method consists of studying the absorption by putting 

variable amounts of resonant absorber between the source 

and the scatterer. If R(x) and R(o) be the resonance 

effect observed with and without the intervening absorbers, 

respectively, then as Metzger has shown, 

R( o) - R( x) FY 6- 
nx 

R( o) 2 L1 o.,/ 2 
(2.13) 

where n is the number of resonant nuclei per cm3 of the 

absorber. Obviously this method can be used only if the 

resonance effect without absorber is large. Using this 

method Beard(41) has measured the mean life of the 1.27 MeV. 

state of Sn116 to be (.33 
± 

.07) x 10 -12 sec. 

2.4 The Mössbauer Effect, 

In 1958, while measuring the lifetime of the 129 keV 

level in I r'91, Mossbauer discovered a new method of ob- 

taining nuclear resonance fluorescence which obviated the 

need of compensation for the recoil energy loss. This was 

accomplished by simply having the emitting and absorbing 

nuclei bound in crystals at low temperature. The resonance 

observed in such cases can be accounted for by considering 

the crystal and the nuclei embedded in it as constituting 

one single quantum mechanical system in which the nuclei 
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interact with the crystal lattice only by exchange of 

vibrational quanta or phonons. Mössbauer showed that when 

a nuclear transition occurs in such a system the recoil 

momentum is taken up by the crystal as a whole, and no 

energy is available for the excitation of the lattice or 

translational motion of the nucleus. The nuclear tran- 

sition energy, on the other hand, is shared, for all prac- 

tical purposes, between the lattice and the Y -rays which in 

general, may lead to excitation of the former and corres- 

ponding depletion in the energy of the latter. There is, 

however, a definite probability, although small, for the 

occurrence of a zero phonon transition in which case there 

is no energy transfer to or from the lattice vibrations. 

When this is so, the Y -rays are emitted and absorbed with- 

out any energy loss, and at the same time they have the 

natural width r . The fraction of transitions in which 

Y -rays are emitted without loss of recoil energy is given 
_2 co 

by the Debye Waller factor, -}- = 2 where 

0/T 
(T)2 xdx 

ex -1 
o 

= 
2R 

K9 
(2.14) 

where R = Molecular gas constant, ß = Debye temperature 

K = Boltzman constant and T = temperature of the 
lattice ( k) 

The fraction is larger for low photon energies, low tempera- 

tures and lattices with high vibrational frequencies. 

Selection of a suitable combination of source and crystal is 

therefore, of utmost importance in Mössbauer experiments. 

The basic set up used by Mössbauer for the lifetime 
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measurement of the 129 keV level in Ir191 is shown in Fig. 

8. The source used was Os191, which by p-decay goes to 

Ir191, and the absorber was natural crystalline iridium 

(38.5% Ir19 1), both being kept at 88 °K. The source was 

mounted on a turn table whose speed of rotation could be 

varied, and the transmission of the 129 keV 1 -rays through 

the absorber was studied as a function of the source vel- 

city (v) (see Fig. 9) . Fig. 10 shows the variation of 

scattering cross -section with the temperature of the source, 

v 
Using A E = /c E, the abscissa in Fig. 8 can be con- 

verted to energy units. For v = 0, the emission and 

absorption lines overlap completely, which results in a 

maximum in the resonance absorption and hence a mimimum in 

the transmitted intensity. The fact that rather small 

relative velocities are required for the observation of the 

resonance curve indicatesthat the lines exhibit their natural 

width only. For a thin absorber, the intensity distribution 

of the resonant radiation exhibits Lorentzian shape with 

width 2 r, showing that the experiment consists in the 

movement of an emission line of width r over an absorption 

line of the same width. The lifetime obtained for the 129 

keV level of Ir191 was 1.0 x 10 
-10 

sec. 

The example considered above is the simplest and ideal 

one. In actual experiments, there are several factors, e.g . 

solid state effects, extranuclear fields etc., which tend tct 

broaden and change the shape of lines, and thereby limit the 

range of transitions whose lifetime can be determined by 
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Mossbauer experiments. Thus whereas line broadening makes 

the measurements of lifetimes longer than 10 10 sec. less 

reliable, too short lifetimes 
( . 

10 
-13 

sec.) of the order 

of the inverse of Debye frequency tend to inhibit the ob- 

servation of Mössbauer effect. However, the techniques 

used in the Mössbauer experiments have been rapidly 

developed and the Mössbauer effect had been observed in 

at least 15 nuclides by 1962. The applications of Möss- 

bauer effect and the problems involved in such experiments 

have been discussed in great detail by Frauenfelder(42) 

and also in a review article by Mossbauer(43). 

2.5 Coulomb Excitation 

The excitation of atomic nuclei due to bombardment of 

heavy charged particles with energy below the Coulomb 

barrier is referred to as Coulomb excitation. The nuclear 

states most strongly produced in such excitations are the 

low -lying rotational levels induced by the quadrupole 

electric field of the bombarding particles. Thus, E2 tran- 

sitions in rotational and rotational -vibrational nuclei, 

which are mostly enhanced transitions, can be very easily 

observed by this method. In fact, Coulomb excitation pro- 

vides a very useful tool for investigation of the low 

energy states in such nuclei. It is also important because 

it provides a means of exciting preferentially a low -lying 

state which for some reason or other can not be reached in 

radioactive decay. With a- particles, protons or deuterons 

of energy in the range 3 -10 MeV, it is usually the first 

and second rotational levels that are excited. Higher 



states can be excited in a step -wise process by multiple 
i 

Coulomb excitation. Such processes, however, require heavy, 

ions, e.g. 016, Ar40 etc., with high energy (100 -200 MeV). 

Stephens et al. (44) , using a heavy ion accelerator, have 

succeeded in exciting rotational states up to 12+ in U238 

and 10+ in Th232. 

Though lifetime measurements are the main objective of 

the Coulomb excitation experiments, they also yield other 

information, e.g. spin, parity, etc. concerning the excited 

states independently of any nuclear model. Several review 

articles(45 
-49) 

deal with these problems in great detail. 

What follows below is only intended to illustrate the use 

of Coulomb excitation in lifetime measurements. 

For nuclear excitations produced by low energy particles 

(3 -10 MeV), the process can be treated by first order per- 

turbation theory, the interaction between the electric 

field of the nucleus and that of the incident particle 

causing the transition of the nucleus from the ground state 

to the excited state. In such a treatment, the differential 

and total cross- sectionsfor Coulomb excitation corresponding 

to the most important case of quadrupole electric tran- 

sition are given by 

2 
d6E2 

= a-2 B( E2; I. I f) E2 
( é 

-Hv d d 
(2.15) 

2 
and 

v) 
a-2 

I i I f) fE2 ( ¡ , Tt ) ( 2016) 

where, 



Z 1Z 2me 2 

.v 

-Lvl- 

AE 
' 2E ' 

Z1Z 2me2 

Z Z e2 av , v, Z and m are the velocity, 

atomic number and reduced mass of the incident particle, 

Z = atomic number of the target nucleus, E = energy of 

the incident particle, A E = energy of the excited state, 
= angle through which ions are inelastically scattered,, 

and B(E2; I - 
If 

) = reduced transition probability for 
dfE2 

excitation. The variation of the functions and f d-n- E2 

with the parameters involved are given in a series of tables 

and graphs by Alder et al.(45) . A measurement of the total 

or differential cross -section allows the determination of 

B(E2; I If) which is related to the reduced transition 

probability, B(E2; If- Ii) for de- excitation by 

2I. 

1 

+1 
B(E2; I 

f7+ 
I.) 

2I +1 
B(E2; I l If) 

f 

The transition probability or lifetime (Z = T) of the 

state is given by expression (1.18), 

1 

T(EZ; I . I f) = 
8n(ß +1) 

i 

K2Z 
B(EZ; I 

f . ) 
.&[(2.6+1)t..ß j 

From expressions (2.15) , (2.16) and (1.18) , it is obvious 

that the lifetime of a state formed in Coulomb excitation 

can be determined by measuring the cross- section for the 

corresponding excitation. 

The most commonly used method for measuring the 

Coulomb excitation cross -section is by measuring the total 

yield of de- excitation 1-rays for thick targets using a 
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scintillation spectrometer. The total yield may be deter- 

mined directly by using 27c geometry (Heydenburg and Temmer( 50) ) 

or by observing the Y -yield (Stelson and McGowan(51)) at 

fairly large angles (^J235 °) with respect to the beam in 

which case only a small known correction for the angular 

distribution of Y -rays has to be applied. Knowing the 

variation of photopeak efficiency of the NaI crystal with 

the Y- energy, the experimentally observed yield is convert- 

ed into absolute yield. The determination of cross -section 

from the total yield is complicated since the cross -section 

changes as the incident particle slows down in its passage 

through the target material. The cross -section, therefore, 

has to be integrated over the track length of the slowing 

down particle. A method of doing this has been suggested 

by Huus and Mottelson(5°). The Y -ray yield thus obtained 

is then corrected for the background arising partly from thé 

external sources, and partly from the characteristic X -rayso 

bremsstrrahlung etc. The value of B(E2) extrapolated from 

the yields has to be multiplied by the factor (1 + a) to 

take account of the downward transitions occurring by in- 

ternal conversion. A knowledge of total internal conversion 

coefficient, a, is thus needed to determine the correct 

value of B(E2). All these factors limit the accuracy of 

the B(E2) values to about 
± 

8%. A detailed discussion of 

the background corrections and the optimum conditions for 

the experiment has been given by Alder et al.(45) 

The observation of the internal conversion electrons 

of the de- excitation Y -rays provide an alternative method 

of measuring the cross- section for Coulomb excitation, 
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particularly when the Y -rays are heavily obscured by back- 

ground radiations. The method is more easily applicable to 

low energy transitions in heavy elements where an appreci- 

able fraction of excitations decay by internal conversion. 

The internal conversion electrons are analysed in a P-ray 

magnetic spectrometer, using a thin target to minimise the 

self- absorption of electrons. The main background in the 

conversion spectrum arises from the tightly bound electrons 

which may be ejected with sufficiently high energies. How- 

ever, by considering the cross -section for production of 

such electrons, an optimum condition can be found to give a 

maximum signal to noise ratio. The cross -section for 

Coulomb excitation is given by the total electron yield 

Y( n) = Cup) 
F( n) 

D 
p 

(2.17) 

where P(n) is the area of the conversion line at momentw 

p, C(p) is the counting loss factor, and D is the 

transmission factor of the spectrometer. The latter two 

quantities are determined empirically as described by 

Rester et al.(52). The accuracy in the value of B(E2), 

thus extracted, is limited to about t 10% which is mainly 

due to the uncertainties in the knowledge of the trans- 

mission factor of the spectrometer. Using the conversion 

electron method Rester et al. have obtained the value of 

B(E2; 0---2) for a number of even A isotopes of Os, Th 

and U. The values obtained by these authors are about 25% 

larger than the corresponding values from the Y--ray yield 

method by Stelson and McGowan. 
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The most straightforward method of measuring the 

Coulomb excitation cross -section is by observations of the 

inelastically scattered projectiles. The scattered par- 

ticles, consisting of the inelastic group resulting from 

Coulomb excitation and the elastic group due to Rutherford 

scattering (the separation between the two being of the 

order of 100 keV) are analysed by means of a high resolu- 

tion magnetic spectrometer and recorded photographically. 

Since the background due to accidentally scattered par- 

ticles is very high at forward angles (e = 0) , measurements, 

are usually made at an angle of 145° which is found to give, 

the best ratio between the inelastically scattered group 

and the background. A graphical plot of the number of 

tracks per mul. as a function of distance along the photo- 

graphic plate enables one to obtain the ratio of the inten- 

sities of inelastically and elastically scattered group of 

particles. This is also the ratio of the differential 

cross- sections for the two processes. Since the elastic 

scattering can be calculated from Rutherford' s law, the 

differential cross -section for inelastic scattering can be 

determined, from which the value of B(E2) can be obtained. 

1ln general, the B(E2) values obtained by this method have 

an accuracy of about 3 -5 %. The main advantage of this 

method is that the yield is independent of the decay mode o 

the excited state and hence a knowledge of total internal 

conversion coefficient is not required for the determinatior_ 

of B(E2). Elbek et al.( S3) and also several other groups of 

workers have used this method for lifetime measurements of 

the first 2+ excited state in rare earth nuclei. 
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2.6 Inelastic Electron Scattering 

Inelastic scattering of high energy (,- 100 MeV) elec- 

trons, like Coulomb excitation, may result in the excita- 

tion of nuclear levels, and hence can be used to determine 

the lifetime and multipolarity of the excited states(54). 

Though still in a state of infancy, it provides one of the 

few means of studying nuclear resonance transitions with 

excitation greater than a few MeV accompanied by a fairly 

large change in angular momentum ( ¡ 3h). 

The differential cross -section for nuclear excitation. 

by inelastic electron scattering calculated on the Born 

approximation theory is given by 

d6EZ 
_ ( 

e ) 2 4( e+1) 9 
2 

B( CZ g) V( A) K +1 L 
1c [(2 i Z+1) : o 

+ B(EZ,g)VT(A) i ( 2,18) 

for electric 2" pole excitations, and 

d6j 
e 

) 

4( Z+l) 
( 2 

2-6 

B(M.Z,q) VT(A) ( 2.19) 
I( 2Z+1) :: Ki 

for magnetic 2 pole excitations, where q and K repre- 

sent the momentum and energy transfer in the process of 

collision, B(E-Z,(1) and B(M.Z,q) are the reduced nuclear 

transition probabilities for excitation, B(C &,(1) is the 

reduced transition probability resulting from the instan- 

taneous Coulomb interaction, VL and VT are the func- 

tions representing the contributions of the longitudinal 

(Coulomb) and transverse interactions, respectively, and A 
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is the angle of scattering. Since the instantaneous 

Coulomb operator involves a 6 = 0 term, it is obvious that 

unlike Coulomb excitation, EO transitions can also be 

excited in the inelastic electron scattering. In the limit 

as q 0 and excitation energy (Ex) << initial elec- 

tron energy, it turns out that the transition operators 

are identical with the radiative electric and magnetic 

multipole moments [B(ce1,o) = B(E &) J and the inelastic 

cross -section at G = 0 for electric and magnetic 2Q pole 

transitions are related to the radiative lifetime of 

the excited state by 

-1 = Z-1-1 e2 
E 

5 2I.+1 d 
c e ( e . 

EZ 2.6 a2h2K2 x +l ' dn- 
f ( 2.20) 

2t 
2I . +1 dó 

Mz a K2 

(E ) 

5 2I 1 

0) 
f 
+1 

(2.21) 

A measurement of the inelastic cross- section at for- 

ward angles (near e 0) will thus give the radiative life- 

time of the excited state directly through the above rela -I 

tions. 

In practice, however, because of a large background 

due to radiative tail and bremsstrahlung at angles close 

to zero, the cross -section measurements are made at finite 

angles (,--140 
o 
). In this case, the transition operators are 

not identical with the radiative multipole moments, and 

expressions (2.20) and (2.21) can no longer be used for 

lifetime determination. For measurements at finite angles, 
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the differential cross- section for inelastic scattering 

exciting an electric multipole transition of order t may 

be written as 

ds- ( d )Mott [(q) + ( z + tan2 9/2)FT (q)] 

(2.22) 

where F FT6 
can be regarded as 'form factors' due 

to longitudinal and transverse parts of the interaction 

respectively, (-d--6 )Mott is the differential cross -section 
for elastic scattering by a point charge (Z2e) . A 

graphical plot of (do ds ) obs /( dd-n- ) 
Mott 

as a function of 

tan2 9/2 enables the form factors to be determined for 

the experimental value of q which in turn gives the 

value of B(ct,q) through the relation 

FLZ (q) 2 = 2 

49tg2t 

2 B(c'Z, q) (2.23) 

2 
[2t+1'.J 

( 
) 

Measurement of lifetime of the excited state, however, re- 

quires the value of B corresponding to q-; 0. If f(r) 
be the .6-th order radial transition density, then the 

form factor can be expressed as 

( FEZ ( g) 2 = [49t 2 Q( r) J( kr) r2 dr ( 2.24) 
o 

This relation may be used to calculate F assuming some 

model for the transition charge distribution. The model 

that gives agreement with the measured value of F may 

then be extrapolated to very small values of q to give 

B(E .&) from which the lifetime of the excited state can be 

determined. This method of lifetime measurement is thus 
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model dependent. The different models used in various 

measurements have been discussed by Bishop( 55) , Using the, 

model suggested by Helm(5 gg y 
6 

) , Crannel et al. have measured 

the lifetime of some El, E2, E3 and Ml transitions in 

6 12 24 60 58 20 8 
Li , C , Mg , Ni , Ni and Pb The values obtained 

are in good agreement with the values previously obtained 

by other methods. 

A new method of extrapolation using the experimentally 

determined elastic and inelastic form factors has been 

recently employed by Crannel and Griffy( 57) to obtain the 

radiative widths of the first three excited states in 
C12 

The method does not use any model for the transition charge 

distribution and applies only to the scattering angles 

0 0 
(40 - 90 used in this experiment) where the longitudinal 

part of the interaction is predominant enough to permit 

the transverse part to be neglected in the expression 

(2.22) . If F(q) and F(q) denote the inelastic and 

elastic form factors respectively, 

by (d6) = d6 )2 dil elastic (d..n- Mott 

the latter being given 
2 

IF( q) I (2.25) 

then defining 

Rz = Fz /q6-2 1 - F( q) ] for ¿ 0 

gives in the limit 

R = A(1 -Bg2) 

( 2.26) 

(2.27) 

A plot of R against q2 gives a straight line only for 

small values of q and a correct choice of .6 . The 

intercept at q2 = 0 yields Az which can be used in the 
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relation, 

+1 2I 
i+1 2 2 

2Z+1 2 

rEZ 18Z 
2I +1 

ar Ex A ( 2.28) 
f 

to obtain the radiative width of the excited state. 

2.7 Monoenergetic Positron Emission 

Monoenergetic positron emission is a mode of nuclear 

decay which occurs in competition with internal pair for- 

mation. When a K- capture nucleus decays with the for- 

mation of an electron -positron pair, the electron may be 

captured by a vacancy in the K- shell, and only the positron 

emitted. The positrons produced in such a process are 

monoenergetic having energy, 

Em = EY - 2moc2 + Ex (2.29) 

where EY is the nuclear excitation energy, EK is the 

binding energy of a K- electron, and 2moc2 is the rest 

energy of the pair. The ratio of the probability for the 

emission of monoenergetic K-positrons to that for the 

emission of Y -rays is given by 

NK /NY = á PK ( 
r K 

e e 
+ 

+-CK 

where á 
e 

positron formation which, for a permanent vacancy in the 

(2.30) 

is the coefficient for the monoenergetic K - 

K- shell, is defined as the probability for emission of a 

monoenergetic positron per emitted Y -ray, PK is the pro- 

bability for the excitation of the initial nuclear level 

by K- capture, ZK is the mean life of the atomic K- vacancy 

and Z is the mean life of the nuclear level to be 
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t 
measured. K/Z 

+ 
is obviously the probability of 

nuclear transition taking place before the K- vacancy dis- 

appears. 

The values of á for El, Ml and E2 transitions 

e (58 ) have been calculated by Sliv and more recently for El 

transitions by Lombard and Rys(59). The results of the 

two calculations do not agree. According to the latter, 

e 

( 2aZ ) 3 x 2 . 4 x 10-3 x k 
/kk 2 (2.31) 

where a is the fine structure constant and k is the 

nuclear excitation energy in units of moc2, Since PK and 

" :K can be calculated, an experimental measurement of the 

monoenergetic positron intensity relative to the Y- photons 

yields by expression (2.30) the lifetime ('L) of the ex- 

cited state. In practice, when the internal K- conversion 

coefficient (at) is known, instead of N1, the number 

of K- conversion electrons (NK.) from the same transition 
e 

is measured. N,,l. is then given by, N = NK_ /aK. As á 
e e+ 

is largest for El transitions and so is /Z, it is 

clear that these transitions are the most suitable to be 

investigated by observations on the monoenergetic positrons. 

But, because EK/rEy- 2moc2) has to be a few times larger 

than the instrumental energy resolution, the method can be 

applied only to medium and high Z nuclei. 

Using high resolution spectrometers, several groups o4 

workers( 
21, 22, 60 -63) have observed K- positrons associated 

with some El transitions in the K- capture decay isotopes o 
li 

Eu152 , Bi205 and Bi206. Applying the method outlined above, 
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Brunner et al. 
( 21) 

have obtained for the lifetime of the 

1720 keV El transition in Bi206 a retardation of 50 com- 

pared with the value predicted by single particle estimates. 

Wu et al.( 
22) 

have reported a retardation of 600 for the 

same transition. The reason for this discrepancy is not 

obvious. It may, however, be mentioned that the method of 

monoenergetic positron emission relies on the calculations 

of aR +, and, as already pointed out, the calculations of 
e 

this quantity by Sliv, and Lombard and Rys, differ con- 

siderably. Besides, the high background due to the 134- 

continuum tends to obscure the faint monoenergetic positron 

peak and make its intensity estimation extremely difficult 

and uncertain. 

2.8 The Limitation of the Methods 

From the discussions of the preceding sections it is 

obvious that the coincidence method is the most universal 

method for measuring lifetimes of the nuclear excited 

states in the range 10 -6 - 10 -11 seconds. The other methods 

have only limited applicability and may be regarded as 

complementary to this method., The recoil and Doppler shift 

methods are capable of measuring lifetimes down to 10 -13 

seconds. The nuclear resonance methods are applicable only 

to those states which decay directly to the ground state. 

Excitation by charged particles provides a means of in- 

vestigating nuclear levels in non -radioactive isotopes, 

but as mentioned earlier, Coulomb excitation has been 

mostly used with the low -lying E2 states in a limited clas 
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of nuclei, though inelastic electron scattering has the 

potentialities of exciting higher states as well. All 

these methods work in more or less the same range and 

permit the measurement of lifetime up to 10 -3 sec. Al- 

though these methods satisfactorily cope with most of the 

E2 and M1 transitions available in the radioactive decays 

they are not capable of measuring lifetimes of El tran- 

sitions which are of the order of 10 -16 secs. The only 

El Y -ray whose mean life has been measured by the reson- 

ance method is the 961 keV transition in Sm152. The in- 

elastic electron scattering method can have very limited 

application to such transitions because very few of these 

go to the ground state directly. Thus, observations on 

the monoenergetic positron emission is the only means 

available for the study of El transitions with energy 

greater than 1.02 MeV. A new method for measuring life- 

time of the El transitions by observations on X -ray satel- 

lites will be described in Chapter IV of this thesis. The 

method is applicable to transitions with energy 1 MeV 

in medium to high Z- nuclei. 
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CHAPTER III 

AUGER EFFECT AND X -RAY SATELLITES 

Some Definitions: - 

When a vacancy has been created in an inner electron 

shell of an atom, the atom may reorganise itself in one of 

1 

two ways. The vacancy may be filled within 10 
-1-a- 

- 10 -7 

sec. by an electron transition from some outer shell, thus 

shifting the vacancy to an outer shell. The difference of 

the binding energies of the two shells concerned in the 

transition may then be emitted as a characteristic X-radia- 

tion. Alternatively, this energy may be transferred to an 

electron in an outer shell which is ejected from the atom. 

This latter process of radiationless reorganisation is known 

as the Auger effect and the ejected electrons are known as 

Auger electrons. In principle, both of these processes are 

well understood. The radiative transition can be adequately 

explained in terms of the multipole theory which predicts 

that by far the most important mode is the electric dipole. 

The non -radiative, or Auger, transitions may be regarded as . 

a direct interaction of the two electrons with the ejection' 

of one of them, or as one in which a quantum of X- radiation 

arising from an inner shell transition is internally con- 

verted in an outer shell so that an electron is ejected from 

that shell, 

The most important measure of the Auger effect is the I 

fluorescence yield of an atomic shell, which for the i -th 

shell is defined as the probability that a vacancy in that 

shell is filled by a radiative transition, ise. 
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Number of i -X rays emitted 

Number of primary i- vacancies 
(3.1) 

The Auger yield of the same shell is defined as the proba- 

bility that an electron is emitted when the vacancy is 

filled from a higher shell, i.e. 

ai 
Number of i -Auger electrons emitted 

Number of primary i- vacancies 

Obviously for the K- shell, 

a. 

3.2) 

= (1 - wi) (3.3) 

The situation is more complicated in the case of 

higher atomic shells. In the L shell, for instance, theee 
Ì 

are three subshells L1, L2, L3 and though one may define 

fluorescence yields w1, w2 and w3 for the three subshells 

but in practice what is measured is the average fluores- 

cence yield IL. Since w1, w2, w3 are not in general 

equal, wL depends on the ratio of the primary vacancies 

in these subshells and hence on the way in which the L 

shell is ionised. 

Another complicating factor which occurs in certain 

regions of the periodic table is the radiationless tran- 

sitions of a particular kind known as Cöster Kronig tran- 

sition in which a vacancy created in a subshell is moved 

to another subshell of the same major shell before it is 

filled by an electron from an outer shell. The corres- 

ponding Coster - Kronig yield (fxy) is defined as the pro- 

bability that a vacancy is filled with an electron making 

a non -radiative transition from an outer subshell in the 
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same major shell. For the L shell, Cöster- Kronig tran- 

sitions could be represented as L1L2X, L1L3X and so on, 

where X refers to outer shells M, N, etc. 

From the definition of fluorescence yield, Auger 

yield and the Cöster Kronig yield for the L shell, the 

following relationships between them are obvious: 

w3 + a3 = 1 

w2 + a2 + f23 = 1 ( 3.4) 

and 
wl + al + f12 + f13 = 1 

Another quantity of interest is the width of an energy 

level which is the sum of the partial widths of all pro- 

cesses by which the level can decay (i.e. processes by 

which a vacancy can be filled). This is defined as 

where (i) 
R 

A 
[i 

ana [iK 

K.> i 
total width, 

radiative width, 

= Auger width, 

C öster- Kronig width, all 

(305) 

referring to the i -th level. 

From the definitions of W., ai and fiK, we have 

and 

R 
co. = 

'T T 

A 
a. = 

Ì( i) T 

ITK f = r( 1) 

(3.6) 
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3.2 Classification, Energy and Intensity of Auger 

Electrons 

A detailed treatment of the Auger process has been 

given by Burhop(64) (1952). More recent developments have 

been summarised in review articles by Bergström and 

Nordling( 65) , and M.A. Listengarten( 
66) 

3.2.1 Classification of Auger electrons:- 

An atom with a single vacancy, or hole, is left, as a 

result of the Auger effect, with two holes. A series of 

Auger electrons (e.g. K-series, L- series, etc.) is labelled 

by the shell in which the initial vacancy occurs, whereas 

a group (e.g. the K -LL, K -LM, K -MN groups of the K- 

series) is labelled by the shells containing the two holes 

resulting from the Auger effect. Obviously, each group 

will consist of several Auger electron lines of different 

energy. 

The notation used for the different Auger lines of 

any group depends on the method one uses to characterise 

the states of the doubly ionised atom, and this varies 

according to the coupling scheme chosen for the different 

regions of atomic number. In general, the L -S, the inter- 

mediate and the J -J couplings are applicable for small Z 

( 4:20), intermediate Z (20 40) and high Z ( )40) 

respectively. The number of lines in the K -LL group, for 

instance, according to these coupling schemes will be as 

follows: - 

(a) L-S Coupling:- Six lines: 1S (sop6), 1p, Q1 p5) 
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and 1S, 1D, 3P ( s2 P4) . 

(b) Intermediate Coupling:- nine lines: K-L1L1 
(1So)' 

K-L1L2 (1P 
1 
), K-L1L2 (3p), K-L1L3 (3p 1 ), 

K-L1L3 (31) 
2 
), K L2L2 ('s0), K-L2L3 (1D 

2 
), 

K-L3L3 (3p0) and K-L3L3 ( 3p2) 

( c) J-J Coupling:- Six lines: K-LL1 ( s;o p2 p4), 
/a, 'z 

1 1 4 1 2 K-L1L2 ( s/L pl p4, 
p3%)' K I`1L3 ( sl p'/y p' jy) 

9 

K-L2L2 ( s?: Ä 'Iy P2/2 ! KL2L3 ( s? p'%L P3/1-) an 
d 

2 2 
K-L3L3 

( s '/ p : 

p'32 ) . 

Out of the nine lines in the intermediate coupling, three, 

namely K-L1L2 (3P0), K -L1L3 (3p2) and K -L3L3 (3p0) 

are very weak, and invariably they fuse into six lines as 

in LS or JJ coupling. In fact, in most cases J -J coupling 

provides the most useful analysis of the Auger spectrum. 

3.2.2 The energy of Auger electrons:- 

The energy calculations of Auger electrons have been 

carried out by several investigators, but there is no 

satisfactory agreement between the theoretical and experi- 

mental values. However, the semi -empirical calculations 

of Asaad and Burhop(67) which have been made in the non- 

relativistic approximations but include factors to take 

account of the relativistic and screening effects, give 

the relative positions of the lines very well. More accur- 

ate calculations of the energies of the KLL group lines 
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giving better agreement with the experimental data, 

(probably within .05%) , for 30 < Z 4'85, have been re- 

ported by Hornfeldt(65) 

For heavier elements, the Auger electron energies are 

given by 

E(Vo - XiYi) = E(V0) - E(Xi) - E [Yi(Xi)] (3.7) 

where V denotes the shell with the initial vacancy, Xi 

and Y. 
J 

are the shells in which vacancies are produced by 

Auger transition, E(V0), E(Xi) refer to the binding 

energies of the electrons in these shells, and E [Yi(Xi)] 

refers to the binding energy of Y.J electron when an 

electron is missing in the Xi shell. The quantity 

E [Y. 
J 
(Xi)] is slightly higher than E(Y.), the binding 

energy of the Y. 
J 

electron in the neutral. atom. A con- 

venient empirical method of finding E[Yi(Xi) ] has been 

suggested by Bergström and Hill(65) . According to these 

authors, when an atom is ionised in the Xi shell, E(Y) 

increases as though it were due to some increase AZ in 

the atomic number Z of the atom. Hence, 

E 
Z 
(V 

o 
- Xi 

j) 
= E,Z(Vo) - E 

Z 
(X.) - 

EZ+ (Y) ( 3.8) 

The value of QZ lies between 0.7 and 1.3, and in most 

cases can be taken to be unity. 

Measurements of L Auger spectra require very high 

instrumental resolution and a very highly developed source 

preparation technique. Because of these experimental 

difficulties, the data available on L Auger electrons is 

very scanty and unreliable. 
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3.2.3 The intensity of Auger electrons:- 

In order to calculate the Auger transition probability 

in the non -relativistic limit, it is assumed that the two 

electrons initially move in the field due to the nucleus 

and the average field of the remaining electrons. The 
2 

Coulomb interaction energy between the two electrons 
1 2 

then acts as a perturbation which causes a transition in 

which the Auger electron is ejected into continuum while 

the other electron goes to fill the inner vacancy. 

If * i(r1) and ßí(r2) be the S chroedinger wave 

functions describing the two electrons in the initial state, 

and 41 f(r1) and /5f(r2) be their Schrödinger wave func- 

tions in the final state, then the Auger transition proba- 

bility will be given by 

Wa = 
2 

r ) e (r ) 

2 
*i( r ); (r ) dr 2dt J f**( f 1 f 2 rl-r2 1 i 2 1 2 I 

xp 
( 3.9) 

where 
? 

is the energy density of the final states. 

For a large transition rate, the wave functions of the two 

electrons in the initial and final states should overlap 

considerably, and rl -r2, the difference in the electron 

coordinates should be small. The latter condition is 

naturally satisfied if r1 and r2 refer to the neighbouring 

shells. 

Since the electrons are indistinguishable, the Pauli's 

exclusion principle is taken into account by replacing the 

of the wavefunctions in the above expression by 



antisymmetric combination of the single electron wave- 

functions. 

Thus, Qri( rl),i( r2) becomes h i( rlVi( r2) Sri( r2)!3í( rl)1 

and similarly for \(r f(r1)(f (r2) (3.10) 

if 
2 

Wa t!Sf( r2)f( ri) rler l( r)( r2) 2 

2 2 

-)6 f( rl)111 f( r2) r1 -r2 r2)/6i( r1) drldr2]I dt 

(3.11) 

The Auger transition probability has been calculated by 

many workers in the non -relativistic approximation. The 

group in which the line intensities have been most thor- 

oughly studied is the K -LL group. A comparison of the 

results of these calculations with the experimental values 

shows that the non -relativistic theory does not give good 

agreement even for low values of Z. Relativistic calcula- 

tions for Z = 80 in the J -J coupling limit have been 

carried out by Asaad(68) where screening has been taken 

into account through the use of the non -relativistic self - 

consistent Hartree field. A similar calculation for Z = 6 

81 and 92 has been done by Listengarten(69'70) taking the 

effect of screening into account by means of the Thomas - 

Fermi -Dirac statistical model of the atom. It is found 

that the relativistic calculations for the K-LL spectrum 

of heavy elements give much improved agreement with the 

experimental results. 

Very few measurements have been made for the K -LX 
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and K-XY group of Auger electrons, where X and Y refer to 

shells other than K or L. Some graphs are, however, 

available showing the variation of the ratios, 
K-LX and 
K-LL 

K -XY with Z. Experiments on L -Auger lines are still rare 
K-LL 

due to the experimental difficulties pointed out in section 

3.2.2. Recently some measurements have been reported by 

Tolburen and Albridge( 71) , and Haynes et al.(72) using a 

7tJ iron -free spectrometer with a resolution of 0.18 %. 

3.3 Fluorescence Yields 

A knowledge of K- and L -shell fluorescence yields is 

of interest not only for a detailed interpretation of the 

X -ray spectra but also because they are required for 

several nuclear measurements, e.g. determination of (a) the 

relative probability of electron capture and positron 

emission for the same energy states, (b) K to L capture 

ratio and hence Q- values in the capture process, and 

(c) K- conversion coefficients. Quite a lot of work - both 

theoretical and experimental - has been done in this field 

during the last two decades. Burhop(64), Broyles et a17; 

Läberigue- Frolov and Randvanyi(74), Wapstra, Njigh and V 

Lie Shout( 75) , Listengarten(66) and Fink et al.( 76) have 

given comprehensive reviews of fluorescence yield measure- 

ments. 

Non- relativistic calculations of the K -shell fluores- 

cence yield of the atom has been done by Burhop(77) and 

Pincherle(78) using hydrogen like wavefunctions with an 

effective nuclear charge given by Slater's rules. Their 
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calculations show that the transition rate for X-radiation 

is proportional to Z4 while the Auger Effect depends 

very weakly on Z. 

Hence, 

z4 

a+bZ4 
( 3.12) 

where a and b are constants. 

Various authors have suggested modifications to this for- 

mula, the following semi -empirical relation being due to 

Burhop, 

(s -) 
1 -0) 

1/4 
_ -A+B:Z+CZ 3 (3.13) 

The terms on the right represent the screening effect, the 

Z4 
dependence of the dipole transitions and the relativistic 

effects respectively. The constants A, B and C can be 

evaluated from experiment by a least squares fit. Curves 

of the above equation,plotted using the available experi- 

mental data, have been published in several of the papers 

referred to above. Though there is reasonable agreement 

between the experimental and the predicted values for the 

region 23 < Z < 57, the differences are considerable for 

small and high Z. The measurements with small Z are, of 

course, subject to large errors due to experimental diffi- 

culties. 

Relativistic calculations for (12.. have been done by 

Massey and Burhop( 79), Asaad(68) and Listengarten(69) 

Their results indicate that, for large Z, the introduction 

of relativistic wavefunctions tends to lower the value of 

(1).K by a significant amount. 
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Most of the K -shell fluorescence yield measurements 

have been done by electron intensity measurements using 

precision beta -spectrometers. Some measurements(76) have 

been made using scintillation and proportional counters 

with variable solid. angle. Hagendoorn and 'wapstra(8o) 

have used a coincidence method to determine sosz for nuclei 

decaying by electron capture, using a proportionalcounter 

in coincidence with a scintillation spectrometer. Recent -, 

ly, Taylor and Merritt(76) have reported some precise 

measurements of wx for some nuclei using electron cap- 

ture sources. The last method which is based on absolute 

measurements of disintegration rates and.K X -ray emission 

rates, gives very reliable results. Listengarten has 

evaluated the K- fluorescence yield for some elements from 

a knowledge of the total and radiation widths of their 

K- levels. 

A comparison of all these experimental results with 

the various theoretical predictions shows that the agree- 

ment with experimental data is good at high Z for Listen - 

garten's relativistic calculations and also that the latest 

more accurate experimental methods give results which 

agree best with the theoretical curve of equation (3.13). 

The problem of L -shell fluorescence yield measure- 

ment is complicated. Often, therefore, only the mean 

fluorescence yield c, has been measured. Measurements 

of this quantity are of limited significance, firstly be- 

cause the fluorescence yields for the three L- subshells 

are different and secondly, because the initial distribution 
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of vacancies in the subshells depend on the mode of excita- 

tion. Obviously the results of such measurements apply 

only to the particular element and to the particular mode 

of ionisation. In cases where Cöster K ronig transitions 
take place, the situation can be pictured in two possible 

ways. The view taken by Listengarten(66) is to regard the 

measured col, as a linear combination of the subshell 

yields (wl, w2, w3) with an altered primary vacancy dis- 

tribution due to the Coster Kronig effect. Wapstra, Njigh 

and Van Lie Shout(75)' on the other hand, take wL as a 

linear combination of the primary vacancy distribution and 

redefine the subshell fluorescence yields to take account 

of the Cöster Kronig transitions. Both views are, however, 

equivalent, though the latter is more convenient from the 

experimental point of view. 

A number of measurements of the mean L shell fluores- 

cence yields, using various techniques, have been made by 

several investigators. An exhaustive review has been 

given by Fink et al.(76). The measured values along with 

some of the available calculated values of wL are shown 

in Fig. 11, reproduced from reference (66). Very few 

authors have measured the separate L subshell yields. 

Ross, Cochran, Hughes and Feather(81) have discussed the 

method of finding the L- subshell yields in great detail. 

Rao and C-raseman (82) , and Salguero et al. 
8 3 have carried 

out some isolated measurements of w2. In general, the 

results do not agree well with one another, and are limited 

in precision. 
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Theoretical calculations of mean L -shell fluores- 

cence yields have been done by Pincherle( 78) and Asaad(84);9 

but their results do not agree well with experiment. No 

relativistic calculations have been reported so far. 

Listengarten(66) has produced some semi- empirical curves 

for the fluorescence and C8ster- Kronig yields of the L 

shells which are shown in Fig. 12. The curve for w3 is 

stated to be the most accurate with an uncertainty of 

10 -20%, while the others have much greater uncertainty - 

even greater than 40% in the case of f 

3.4 Atomic Level Widths 

The concept of unsharp atomic energy levels giving 

rise to spectral lines of finite widths belongs to the 

classical theory as well as to the quantum mechanical 

theory. In the classical theory an emitting atom is re- 

garded as a damped harmonic oscillator whose amplitude of 

oscillation decreases with time so that the emitted wave 

train is not monochromatic, but is spread over a small 

frequency width. A Fourier analysis of the emitted wave 

train gives a spectral energy distribution: 

r aa 
29c 

2 
(2)2 (3oí4) 

where V) 
0 

= frequency of the undamped oscillator, and 

r = full width at half maximum intensity. 

In a quantum mechanical treatment based on Dirac's theory 

of radiation, Weisskopf and Wigner (1930) have shown that 
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the intensity distribution in a spectral line given out 

in a transition from an initial state "i" to a final state 

"f ", is given by a relation similar to (3.14) :- 

I(1))dti = 7= 
r d) 

-)2 + ( 2 

(5.15) 

E. -E 
where ))if = i f , and T. full width at half 
maximum o the radiated line, and it is the sum of the 

widths ri and rf of the initial and final levels, 

i.e. ( 3.16) 

According to this interpretation, the width of a spectral 

line is the sum of the widths of the initial and final 

levels involved in the emission. 

In quantum mechanics, the concept of the finite width 

of an atomic level comes as a manifestation of the uncer- 

tainty principle, according to which a measurement of the 

energy of a system that is carried out in a time At must 

be uncertain by an amount AE, so that 

dE. Lt 

If -i is the mean life of the level "i ", the above rela- 

tion is equivalent to 

where Ï. = energy width of the level. 

( 3.17) 

This relation is often used to find out the mean life of a 

level whose width is known experimentally. Since, Zi is 

the reciprocal of the total transition probability (pi) per unit 



-67- 

time of the state, equation (3.17) can also be written as 

ri = pi (3.18) 

As the radiative processes alone do not account for 

the observed width of the lines, the total transition pro -, 

babiiity pi in equation (3.18) has to be taken as the 

sum of the transition probabilities for various processes, 

namely radiative, Auger and Cäster Kronig transitions. 

This gives 

(3.5) 

which is the definition of the total width of a level given 

in section (3.1) . 

A direct method of measuring the width of an atomic r 

level is due to Richtmyer, Barnes and Ramberg(85) . Apply- 

ing the Weisskopf- Wigner spectral distribution to the case 

of an absorption process in which an electron is ejected 

into a region of unoccupied levels in which the distribu- 

tion in energy is uniform and continuous, these authors 

have shown that the relationship between the absorption 

coefficient µ( V) and frequency (9) of the absorbed 

radiation is given by 

1 
-11 
F oA -1) 

µ{ ) = C 2 - arc tan ( ) 

/2 

where 1)E A 
0 

(3.19) 

is the frequency at the centre of the absorp- 

tion band, 

C is the asymptotic value of p.())) for high 

frequencies, 

and r is the desired level width. 

Fig. 13 is a theoretical plot of the above equation. 
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Fig. 13. Plot of Eq. 3.19 (Ref. 85). 
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The horizontal separation of the two points B and D, where 
l 

the curve reaches 
E 

and 
i 

, respectively, of C is 

defined as the width of the absorption edge. 

Though simple in principle, the determination of level 

width from the shape of an absorption curve is very diffi- 

cult and unreliable because the shape of the curve is often 

distorted in the neighbourhood of the edge. Neverthtless, 

an approximate value of the level width can be obtained by 

the method outlined above. If a reasonably accurate value 

of the level width for one of the X -ray energy levels can 

be found, then the widths of the other levels can be ob- 

tained by measuring the widths of various X -ray lines and 

using relation (3.16). The width of an X -ray line is 

usually determined from a study of the line shape with a 

suitable high resolution spectrometer. The observed line 

shape, suitably corrected for the effect of the spectro- 

meter crystal, gives the true line shape which is very 

nearly the "natural line shape" of the spectral line. The 

full width at half maximum of the true line shape gives the 

width of the line in question. 

The widths of X -ray lines and levels in different 

elements have been mostly studied(85 
-93) using a double 

crystal spectrometer. Some of the significant regularities 

observed by Richtmyer et al.(85) from a study of the level 

width in W(74) and Au(79) may be summarized as follows:- 

(a) In any given series of levels, (e.g. L, M,..., etc.) 

the width decreases as & increases, 

(b) states having the same value of n and t have 

nearly the same width, and (c) except for the LI level, 
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the widths of levels for which .6 = 0 increases as n 

increases. 

Some workers -95) have determined the widths of the 

L- series lines in the region Z = 40 to Z = 79, using the 

photographic method developed by de Langen. This method 

is claimed to be advantageous particularly for elements 

only obtainable as compounds. 

More recently some measurements of atomic level widths 

made from an analysis of the conversion electron lines have 

been reported. Lindstr8m(96) (1951), while studying the 

f3- spectrum of ThB with a semi- circular Ç3- spectrometer, 

observed that (a) the K- conversion lines in the spectrum 

were broader than the LI- conversion lines, and (b) the 

broadening was the same ( 80 eV) for all the observed 

K- conversion lines in the spectrum. Slatis(96), who in- 

vestigated the problem using a 180o magnetic spectrometer, 

also arrived at similar conclusions. According to a note 

in a report by Slatis and Lindstrom(96), K. Siegbahn has 

suggested that the difference in the width of the conver- 

sion lines is due to the difference in the natural width 

of the levels concerned. Working on Siegbahnts suggestion, 

Mladjenovic(97) investigated the internal conversion lines 

of RaB in a double focussing spectrometer and measured 

the difference in widths of the K- and L- conversion lines. 

The discrepancy between his value ( -'80 -100 eV) and the 

X -ray value (,-,50 eV) is more likely to be due to the 

experimental reasons than to the effects accompanying 
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internal conversion. Latyshev et al.(97) have carried out 

a very detailed investigation of the K- conversion lines of 

ThB, and, from a number of independent measurements using 

different instrumental resolution, obtained a value of 

67 
± 

5 eV for the natural width of the K- conversion line. 

This value agrees well with the value 61 -63 eV for the 

width of Bi K -level obtained by extrapolating the K -level 

width for Z = 79 according to Z law. The authors also 

conclude that the inherent width of the conversion lines 

is primarily determined by the widths of the atomic levels 

and is virtually independent of the effects accompanying 

internal conversion. Dijkstra and Vries(98) using an 

iron free double focussing ß- spectrometer have found the 

difference between the K and L atomic level widths to be 

49 t 5 eV for Bi (K -LI) and 54 t 4 eV for Hg(K - LIII) 
, 

which are in fair agreement with X -ray data. Geiger et 

al.(99) have studied the conversion electron lines in 

Sm151 with the Chalk River i/ p- spectrometer and from a 

detailed analysis of the shapes of the conversion lines 

measured the natural widths of K, MI MI, and MIII levels. 

Though the internal conversion measurements of level 

widths are few in number, the results (with the exception 

of Mladjenovic's) are reasonably consistent, and in fair 

agreement with the best X -ray values. 

The agreement between the experimental and theoretic- 

al values for level widths has been discussed by Listen - 

garten( 
66 -70) 

and Callan( 
100) The observed widths seem to 

be well accounted for by considering the radiative and Auger 
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processes provided relativistic effects are taken into 

account for the high Z elements. 

3.5 X*tray Satellites 

X -ray satellites are those relatively weak lines often 

observed close to and on the high frequency side of the 

chief X-ray diagram lines, and because these lines do not 

fit into the ordinary scheme of X -ray energy levels, they 

are also referred to as "non- diagram" lines. Siegbahn and 

Stenstrom (1916) were first to discover the two K- series 

satellites called Ka3 and Ka4 while investigating the 

X -ray spectrum of the elements Na(11) - Zn(30) . Since 

then, intense experimental and theoretical work has been 

done in this field and many more satellites in the K -series' 

have been observed. That the L- series diagram lines are 

also accompanied by satellites was first reported by Cöster 

in 1922. Richtmyer and others, who subsequently investi- 

gated the L- series lines in the elements Cu(29) - U(92), 

found that the satellites were much more numerous in this 

series than in the K- series. M- series satellites were 

observed and studied in the elements Yb(70) - U(92) by 

Hirsh and others. In a review article 
(101) 

1 Hirsh has 

given a comprehensive summary of the work done on X -ray 

satellites up to 1942. Further work has been reported by 

Edamato(102) Deslattes( 103) and others. The relevant 

data on the measurements of all the K- and L- series satel- 

lites for the elements in which they have been observed 

has been compiled by Cauchois and Hulubei(104)e Detailed 
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references and sources of the data are given by these 

authors. 

A brief summary of the general characteristics of 

the K- and L- series satellites followed by an attempt to 

understand them in the light of the currently accepted 

theories is presented below. 

3.5.1 General features of the satellite lines:- 

(a) For the K- series satellites, as indeed for the satel- 

lites of all other series, the satellite structure changes 

from one element to another due to the diminishing inten- 

sity and subsequent disappearance of some or all of the 

line components at higher atomic numbers. Thus, the Ka3,a4 

satellite was observed by Parratt (1936) only in the narrow, 

atomic number range S(16) - V(23) , Ka5,a6 in the range 

Mg(12) - C1(17) , and so on. Fig. 14 shows how the inten- 

sity of the Ka3,a4 group of satellites relative to the 

parent line Ka 
1 

decreases as the atomic number increases. 

Of the L- series satellites, those that have been 

widely studied on account of their large intensity at cer- 

tain atomic number ranges are the satellites of the parent 

La, Lß1 and Lß2 lines. The quantitative data on 

satellite intensities by various workers all show that 

while the La and Lß2 satellites have a maximum intensity 

at Rh(45) and Ag(47) respectively, their intensities de- 

crease very rapidly for higher atomic numbers and they be- 

come very faint at Sb(51) and I(53) respectively. Similar- 

ly the 1431 satellites have been observed only in the range 

Zn(30) - Zr(40) with a maximum at Sr(38) above which the 
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intensity decreases so rapidly that the satellites become 

too faint to be observed at No(42) . Figures 15, 16 and 17 

show the intensity variation of La, Lßl and L32 satellites 

respectively obtained by Parratt, Pearshall and Hirsh. 

From 1(53) to Hf(72) almost all the La and Lß2 satellites 

disappear, but they reappear again with considerable in- 

tensity for elements of atomic number higher than 72. The 

relative intensity of the L- series satellites with respect 

to their parents is much larger than those of the K- series. 

Also in the L- series, the relative intensity of the satel- 

lites does not show any variation with the mode of excita- 

tion, whereas in the K-series it has been observed to be 

greater with cathode ray excitation than with fluorescent 

excitation. 

All these facts show that the trends of satellite 

intensity variation with atomic number differ in the K- and !, 

L- series. 

(b) Satellite lines have been qualitatively observed and 

reported to be diffuse and broad in comparison to their 

parent lines. The experimental data on satellite line 

widths by Parratt and others show that almost all satellite 

lines have widths which are larger than their parents by a 

factor of about 2. 

(c) The excitation potentials of all K-satellite lines are 

known to be higher (more than about 30%) than those of 

their parent lines. For instance, Druyvestyn observed the 

Kai, a4 satellites of V(23) at a tube voltage of 
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6.45 ± 0.1 KV and not at 5.45 KV for which the parent 

lines 1 a are excited in this element. In the L- series 
9 

satellites, however, the excitation potential does not show 

any significant variation and in most cases is almost the 

same as that corresponding to the single ionisation of the 

LI level. 

(d) A new group of satellites in Ag(47) was observed by 

Burnbank in 1939. The energy separation of the satellites 

in this group corresponded to those of the L-series, but 

the excitation potential was found to be that necessary to 

cause a K -shell ionisation. These satellites were later 

assigned to the L- series. 

(e) Richtmyer showed that the square root of the frequency 

separation of a satellite line from its parent a 

linear function of the atomic number, though Idei, using 

the same set of data, obtained linearity when the frequency 

separation by itself is plotted against atomic number. 

3.5.2 Wentzel-Druyvestyn Theory:- 

A theoretical explanation of the origin of satellite 

lines was first proposed by Wentzel in 1921 and later 

modified by Druyvestyn. Hence the theory is known as the 

Wentzel- Druyvestyn theory. According to this theory, the 

satellite lines arise from single electron transitions in 

atoms that have been doubly or multiply ionised in their 

inner shells. The Kß satellites, for example, arise in the 

transition KL - LM, the one electron transition being the 
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same as that in the Kß line (K- M) . The Km3, a4 

satellites have been assigned to the transition KL -L2. 

The states of double or multiple ionisation in the inner 

shells of an atom can be produced by cathode ray excita- 

tion or fluorescent excitation. In the former process of 

excitation which is the one most commonly used, an electron 

of sufficient energy removes in a single collision, two or 

more electrons from the atom of the target element. The 

minimum excitation energy for the initial state of double 

ionisation KL is that which can eject a K electron and 

simultaneously or subsequently an L electron. Since the 

ionisation energy of an L electron in an atom from which 

one K electron has already been removed is approximately 

that for the corresponding electron in the element with 

the next higher atomic number, the energy EKL(Z) of an 

atom with atomic number Z in a state of double ionisa- 

tion KL is given by 

EKL(Z) = EK(Z) + EL(Z +l) (3.20) 

and similarly, 

ELM(Z) = EL(z) + EM(Z +l) (3.21 

Therefore, the energy difference between the satellites 

(KL - LM) and the parent line (K - M) becomes 

bE qEKL(z) - 
EL (Z)1 

- fEK(Z) - EM(Z)1 

_ L(z+1) - EL(Z) } - `EM(Z +l) - EM(Z )} (3.22) 

The L- difference being always greater than the M- difference, 

the satellites will appear on the higher frequency side of 
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the parent line. Taking the fine structure of the initial 

and final states into account, the Kß satellites will, in 

fact, be composed of a number of lines. A similar explana- 

tion can be given for the other satellites of the K -and L- 

series. The energy separation of the satellites from their 

parent lines calculated from relations similar to (3.22) 

agree very well with the observed values. From eq. (3.20) 

one can understand why the excitation potentials of the 

satellites are higher than those of their parent lines. 

Theoretical calculations of the Ka satellite energies 

for 11 < Z < 42 have been done by Wolfe(101) Kennard 

and Ramberg( 101) 
( 105) ( 106) 

g , Candlin and Horak , all of 

which, with slight variations, are based on Slater's theory 

of complex spectra in which the multiplicity of spectro- 

scopic terms arising from the interaction of the double 

(or more) vacancies in the inner shells of an atom is 

taken into account. The results of these calculations (see 

Figs. 18 and 19) are in excellent agreement with the ob- 

served values, and provide conclusive evidence in favour 

of the Wentzel- Druyvestyn theory. No theoretical calcula- 

tions for the K- satellite energies have been. done for 

Z i 42 where the relativistic and spin -orbit contributions 

may become more important.. 

Druyvestyn has obtained an expression for the probability 

of double ionisation of an atom by direct electron impact 

according to which the ratio of the probability of KL 

double ionisation to the K ionisation is 
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(3.23) 

where A = a constant which depends on the ratio of the 

binding energies of K and L electrons to the kinetic 

energy of the impacting electron, and n = the number 

of electrons in the L shell whose partial and total screen- 

ing constants are al, and 1L respectively. 

Assuming that the transition probability for a given 

transition in a doubly ionised atom is not substantially 

different from its value in a singly ionised atom, the 

above ratio is expected to give the K- satellite intensity 

relative to the intensity of the parent line. According 

to Druyvestyn's expression, the probability of direct 

double or multiple ionisation is a decreasing function of 

atomic number, and, therefore, the relative intensity of 

the satellites should also decrease as the atomic number 

increases. Richtmyer, using Born's approximation, has 

calculated the ratio of the probability of KL to K 

ionisation by direct electron impact. The expression ob- 

tained for the intensity of K- satellites relative to their 

parent line is 

I 
s 

Ìp 
91 

(z -4.5) 2 

(3.24) 

where 4.5 is the average screening constant for the L 

shell, The dashed curve in Fig. 14 is a plot of the above 

expression and is seen to agree very well with the observe 

variation of intensity over a wide atomic number range. 
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Recently, Sachenko and Demekhin 
(107) and Aberg(108) 

have calculated the relative intensity of some K-satellites 

on the basis of the sudden approximation making allowance 

for the effect of Auger transitions on the satellite inten- 

sity. The results of their calculations are in good agree- 

ment for small Z up to Z = 24. The discrepancy for large 

Z is attributed to the non -availability of accurate data 

on the Auger widths for Z 7 24. 

According to the Weisskopf-Wigner theory, the width of 

a spectral line is the sum of the widths of the initial and 

final levels involved in its emission. Hence, for the 

satellites emitted in the transition, say, KLIII 
- LIII' 

the line width may, approximately, be taken as the sum of 

the width of the K level and 3 times the width of the LIII 

level. The width of the parent line of the above satellite 

will, on the other hand, be given by the sum of the K and L 

level widths. This explains why the widths of the satel- 

lite lines are larger than those of their parent lines. 

Thus, all the main features of the K- series satellites 

seem to be reasonably accounted for by the Wentzel- 

Druyvestyn theory of multiple ionisation. 

3.5.3 Cöster Kronig Theory:- 

While the Wentzel- Druyvestyn theory accounts very well 

for the K-series satellites and gives correct energy 

separation of the satellites from their parent lines in the 

other series as well, it fails to explain the curious 

variation of intensities in the satellites of the L and M 

II 
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series. It also fails to predict correctly the excitation 

potentials of satellites in these series, which led to the 

prominence of Richtmyer's double jump theory. This theory, 

though it seems quite plausible from consideration of the 

evidence, has very limited applicability and will not be 

discussed here. The reason for the anomalies in the L- and 

M- series satellites was given by Cöster and Kronig in 1934., 

According to the theory advanced by these authors the 

satellites in the L- and M- series originate from a state of 

double ionisation which is produced in an Auger transition 

of a particular kind, now known as a Cöster Kronig tran- 

sition. For example, the initial state of double ionisa- 

V ' 
which gives rise to the La and Lß2 tian 

LIII MIV 
2 

satellites in the transitions LIII MIV,V 
- 
MIV,V' 

and 

LIII MIV,V - MIV,V 
NV respectively, is produced from an 

initial vacancy LI by the Cöster Kronig transition 

LI - LIII MIV,V. Similarly the initial state LII 
MIV,V 

in the L3 satellite (LII M IV,V - MIV,V) 
results from the 

transition 
LI - LII MIV V. 

The single vacancy may be pro - 

duced, as usual, by electron impact or by photon ionisation, 

and the single electron jump in the transition is the same 

as envisaged by the Wentzel- Druyvestyn theory. The essential 

condition, however, for a radiationless transition of the 

type Lx - Ly Mo to be energetically possible is 

FF (Z) - (2) EF _ (z +l) . Ela (z) 
1, -M 

Figure 20 shows that outside the range Z = 50 - 72, 

EL (Z) - EL (z) j EM (Z+l) , 

I III / IV,V 
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and hence it is possible for an atom in an initial state 

LI to undergo a transition L I- LIII MIV V. But within 

the range Z = 50 -72, because EL (z) - EL (z) 
I III 

E 
M 

(Z +1), this transition is no longer possible. 
IV,V 

This explains why the La and L132 satellites are observed 

outside the range Z = 50 - 72 but not inside. A similar 

argument accounts for the disappearance of the 1431 satel- 

lites in elements with Z ) 40. In the atomic number 

range of occurrence of these satellites, the observed 

variation of intensity has been correlated with the 

variation of Auger transition probability which, depending 

critically on the kinetic energy of the ejected electron, 

varies from one element to another. Thus the Auger 

transition rate for the process LI - LIII MIV V 
is 

greatest near Rh(45) - Ag(47) at which the La. and L32 

satellites are observed to have their maximum intensity. 

Similarly the Auger transition rate for LI - LII IV ,V 
is 

greatest near Sr(38) at which the observed Lß1 satel- 

lite intensity is a maximum. For a high Auger transition 

rate, a large fraction of the atoms ionised in the LI 

shell reorganise into the LIII MIV,V 
state, and since, 

for a given ionising agent the number of atoms ionised 

in the LI level is comparable to the number so ionised 

in the LIII shell, the number of atoms with double 

ionisation LIII MIV,V 
is comparable to the number of atoms 

with single ionisation L111. This explains the large 

intensity of the L- series satellites relative to their 
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parents, as observed by various workers. For certain 

elements, the emission lines arising from LI level (e.g. 

1,ß3 and Lß4) are observed to be much weaker in comparison 

with LII or LIII emission lines. This again is a conse- 

quence of the fact that a large number of the atoms in an 

initial state LI reorganise without the emission of 

radiation. Since the Auger width for LI level in these 

elements is much larger than that for the LII and LIII 

levels, the LI emission lines are broader than the lines 

arising from LII or LIII levels. Also because almost all 

the L- series satellites are accounted for by the doubly 

ionised state produced by an Auger process from an initial 

LI ionisation, it is clear why the excitation potential 

for L- series satellites is the same as that of the LI 

level. Thus, whereas the intensity of the K- series 

satellites relative to their parent lines is greater with 

cathode ray excitation than with fluorescent excitation, 

the relative intensity of L-series satellites should be 

the same under both conditions of excitation so long as 

the excitation energy is sufficient to produce the initial 

vacancy. This again is in agreement with the experi- 
I 

mental observations. 

The Burbank satellites observed in the L- series of 

Ag(47) have been shown to be due to the transition 

LL- LM where the initial state of double ionisation LL 

arises from the Auger transition K- LL. This explains why 

this satellite group was observed to be excited only when, 

the tube voltage is sufficient to cause K -shell ionisation. 

All the anomalies in the L- series satellites being 
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thus explained, it may be concluded that the origin of 

the satellite lines in the K- and L- series of X -rays 

is reasonably accounted for by the Wentzel-Druyvestyn 

theory of multiple ionisation and by the Coster Kronig 

theory of radiationless transitions. 

3.504 X -ray satellites from K-capture:- 

The K- series X -ray satellites discussed so far have 

been mostly studied by cathode ray excitation. But none 

of these satellites have been observed to arise from an 

initial state of double K ionisation because the proba- 

bility of such an ionisation being produced in a single 

electron impact is very small. Recently, however, 0ertzen109) 

has observed some K- satellites of intensity r-,10-4 per K- 

capture in Ge71. These satellites have been ascribed to 

the transition KK-- KL. The initial state of double 

ionisation, KK is explained as arising from K capture 

accompanied by ejection or excitation of the other K- 

electron due to sudden nuclear charge alteration in the 

process of K capture. A detailed calculation for the 

probability of double K ionisation in atoms following K 

capture decay has been carried out by Primakoff and 

Porter( 
110) 

Apart from the above mode of producing an additional 

K or L vacancy in K-capture isotopes, such vacancies may 

also be produced by internal conversion of a very short 

lived Y- transition. The probability of such a process 

leading to an initial KK vacancy, and hence to K- series 

satellites, is examined in the nett chapter and applied 
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to estimate the lifetime of the 1720 keV El Y- transition 

in the K capture isotope Pb206. This, indeed, is the 

objective of the present experiment. 



-84- 

CHAPTER IV 

TEE PRESENT XPERIMENT 

4.1 Introduction to the Experiment 

It is well known that when an atomic nucleus capture 

one of its orbital electrons leaving the nucleus in an 

excited state, the subsequent reorganisation of the 

daughter atomic system is influenced by the succeeding 

nuclear transition if the lifetime of the nuclear tran- 

sition is comparable to the atomic level lifetimes. In 

medium to high Z elements, the atomic level lifetimes 

are of the order of 10 16 seconds which is comparable to 

the lifetime of the nuclear El transition of N 1 MeV. 

This implies that in these elements one might expect to 

observe the effect of such El nuclear transitions on the 

atomic transitions. One such observed effect is the 

emission of positrons following electron capture decay. 

When an excited nuclear level decays by pair formation 

(i.e. creation of electron -positron pair) in the presence 

of an electron capture vacancy, this vacancy may be filled 

by the electron of the created pair with resulting emission 

of a positron. In section 2.7, an expression has been 

deduced for the intensity of the positrons emitted, and 

its application to the measurement of the 1863 keV El 

transition in Bí205 and 1409 keV El transition in Sm152 

has been discussed. 

In the present experiment, an entirely different 

effect of the nuclear El transition on the atomic 
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transition following electron capture in the high Z ele- 

ments has been contemplated - the emission of K X -ray 

satellites. By observations on these K X -ray satellites 

it is possible to estimate the lifetime of El transitions 

in medium to heavy Z elements. Bokosah(23) has applied 

this method in a very simple and unsophisticated form to 

measure the lifetime of the 1409 keV El y- transition in 

Sm152 following K- capture decay of Eu152. In the present 

experiment the probability of K X -ray satellite emission 

associated with the 1720 keV El y- transition of pó206 

following the electron capture decay of Bi206 has been 

examined more exhaustively and an experimental determina 

tion of the lifetime of this nuclear transition has been 

undertaken. 

Bí206 decays by electron capture (mainly K and L 

capture) to Pb 
206 producing a highly complex spectrum 

shown in Figure 33 . In most cases, the electron capture 

vacancy, say the K- vacancy, will be filled up before the 

1720 keV El y -ray is emitted. The conversion of this g- 

ray in the K -shell leaves the atom singly ionised in the 

K- shell, and this will give rise to the normal K X -rays. 

But in some cases, the 1720 keV El y -ray may be converted 

in the K -shell in presence of the K capture vacancy. 

When this happens, the atom will be left doubly ionised 

in the K- shell (i.e. with a KK vacancy) giving rise to 

the K X -ray satellites in the transition KK -b KL which 

according to the :dentzel- Druyvestyn hypothesis are higher 

in energy than the normal K X -rays. A. further transition, 
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KL - LII, will produce another type of K X -ray satellites 

slightly different in energy from the previous ones. In 

fact any process by which an initial state of double 

vacancy KK, KL or KM may be produced will give rise to 

the K X -ray satellites provided the K vacancy is then 

filled by a radiative process before the other vacancy 

disappears. The various processes by which different 

initial conditions of double inner shell ionisation, KK, 

KL or M can be produced with subsequent emission of K 
X -ray satellites have been examined in section (4.2) and 

an expression for the relative intensity of the K X -ray 

satellites has been derived. The expression involves the 

lifetime of the 1720 keV El y- transition, the lifetimes of 

the various atomic levels and some other coefficients. 

The latter two being either experimentally known or com- 

putable, the problem of the lifetime determination of the 

El y-ray therefore reduces to the measurement of the in- 

tensity of the K X -ray satellites, associated with this 

El transition. 

In order to determine the intensity of the K X -ray 

satellites, a coincidence experiment was set up which will 

be described in the next chapter. The normal and satellite 

K X -rays resulting from the internal conversion of the 

1720 keV El y-ray could be selected for study by observing 

coincidences between the K X -rays of Pb206 and the inter- 

nal conversion electrons of this y-ray. On the other hand, 

,coincidence between the K X -rays of Pb206 and the internal 

conversion electrons of any suitable E2 or M1 transition 

in pb206 spectrum would select only the normal K X -rays. 
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E2 or Ml transitions are so long lived in comparison to 

the atomic inner level lifetimes that an inner atomic 

vacancy produced by the electron capture would invariably 

be filled up before the conversion of the y -ray took 

place. Hence, there would be practically no K X -ray 

satellites associated with the E2 or Ml transitions. For 

reasons of intensity and because it stands out clearly 

in the pb206 spectrum (see Fig 34, Chapter V), the 184 

keV Ml y- transition was selected for the latter coincidence 

experiment. With this method of selecting the normal K 

X -rays and the group of normal and satellite K X -rays, the 

K X -ray satellite intensity can be estimated by measuring, 

for two suitable absorbers of different thicknesses, the 

ratio of coincidence counting rate with and without the 

absorbers. An expression for the intensity of the K X -. 

ray satellites in terms of these measured intensity reduc- 

tions has been derived in section (4.3). The discussion 

of the choice of suitable absorbers is deferred until the 

next chapter. 

4.2 Theoretical Expression for the Relative Intensity o 

the K X -ray Satellites 

It is possible to calculate the ratio of the number 

of satellite K X -rays to the total number of normal and 

satellite K X -rays which are in coincidence with the K 

conversion electrons of an El y-ray emitted after electron 

capture in a radioactive isotope. 

Satellite K X -rays can arise from three different 
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initial conditions, corresponding to double vacancies of 

the types (a) KK, (b) KL and (c) Ill. Satellite K- 

X -rays will occur if the K vacancy is filled by a radia- 

tive transition before the other vacancy is removed. The 

probability of this for the three initial conditions may 

b e obtained as follows. 

Let F1, FL etc. be the probability of formation 
I 

(by K electron capture, LI electron capture, etc.) of the 

nuclear excited state from which the y -ray is emitted. Let 

p be the probability of de- excitation of the state by the 

emission of the El y -ray, aK the internal conversion 

coefficient of the y -ray in the K shell, aL the internal 

conversion coefficient of the y -ray in the L shell, and 

wK the fluorescence yield of a vacancy in the K shell. 

It is assumed that the fluorescence yield is the same 

whether or not there are additional vacancies in the atom. 

Let y be the decay constant of the nuclear excited state 

and K, LI etc. be the corresponding decay constants for 

the vacancies in the K, LI etc. shells. 

4. 2. l Satellite K X-rays arisin from KK -. ..ancy: 

The probability of the El y -ray being emitted in 
L 

time t secs. = (1 - e -yt). 

The probability of the K capture vacancy disappearing in 

the interval t to t + dt = Ke -Kt dt 

. " . The probability of the El y -ray being itt before 

the K capture vacancy disappears 

co 

_ (1-e 
o 

) 
-K 
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00 

o 

Therefore, the probability of formation of a KK vacancy 

by the K conversion of the El y -ray before the K capture 

vacancy has been filled 

- 
F ( K p 2 K+y ) 

the internal conversion coefficient being reduced by half 

since there is only one electron in the K shell when 

conversion occurs. 

. The probability of emission of a K X -ray satel -; 

lite from the KK vacancy 

aK 
= KK p 2 ' h +y) 

; c oK (4.2) 

4.2.2 Satellite K X -rays arising from KL vacancy: 

This can occur in a number of ways: 

(a) If the y -ray is converted in the K shell before an 

L capture vacancy disappears, then this would give a KL 

vacancy and hence K X -ray satellites provided the K 

vacancy, is filled before the L vacancy disappears. 

Since the probability of the y-being emitted before 

the L vacancy formed by L capture disappears is (-1.-) , 
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and the probability of the K vacancy being filled by a 

radiative transition before the L vacancy disappears is 
K 

(K +1) x wK, the probability of emission of K X -ray 

satellites by KL vacancy formation in the above- mentioned 

manner 

= F p aIL (L)(K}L) x wK 

Considering the various L sub- sbells separately, the pro- 

bability of emission of K X -ray satellites is, 

FLI p aK (Ly)(Is+LI) 
x wK (4.3) 

+ similar terms for LII and LIII subshells. 

(b) If the vacancy in the K shell produced by K capture 

is transferred to the L shell (either by a radiative 

process or an Auger process) before the gamma ray is con- 

verted in the K- shell, then this would also give rise to a 

KL vacancy and hence K X -ray satellites provided the K 

vacancy is filled before the L vacancy disappears. 

The probability of a K vacancy being filled at time 

to t1 + dt1 and forming a vacancy in the L shell 

-Kt1 
= Ke dt1. (3 

where ß is the probability of a K vacancy giving rise 

to a vacancy in the L shell either by radiative or Auger 

process. 

Probability of L vacancy lasting from time t1 to t + dt 

-L(tl-t) 
= Le dt 
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and the probability of the y -ray being emitted in period 

t1 to t 

ye-Yt dt = (e-Yt1 - e-Yt) . 

Multiplying these and integrating gives the probability 

of a KL vacancy occurring 

00 CO 

( j 
KeKtl 

. Le-L( t-tl ) FJ-Yt e-Ytl )dtld , 
Jo t 

1 

OD oo - -Kt1+Lt1 -Lt-y t 
e-Kt1+L'1-yt1 

-.= -Iffß ë e 

o t - 
1 -Lt 

dt 
1 

dt. 

= - KL(3 

00 

0 

-Çe_Kt1t1 

00 

[e. - KL3 
t o 

1 
-(L+y)t 

e d , 
(L+Y) 

`1 

1 -Lt 
L 

e 

,CO 

dtl 
tl 

-Kt1+Lt1 -(L+y)t1 - 

e 
L+y 

-Ktl+Ltl-yrtl 
e 

-L t 
1 

e d,1 

op -(K+Y) t 
oo _(K+,y)t 

_ 
L+y 

ß e 1 dt 1 +pK e 1 dt 1 
0 0 

o -(h+Y)tl KL o -(K+Y)tl 
1 = 

( )ß e d' - K c d 1 
L+Y 

oo 

( K1 
L 

+y ) + K+y 
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( ) L -r 
K+y L+y j 

.K_ 
(K +y)(L +y) 

and since the probability of the K vacancy being filled 

before the L vacancy disappears (by radiative transition) 

K 
(K+L) wK 

the probability of emission of KL satellites in this way 

= FK P aK ( ) ( Lx+y' ) ( K+L ) P x coK 

Taking the L subshells separately gives probability for 

K satellites 
I 

= FK P aK (K+y)(Ly)(K+LI) LI x 
wK 

probability of K satellites 
LII 

(4.4) 

x y I 

) 
(4.5) 

= FK P aK ( K+,y )( 
LI I+ ) ( K+L 

II II 

probability of K satellites 

= FK P aK (K+y)(LIII+y)(K+LIII LIII x wK 
(46) 

where ß has been replaced by 
LIS 

AL AL LIII' 
and 

these are the probabilities of a K vacancy being shifted 

to L 
I, LII' LIII 

subshells respectively, either by 

.radiative or Auger process. 

(c) After the emission of a satellite K X -ray arising 

from a double K vacancy, or by an Auger process from the ame 

initial state, the atom may be left with vacancies in the 
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K and L shells which will give rise to additional KL 

satellites provided the K vacancy is filled by a 

radiative transition before the L vacancy disappears. 

The probability of KL satellites by this process 

= FK p 2 ( ) 
( K+L n1L X wK 

I I 
(4.7) 

+ similar terms for the LII and LIII shells. 

(d) Finally, a KL vacancy can also occur if the y-ray is 

converted in the L shell while there is still a vacancy in 

K shell. 

Since the probability of a y-ray being emitted in the 

presence of the K capture vacancy is (-1-), the proba- 

bility of a KL vacancy occurring due to the y-ray being 

converted in the L shell 

X 
a 

(-X-) K +y L 

and this will give rise to additional KL satellites pro- 

vided the K vacancy is filled by a radiative transition 

before the L vacancy disappears. 

The probability of KL satellites by this process 

r K 
= FK p aL ( ) ( X wK (4.8) 

+ similar terms for the LII and LIII subshells. 
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4.2.3 Satellite K X -rays arising from KM vacancy: 

This also can occur in a great number of ways: - 

(a) The y -ray may be converted in the K shell while there 

is an M vacancy produced by M capture. This will give 

rise to a KM vacancy which will give KM satellites pro- 

vided the K vacancy is filled by a radiative transition 

before the M vacancy disappears. 

The probability of KM satellites by this process 

= r 
- 

FMI 
p aK (MI+.)( ) 

x 
wK (14.9) 

+ similar terms for the other M subshells. 

(b) The vacancy in the K shell produced by K capture may 

be transferred directly to the M shell either by a 

radiative or an Auger process before the y -ray is convert- 

ed in the K shell. The KM vacancy thus produced will 

again give rise to K X -ray satellites provided the K 

vacancy is filled by radiative process before the M 

vacancy disappears. Ls in 3.2.2(b) the probability of 

KM satellites by this process 

= 
FK K ( K+y ) ( A. ) ( K+MI ) 

x BIM x wK (4.10) 

+ similar terms for the other M subshells. 

Here BM , BM 
etc. are the probabilities of a K vacancy 

I II 

giving rise to a vacancy in I;II, M11 etc. shells respect- 

ively, either by an Auger process or, where permissible, 

by a radiative process. 
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(c) After the emission of a satellite K X -ray arising 

from a double K vacancy, or by an Auger process from the 

same initial state, the atom may be left with vacancies 

in the K and M shells which will give rise to additional 

satellites provided the K vacancy is filled by a radia- 

tive process before the M vacancy disappears. As in 

3.2.2 (c), the probability of KM satellites in this case 

= 
FK p 2(M &) x BM x wK 

I I 
(4.11) 

+ similar terms for the other M subshells. 

(d) The vacancy in the L shell produced by L capture may 

be transferred to the M shell before the y -ray is convert- 

ed in the K shell. The KM vacancy thus produced will give 

rise to satellite K X -rays provided the K vacancy is fill- 

ed by a radiative process before the M vacancy disappears. 

Probability of the L vacancy disappearing before y- 

emission and shifting to M shell 

\ . Li 
(L1. ) x CM 

where CM is the probability of an L vacancy giving rise 

to a vacancy in the M shell. The summation extends over 

the three L- subshells. 

Probability of a y-ray being emitted and converted 

in the K shell before the M vacancy disappears 

= 
(_X--) 

) 
aK 

and the probability of a K vacancy being filled by a 

radiative process before the M vacancy disappears 
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- ( K.- IJ) x 
wK 

the probability of KM satellites by this process 

Li 

K (Li+y ( -I- ) ( 
y 

P.71+y K+E1 
x 
WK 

+ similar terms for the other M subshells (4.l ) 

(e) The vacancy in the K shell produced by K- capture may 

be transferred via the L shell to the M shell before the 

y -ray is converted in the K shell, the K vacancy then 

being filled by radiative process before the M vacancy 

disappears. 

The probability of KM satellites in this case 

_ FK p aK 
(KI-ty)( ( 

Li 

) AL. )( r 
)( K ) x C x i Li+y 1 MI+r K+MI MI K 

+ similar terms for the other M subshells (4.l ) 

(f) Finally a KM vacancy can also occur if the y -ray is 

converted in the L shell in the presence of the K- capture 

vacancy, the L vacancy then being transferred to the M 

shell. This will again give rise to satallite K X -rays 

provided the K vacancy is filled by a radiative process 

before the M vacancy disappears. 

The probability of KM satellites by this process 

Li 

- FK p (K+y -) aLi (K+Li ) (I+I ) >< CT,,11 x aaK 

+ similar expressions for the other M subshells 

(4.14) 
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Adding the expressions (4.2) - (4.14) and re- arranging 

gives the total probability of satellite K X -rays 

where 

P 

= FY aK p wK IT+y ) [11/2 2 + 2 +P+ K2Q + K ( K+y ) R] (4.15 

Li 
= 7-1 

I'!I 
o 

(K+M.) 
+ 

L1 
2 

(K+L.) (4.16 .a K 1 

E I, . I 1 
Q 

- 1 
(Li+y)(K+Li) + 

i 
(I'h+Y(K+M) 

+ ' 

L1 1 C + 1 aL1 

(Ti+Y)(P+y)(K+Mj) ! j, K aK 

Li CM (4.17) 
(K+Li)(K+MJ) 

R = 

FL1 
, 

F (L.+y)(K+L. ) 
Z_, +y)(K+I':_ ) i K 1 1 j t - j J 

F L C 
L. 1 

+ 
i 

F (Li+y) (I:Y .+y) (K+F;; ) 
j 

4.2.4 Probability of total radiative transitions 

(satellites + normal K X- rays):- 

(4.18) 

The total probability of emission of normal or 

satellite:K X -rays, which are coincident in time with the 

K conversion electrons of the El y -ray, is composed of 

three parts: 
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(a) Normal or satellite K X -rays arising from the K 

capture vacancy followed by K conversion. 

The probability of radiative transition in this case 

aK 

= 2 [FK p aK (K+Y co ) x + FK p 2 (K+,y) x wKJ(419) 

Since, = probability of the y being emitted befor 

the K vacancy disappears, 

1 - (--1-) = K- = probability of the y not 
K +y K +y 

appearing before the K vacancy disappear 

Thus, the first part of the expression within the bracket 

refers to the probability of a radiative transition after 

the K- capture vacancy has disappeared, and the second par 

refers to the probability of radiative transition when 

conversion takes place in the presence of the K- capture 

vacancy. The factor 2 befóre the bracket comes in becaus 

the K X -rays can arise due to K conversion as well as due 

to K- capture. 

(b) Normal or satellite K X -rays arising from the L or M 

capture vacancy followed by K- conversion. 

The probability of a radiative transition in this 

case 

(FL + FL 
II + + 

FM ) p aK wK 
FLIII 

= (1 - FK) p aK wK (4.2o) 



-99- 

(c) Normal or satellite K X -rays arising from the K- 

capture vacancy followed by L- conversion. 

The probability of a radiative transition in this 

case 

= P K P CL L K (4.21) 

The fact that the L- conversion electrons may also be 

counted along with the K- conversion electrons justifies 

the inclusion of this term. 

Adding expressions (4.19), (4.20) and (4.21) gives 

the total probability of normal and satellite K X -rays 

2K+y, 
= - 

PK p 
ah K+yw K+ 

(1 - FK) p aK wK + FK p aL wK 

F 
h 

K+ ( K+y ) 
= p 

aK 
wK 

K^f 
+ FK p aL aoK 

* FKaKp wK 

1 

K + 
K (K+y) 

aL 
+ 

K+y 
aK (4.22) 

Dividing (4.15) by (4.22) gives the ratio (S) of the 

total number of satellite K X -rays to the total number of 

K X -rays (normal + satellites). After cancellation of th 

common factors FK p aye 
wK 

, 

S = 
(K+y) 

+ 2 P + K2Q, + K(K+y)R] 

or 

_ 1 

K+ FK (K+y) aL 

K+y + aK 
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r// + 2 P + K2Q + K( K+y ) R] 

a 
K + 

T 
a, 

( K+y ) + 
L ( K+r ) 

1 K 

(4.23) 

where P, Q and R are given by expressions (1.16), 

(4.17) and (1..18) respectively. 

Eq. (4.23) is then the desired theoretical expression 

for the relative intensity of the satellite K X -rays. 

4.3 Satellite Intensity (S) in Terms of the Measured 

Intensity Reductions 

It has been pointed out earlier in this chapter that 

the intensity of the K X -ray satellites can be deduced by 

measuring the intensity reduction with two absorbers of 

different thicknesses for (a) coincidence counting rate 

between the K X -rays and the K- conversion electrons of th 

184 keV M1 transition of Pb206, and (b) coincidence count 

ing rate between the K X -rays and the K- conversion elec- 

trons of the 1720 keV El transition of Pb206. Lccording 

to the discussions of section (4.1), the K X -rays in 

coincidence with the conversion electrons of 181. keV M1 

transition are the normal K X -rays, while the K X -rays in 

coincidence with the conversion electrons of the 1720 keV. 

El transition are both the normal and the satellite K X- 

rays. Let the two absorbers be designated as thin and 

thick absorbers, and let, 
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R = measured intensity reduction for the normal K 
1 

X -rays with the thin absorber. 

R2 = measured intensity reduction for the normal K 

X-rays with the thick absorber. 

= measured intensity reduction for the group of 

normal and satellite K X -rays with the thin 

absorber. 

R2' = 

K = 

K2 = 

K = 

K4 = 

Ks = 

measured intensity reduction for the group of 

normal and satellite K X -rays with the thick 

absorber. 

mass absorption coefficient (p /p) of the absorbers 

for the normal Kat X -rays. 

mass absorption coefficient of the absorbers for 

the normal Ka2 X -rays. 

mass absorption coefficient of the absorbers for 

the normal Kß1' X -rays. 

mass absorption coefficient of the absorbers for 

the normal Kß2' X -rays. 

mean mass absorption coefficient of the absorbers 

for all the K- satellites, the satellites being 

supposed to form a group with a mean wavelength, Xs. 

Also let, 

x1 
= thickness (in gms /cm2) of the thin absorber, and 

x2 
= thickness (in gris /cm2) of the thick absorber. 

The intensities of the components Kai, Ka2, Kß1' 

g(3 
2 

' , of the normal K X -rays for lead, as given by 

Wapstra(75), are in the ratio 100 :55.3: 35à5 : 10.2 

and 

Normalising the intensities to unity gives for R1 and R2 

the following expressions:- 
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-Kx -Kx 
.2751e 2 1 + .1766e 3 1 

-K4x1 
+ .0508e (4.24) 

-K x -K x -K x 
R2 = .4975e 

1 2 + .2751e 2 2 + .1766e 3 2 

-K4x2 
+ .0508e 

(4.25) 

The mass absorption coefficients for the various compon- 

ents of the K X -rays being known, equations (4.24) and 

(4.25) can be solved numerically for xl and x2 with 

the measured values of R1 and R2. 

Now, 

1 - S - 

Number of satellite K X -rays 

Total number of normal and satallite K X -rays 

Number of normal K X -rays 

Number of normal and satellite K- X -rays 

This means that for transitions, where K- satellites are 

emitted, 

R1 

R2 

-Ksx1 
= (1 - S)R1 + Se 

-Kr° x2 
t = (1 - S)R2 + Se 

On rearrangement, the above two equations give, 

R1 - R1° 

-K,xl 
R1-e 

-Ks x/ 

- R 
2 

' 
r 

-Ksx2 R2-e 

(4.26) 

(4.27) 

(4.28) 

Equation (4.28) is the expression for the satellite 
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intensity in terms of the measured intensity reductiong. 

Using the experimentally measured values of R1, R2, R1' 

and R2' , xl and x2, the above equation can be solved 

numerically for Ks which can then be used to deduce S. 

The value of S thus estimated from the experimental 

observations can be fed into equation (4.23) which can be 

solved numerically for Y, the transition probability of 

the 3404 keV level in 
pb2069 assuming that the various 

probabilities occurring in this equation are known. The 

details of the procedure adopted for obtaining the values 

of the quantities involved in equations (4.23) and (4.28) 

will be discussed in Chapter VI. 
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CHAPTER V 

THE EXPERIMENTAL PROCEDURE 

5.1 The Detecting System 

The collimated detecting system shown in Figs. 21 

and 22 was made up of three parts: (a) the e- detector, 

(b) the Y- detector, and (c) the collimator. 

(a) The ß- detector:- 

The Ç- detector was a cylindrical piece of NE 102A 

plastic scintillator 2 cm. long and 3 cm. in diameter with 

a well shaped hole machined into it as shown in Fig. 23. 

The diameters of the top and bottom ends of the trough 

were 2 cm.. and 1 cm. respectively, and the thickness of 

the plastic from the bottom of the trough to the other end 

was 1 cm. - sufficient to stop electrons up to 2 MeV in 

energy. Two such crystals were machined - one was used 

to hold the Bi206source, and the other was used with a 

Bißo7 source required for the preliminary experiments. 

The source in each case was put at the bottom of the 

trough. A thin coating of light reflecting paint was 

given to the sides of the crystals and optical contact 

with the photomultiplier was obtained using silicon vacuum 

grease. The EMI photomultiplier type 6097E and a dynode 

resistor chain were mounted inside a brass tube 21 cm.. 

in length and 8.8 cm:., in diameter, having a flange at each 

end. The bottom end of the tube was screwed on to a 
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The Detecting System (General View). 

Fig. 21 
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cathode follower type 1430A. 

(b) The Y- detector:- 

The Y- detector was a 2" x 1" NaI (T1) crystal coupled 

by Dow Corning optical coupling compound to an EMI photo - 

multiplier type 6097B. The crystal was fitted with an 

aluminium cap of thickness 400 mgm/cm.2 An extra 

aluminium late of thickness 500 m 
2 

p gm,/cm, was provided in 

front of the cap to make the total thickness of aluminium 

window equal to 900 m 
2 

q gm/cm. - sufficient to stop all 

electrons of up to 2 Mev. in energy. The crystal, the 

photomultiplier and a dynode resistor chain were mounted 

inside a 18 cm. long brass tube similar to the one used 

to enclose the (3- detector. The bottom end of the tube in 

this case also carried a cathode follower type 1430A. 

(c) The collimator: - 

The collimator, which was designed to prevent the 

electrons and the Y -rays scattered from the source and the 

sides of the brass tube from reaching the X -ray detector, 

was a 2 cm. thick brass disc with a trough shaped hole at 

its centre. The diameters of the two ends of the trough 

were 1.25 and 1.65 cm.. respectively, the narrower end 

facing the P.-detector. The brass disc was fixed inside a 

¿4.7 cm. high brass tube 8.8 cm. in diameter, the same as 

that of the tubes used with the ß- and Y- detectors, and 

flanged at both ends. On the wider end of the collimator 

a slot was cut on the top face of the brass tube through 
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which the absorber plate (described in Section 5.3) could 

slide down along a supporting rail made of a pair of thin 

brass plates and screwed on to the collimator disc inside 

the tube. As shown in Fig. 22, when the absorber slide 

is in position, the absorber comes in front of the collima- 

tor hole. 

The three parts of the detecting system were put 

together with the collimator in between and screwed to the 

flanges of the tubes containing the detectors. Black neo- 

prene was used between the flanges to ensure that the 

collimator- detecting system was light tight. A piece of 

black camera -cloth was placed around the projecting portion 

of the absorber plate to prevent light entering through 

the slot. Keeping the ß- detector downwards, the whole 

system was mounted vertically on a bracket fixed to the 

bench (see Fig. 21) . 

The vertical arrangement of the whole system enabled 

the absorber slide to go in horizontally, which minimised 

the chance of the absorber slipping in the recess and 

thereby altering the effective thickness presented to the 

X -ray beam. Making the collimator detachable from the 

detecting system facilitated the handling of the radio- 

active source in the plastic scintillator without disturb- 

ing the photomultiplier tube and thus ensuring the stability 

of the optical contact between the photomultiplier tube 

and the ß- plastic. The optical contact of the crystals 

with the photomultiplier tubes in both channels was further 

secured by means of three screws sunk into holes bored on 
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the periphery of a perspex ring surrounding each crystal. 

The source positioning inside the plastic well provided 

nearly 47c geometry for the (3- detector, and besides, it 

also ensured no appreciable loss of the high energy elec- 

trons. The 13-plastic was arranged to be flush against the 

collimator which reduced the source to NaI(Tl) crystal 

distance to 4.2 cm._ This gave maximum possible geometry 

for the X -ray detec cor necessary for high efficiency of 

the detecting system required in a coincidence experiment. 

The air path absorption of the K X -rays used in the ex- 

periment being negligible, no vacuum was needed in the 

detecting system. 

5.2 Choice of Absorbers 

It was pointed out in the last chapter that the rela- 

tive intensity of the satellites associated with the 1720 

keV El Y -ray of Pb206 can be estimated by measuring the 

intensity reduction of normal K X -rays and of the group of 

normal and satellite K X -rays for suitably chosen absorbers. 

The expression (4.28) for the intensity of the satellites 

guides the choice of suitable absorbers. From this ex- 

pression it is obvious that in order to emphasise the 

presence of the satellites, it is desirable to choose an 

absorber which would give a higher intensity reduction for 

the group of normal and satellite K X -rays than for the 

normal K X -rays alone. This implies that the absorber 

chosen should be such that the more important components 

Km1 and Ka2 of the K X -rays lie very close to, and at 
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least one of them on the lower energy side of the K-edge 

of the absorbers. When this is so, the satellites associ 

ted with at least one of these important component K X- 

rays could fall somewhere on the K- absorption edge, in 

which case a much higher mass absorption coefficient woul 

be expected for the satellites than for the group of nor- 

mal K X -rays giving the desired effect. The principal 
o o 

lines Kai (X = 0.165 A) and Kat (X = 0.170 A) of Pb206 

(intensities in the ratio 100 : 55.3) are very close to 
o 

the K-edges of osmium (K -edge = 0.167 A) and iridium 
o 

(K -edge = 0.162 A) and at least one of these lines is on 

the low energy side of the K-edges. Also a calculation 

using Slater's method(111) shows that the mean wavelength 

of the KK and KL group of K X -ray satellites of lead should 

lie very close to the K- absorption edge of these absorbers. 

Thus, both osmium and iridium seemed to be suitable for t 

purpose of the present experiment. 

5.3 Preparation of Absorbers 

Two iridium sheets each 1 inch square and weighing 

0.788 gm. and 1.018 gm. respectively were obtained from 

Johnson and Matthey Ltd. The first sheet was used as the 

thin iridium absorber and the two together as the thick 

iridium absorber, the geometrical thickness of the thin 

and thick absorbers from the above specifications being 

0.122 gm. /cm.2 and 0.28 gm. /cm.2 respectively. 

In the case of osmium, the metal being available in 

the form of thick granules which was not found to dissolve 
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or give a suspension in any volatile organic liquid, it 

was not possible to have an absorber of osmium metal alone. 

It was, however, found that a compound, ammonium chloros- 

manate, (N114)2 Os C16 available in the form of powder 

could be held in suspension in methyl alcohol and hence 

could be used satisfactorily. This compound obtained fro 

Johnson and Matthey was stated to have a purity of not less 

than 99 

The arrangement used for making a deposit of the osmi rn 

compound is shown in Fig. 24. Three pairs of aluminium 

plates were made with the upper plate 0.32 cm. thick and 

the lower plate .085 cm. thick, and each pair having coin 

cident circular holes of diameter 1.95 cm. bored through 

them. Two of these were used to hold the absorbers and 

the third was used as a "no absorber" plate. The thick- 

ness of each pair was such that it could smoothly slide 

down along the supporting rail (F in Fig. 22) inside the 

brass tube to a position in which the hole was coaxial 

with the scintillators and the collimator. For the two 

absorber plates circular recesses of diameter 2.54 cms. 

and depth 1.5 and 2.95 mm, respectively, were made around 

the circular holes in the bottom plate of each pair. 

Thin mica discs of thickness .0038 gm. /cm.2 were pressed 

down to the bottom of the recesses with a fine layer of 

seccotine. The bottom plate of one set was then placed 

over an aluminium base plate 10 x 5 x .65 cm. A stainles 

steel tube 3.2 cm.., high, 2.7 cm., internal diameter and 

.35 huit wall thickness was placed over the recess with a 
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FIG 24. Arrangement for making Absorbers. 

A - Base plate 
B - Slide 
C - Stainless Steel Tube 

D - Rubber rings 
E - Screw rods 
F - Clamp Supports 
G - Brass clamps 
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rubber ring beneath and another at the top of the tube, 

both 2.7 cm. in internal diameter. The tube was firmly 

clamped by two bars (GG) carrying screw rods (EE) and 

supported at one end on brass strips (FF) as shown in 

Fig. 24. 

A suspension was then made of a weighed amount of 

ammonium chlorosmanate powder in methyl alcohol to which 

was added a few drops of collodion and this, after thor- 

ough stirring, was poured into the stainless steel tube. 

The whole arrangement was left undisturbed for about two 

days until the alcohol evaporated away and the deposit 

dried. No heating was applied since the deposit was found 

to crack under such treatment. The rubber ring between 

the plate and the tube was meant to stop any possible 

leakage of the liquid holding the powder in suspension, 

which might tend to give a thicker deposit around the 

edges of the recess than anywhere else. The few drops of 

collodion added to the suspension helped the absorber 

stick together and to the recess. A deposit on the bottom 

plate of the other set was made in a similar way using a 

different amount of the substance. The weights of the 

deposit on the two plates were 1.2777 gm. and 0.7330 gm. 

respectively, which corresponded to the thicknesses 

estimated to reduce the incident K X -ray beam intensity 

to about 0.45 and 0.65 of its original value respectively, 

The absorbers thus made were covered by similar mica discs 

(thickness = .0033 gm. /cm.2) to avoid any possible slip- 

ping, and then the thin aluminium plates were screwed on 



to each of them. The third set of plates whi ch was to be 

used as "no absorber" plate simply carried two mica discs 

to compensate for the mica discs used for holding the 

absorber deposits on the other two plates. 

5.4 Uniformity Testing of the Absorbers 

After having made the absorbers, their uniformity was 

tested. The system designed for this purpose is shown in 

Figs. 25 and 26. A flanged brass tube (Mm) 5.5 cm. in 

height, 8.8 cm. in diameter and 3 mm wall thickness was 

1" 
fitted near the flanged end with a 

4 
thick lead collima- 

tor H having a 1 mm hole at its centre. A brass bracket 

p fixed vertically to the flange carried a screw rod L. 

The lower end of the screw rod was designed to hold the 

absorber plate which hung loosely inside the brass tube 

through a slot Si, made at the top, and was almost flush 

against the collimator. A small strip of brass cut into 

the shape of a segment and soldered to the screw rod T 

was screwed on to the lower end of the absorber plate. 

The screw rod T projected below the tube through another 

slot S2 on it and carried a rubber pad and a brass tighten- 

ing nut J. By turning the nut J it could be made to press 

the rubber pad against the brass tube and thus clamp the 

absorber plate in any desired position. The plate could 

be moved in a vertical plane to any position between the 

extremities of the lower slot S2 by moving the screw rod T, 

and up or down by means of the screw rod L. 
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An Am241 source ( 1 µC) mounted on a perspex disc 

3.1 cm. in diameter and 0.5 cm. in thickness was held at 

a distance of 2 mm from the absorber plate, the disc 

being held vertically by three screws fixed to the peri- 

phery of the brass tube. The system was then screwed on 

to the brass tube enclosing the Y- detector which was kept 

horizontal for the present purpose. The Y- channel con- 

sisting of the detector, cathode follower, amplifier, 

pulse height analyser and scaler described in Section 

5.5 was set on the 60 keV Am241 Y -ray peak with 5 volt 

channel width. With the geometry described above, it 

was possible to pick up the Y -rays transmitted through a 

region of about 1 mm. diameter on the absorber, and the 

controlling arrangements enabled traversals to be made 

along different arcs from top to bottom, thus selecting 

a host of such regions. Counts per minute were recorded 

for the various positions of the absorber plate and the 

results showed, within the statistical error (about 3 %), 

that the deposits were uniform. 

5.5 The Electronics 

The block diagram of the electronics used in the 

experiment is shown in Fig, 27. In each channel, negative 

pulses were taken from the anode of the photomultiplier 

and fed through a cathode follower to an amplifier, a 

single channel pulse height analyser, a coincidence unit 

and scalers. For recording singles counts two scalers 

in series were used in each channel. The photomultipliers 

in the Ç3- and Y- channels were run at 1400 and 1440 volts 
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respectively by two separate "Isotope Developments" EHT 

units type 532/D. A 230 volts constant voltage A.C. 

supply, further regulated by a varia.c, was used for the 

power units and amplifiers. The analyser type NE 5159 were 

supplied by two 24 V power supply units. The integration 

and differentiation time constants in the two channels 

were adjusted to give positive pulses with the smallest 

possible negative overshoots. The settings of the ampli- 

fiers, with which the Y- and (3- channel pulses of lengths 

5 and 1 microseconds respectively were obtained, are 

indicated in Figs. 30, 31, 34 and 38. 

5.6, Choice of Resolving Time and Delay Time for the 

Coincidence Experiments 

Using a Bi207 source in the plastic scintillator, the 

Y- channel was set on the K X -ray peak and (3-channel on the 

980 keV conversion electron line. Variation of the 

genuine coincidence rate between the K X -rays and the 980 

keV conversion electrons with the resolving time of the 

coincidence unit was studied and from a graphical plot of 

this variation shown in Fig. 28, a resolving time of 0.5 

µs from the coincidence unit was selected for all later 

experiments. 

The resolving time was measured more accurately by 

the independent source method. According to this method, 

if the single channel counting rate for two unrelated 

radiations be N1 and N 
21 

then the chance coincidence 

(accidental) rate Nc is given by 
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Nc = 2r N1 N2 

where 117 is the resolving time of the coincidence unit. 

The sources used were Bi207 and Cs137. The Y- channel was 

provided with a Cs137 source and set on the 661 keV Y- 

ray, while the p-channel was provided with a Bißo7 source 

and set to accept the 980 keV conversion electrons. The 

two counters were properly shielded from each other, using 

lead blocks to ensure that neither channel detected the 

radiation from the other source. The single channel 

counts and the coincidences were recorded over a period of 

several hours and from these readings was found to be 

0.53 microseconds. 

Next, using the Bi 
207 

source again and setting the 

Y- channel on the K X -ray peak and p-channel on the 980 keV 

conversion electrons, the variation of coincidence rate 

with the delay in each channel was studied. It was found 

that the p-channel required a delay of 1 microsecond in 

order to give maximum coincidence counting rate. This 

delay in the p-channel was used in all later experiments. 

5.7 Energy Calibration 

The Y- channel was calibrated using the standard Y- 

rays of Cs137 and Cob° sources and the 74 keV K X -rays of 

Bi207. A straight line graph was obtained for the plot 

of energy against bias volts. For calibrating the p- 

channel, the plastic scintillator which was to be used 

later with the Bi206 source was coupled to the photomuiti- 

plier tube in the p- channel. The Bi207 source was trans- 

ferred on to a slide which was introduced through the 
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slot on the collimator tube into the position intended t 

hold the absorber plate. From the Bißo7 spectrum obtained 

with a narrow channel width, the peak positions (in volts) 

of the 480 and 980 keV conversion electrons were found. 

The plot of the peak positions against energy shown in 

Fig. 29 was later used to identify the various lines in 

the spectrum of Pb206 resulting from the decay of Bi206 

5.8 Preparation and Mounting of Source 

The radioactive source Bi206 obtained from the Radio- 

chemical Centre, Amersham, was in the form of a liquid, 

Bismuth Chloride. The source was prepared, for use in the 

experiment, by putting a small drop of the Bismuth Chloride 

solution on to a disc of gold foil (5 mm. in diameter and 

1.73 mgm./cm. 2 thick) and evaporating to dryness. The 

foil was stuck centrally to the bottom of the trough in 

the plastic scintillator, using a thin layer of silicon 

vacuum grease. In order that the low energy conversion 

electrons were not suppressed by the gold foil, the active 

side of the foil was kept facing the crystal. The source 

strength at the beginning of the experiment, as estimated 

from the ratio of true to chance coincidence rates, was 

approximately 2.7 E.C. 

5.9 The Y- and ß- Spectra 

(a) The Y- spectra. Figs. 30 and 31 show the Y- 

spectra obtained with amplifier and discriminator settings 

shown. Apart from the K X -rays, the prominent Y -lines at 
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energies 2.84, 343, 520, 800 and 1720 keV stand out clearly 

in the spectrum. A linear plot of the 1-energies against 

the discriminator bias voltage shown in Fig. 32 agreed 

well with the energy calibration of the Y- channel. The 

decay scheme of Bi206 is reproduced in Fig. 33. 

(b) The (3- Spectra. The 0-spectrum obtained at 30 db 

attenuation using 0.1 volt channel width is shown in Fig. 

34. As may be expected from the intensity and high con- 

version coefficient of the 184 keV Y -line, the correspond- 

ing conversion line at 96 keV stands out quite distinctly 

in the spectrum. From consideration of the intensities 

of the other Y -rays and their conversion coefficients, 

the other peaks were tentatively assigned to be due to the 

conversion lines at energies 255, 430, 715 -800 & N900 

keV respectively. For a more precise identification of 

these lines, it was decided to do a coincidence run be- 

tween the conversion electrons and the 343 keV Y -rays. 

From the decay scheme referred to above, the 343 keV 1- 

rays could be expected to be in coincidence with the con- 

version electrons of 313, 538, 803, 842, 1099, 1596 and 

1720 keV Y -rays and then, from a consideration of the 

intensities and conversion coefficients of these Y -rays, 

the conversion electrons of 538, 803, 1099 and 1720 keV 

Y -rays would be expected to show up predominantly in the 

coincidence spectrum. This expectation was confirmed from 

the coincidence spectrum shown in Fig. 35 which besides 

showing a reasonable agreement with the positions of 430, 
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715, and 900 keV conversion electrons, obtained from the 

ß- spectrum of Fig. 34, also predicts the position of the 

1630 keV conversion line of the 1720 keV 1 -rays. Finally, 

a linear plot of the conversion electron energies against 

the discriminator voltage which agreed well with the pre- 

dictions of the 0- channel calibration graph of Fig. 29 

confirmed that the identification of the conversion lines 

in the spectrum was reasonably correct. Because of the 

poor resolution of the plastic phosphor the weaker con- 

version lines were not resolved and most of the lines 

identified might, in fact, be a superposition of several 

weaker lines along with the assigned stronger lines. 

5.10 Purity of the Bi206 Source 

The Bi206 source obtained from the Radiochemical 

Centre, Amersham, was tested for the presence of any Bi 
205 

or Bi 
207 

as an impurity. The K X -ray spectrum was re- 

corded under the same conditions every morning for several 

days. From a graphical plot of the activity ( oC to area 

under the peak) on logarithmic scale against time, the 

half life of the source was obtained to be about 7 days. 

This agrees reasonably well with the half life (= 6.4 days) 

for a pure Bi206 source. As Bi205 has a half life of 

about 15 days, it did not seem to show up, at least in the 

first few days during which the observations on the El 

line were recorded. The recording of the K X -ray spectrum 

was, however, continued until the Bi206 isotope in the 

source had almost decayed. The K X -ray spectrum obtained 

after 9 -10 weeks did not show any 
significant decrease in 
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the total counts under the peak. A comparison of the Y- 

spectrum with the Bi207 spectrum taken during the prelimin- 

ary runs suggested the presence of some Bi7o7 in the 

source. By comparing the area under the X -ray peak due 

to the residual source with that due to the fresh source, 

it was found that the original source contained about 

0.7% Bi207 as impurity. This being very small, no cor- 

rection was considered necessary on this account. 

5.11 The Method of Observation 

The single channel spectrum of Pb206 K X -rays shown in 

Fig. 36 was obtained, using a large channel width (0.5 

volt) which was required for a high coincidence rate, 

apart from ensuring that all the component K X -rays were 

present in the X -ray photopeak. From this spectrum the 

resolution of the NaI detector for the Pb206 K X -rays was 

estimated to be about 30%. Due to the large Compton back- 

ground and very small conversion coefficient of the high 

energy ( N 1 Mev) Pb206 Y -rays, it was very difficult to 

obtain a single channel spectrum of the conversion elec- 

trons in the range 1000 -1700 keV. Consequently the spec- 

trum of the 1630 keV conversion electron line correspond- 

ing to the 1720 keV El Y -ray was obtained by observations 

on 13-K X -ray coincidences which are shown in Fig. 37. 

The Y- channel was then set on the K X -ray peak and 

the (3- channel on the 1630 keV conversion line using a 

large channel width (0,5 volt) in the ß- channel to ensure 

that all the 1630 keV K- conversion electrons in the 
peak 
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were being counted. This was necessary to give a suf- 

ficiently high coincidence rate. Coincidences and single 

channel counts were recorded for equal interval of time 

using the "no absorber" plate and the "absorber" plates 

successively in position F of Fig, 22. The recorded 

coincidences also included, apart from the accidentals, 
electrons 

the coincidences between theconversior and the Cornpton 

background at the X -ray peak, To take account of this 

contribution, the above measurements were repeated with 

the Y- channel set on the off -peak positions I and II as 

indicated in Fig. 36. All the observed coincidences were 

corrected for chance coincidences and the decay of the 

source. The procedure adopted is discussed in the next 

section. The corrected genuine coincidences at the off - 

peak positions I and II were plotted separately for the 

two cases - with and without absorber - and by joining 

the two points with a straight line the Compton background 

contribution at the X -ray peak was obtained for each case. 

The ratio of the corrected genuine X -ray peak coincidences 

with and without absorber taken after subtracting the 

Compton background contribution gave the intensity reduc- 

tions R1' and R2' referred to in Section (4.3) for the 

thin and thick absorbers, respectively. The results of 

the El measurements for the iridium and osmium absorbers 

are presented in Tables 3, 4, 7 and 8 (Chapter VI). 

After completing all the measurements on the El con- 

version line, the ß- channel was set on the 96 keV M1 

conversion line with a channel width of 0.4 volt. The 
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single channel ß- spectrum at 18 db amplifier setting at 

which this line was obtained is shown in Fig. 38. All 

measurements made on the El line were repeated with this 

M1 line and the values of R1 and R2 obtained. The results 

of Ail measurements for the absorbers are shown in Tables 

5, 6, 9 and 10 (Chapter VI). 

The counting times used in the various runs of El 

measurements varied from 30 minutes to 2 hours, but for 

M1 measurements, the coincidence rate being quite high, 

counts were recorded for 10- 15minute intervals only. 

Longer counting times were avoided to minimise the effect 

of gain drifts. Temperature variation seemed to be the 

main cause of gain drift in both channels and hence every 

effort was made to keep the laboratory temperature con - 

stant during a set of observations. Besides, a gradual 

decrease of pulse height was observed in both channels - 

mainly in the Y- channel - over a longer period of time 

which, perhaps, was due to the slow deterioration of the 

optical contact of the crystals, in spite of the pre- 

cautions already described in Section (5.1). The peak 

positions in the two channels were, therefore, checked 

each time before starting a new set of observations and the 

discriminator -bias reset accordingly, if necessary. 

5.12 Correction for the Chance Coincidences and Decay of 

the Source 

The number of chance coincidences from a decaying 

source in a given time can be calculated as follows: - 

N = number of atoms present in the source at 

° time t = 0, 
Let 
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N = No e 
-fit 

= number of atoms present in the 

source at time t . 

X = decay constant of the source. 

el 
and e2 = net efficiencies of the two counters. 

Then, N1 = number of counts in the first counter in 

time to 

= el A N dt 
o 

t 
-Xt 

= E1 A No 
5 

e dt 

o 

el A No 
- 

X 

( e-Xt 

or N1 = el No(1 - e-xt) . 

Similarly, N2 = number of counts in the second counter 

in time t 

= e2 No(1 - e-At) 

Number of chance coincidences in time t 

,t 

_ 

N = 2 e1e2 A 
2 
N2dt 

c 

2 (t 

= 2 t sic 
2X 

N o2 1 e-2A 
t dt 

o 

= Z e1e2A(1 e-2Xt) 
NO2 

Z ele2A (1 - e-2At) 

= e1 e2(1 - e-At) 
2 

2: N 1N 2X ( 1- e-2X t) 

-X t 2 
(1 - e 
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ZrN1N2X (1 + e-Xt) 

(1 r e-At) 

If Xt be very small, this approximates to 

Z N1N2 2Á2t 
Nc 

A2t2 

or N = 2N1N2 ( t ) 

(5.1) 

(5.2) 

( /1 is expressed as a fraction of the counting time t ) . 

In calculating the accidentals, expression (5.2) was used 

when the counting time was short, and expression (5.1) 

was used for longer counting times. 

After correction had been made for chance coincidences, 

the resulting number of genuine coincidences were corrected 

for the decay of the source. Obviously, such a correction 

must be made after subtracting the accidentals, and not 

before, because the total coincidence rate is made up of 

two parts which vary differently with time. The chance 

coincidence rate varies as e 
-2Xt, 

whereas the genuine 

coincidence rate is a function of source strength only and 

therefore varies as e 
-At 

The number of genuine coincidences in time t is 

given by 
(t 

= l e1s2 N X dt 

o 

= elE2 No (1 - e-Xt) 

sle2 NoA (1 - e-Xt) 
X 



= N. (1 - 
e-At) 

where Ni = ele2 Nó 

rr 
G 
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initial rate of coincidences. 

2 2 3 3 
Ni( At -- `-2 - + - .... ) 

= 3. 

A 

= Ni t( i _ 
2t X 

2t2 

6 

= N o(1 - tt + 
x2t2 

G 2 - 
) 

where NGo = number of genuine coincidences observed in 

time t. 

If Xt be very small, then 

NG = NGo(1 - 2t (5.3) 

Expression (5.3) can be used to calculate the number of 

genuine coincidences for a decaying source. But since, 

under the conditions of the present experiment, either of 

the single channel counting rates varies as e -Xt, the 

decay correction can be made by normalising the genuine 

coincidences using the ratios of the singles counts, For 

the purpose of normalisation the ß- counts were used because 

this channel was not affected by the change of "absorber" 

and "no absorber" plates. The method adopted for applying 

normalisation was to multiply the number of genuine coin- 

cidences in any particular run of a set of observations by 

the ratio of the corresponding G3- singles count to the 

first ß- singles count of that set. This procedure of 

normalisation, besides correcting the coincidences 
for the 
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decay of the source, also served to correct for any in- 

cidental changes in the p- counting rate. No correction 

for the background in the absence of the radioactive 

source was considered necessary because it was very small 

and negligible in comparison with the observed counting 

rates in presence of the source. 
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Table 11 
o 

Mass Absorption Coefficients of Osmium. (K edge = .167 A) 

x 109 (cros.) log X P/p ( gm/cm2) log µ/p 

1.0 

1.5 

2.0 

2.5 

3.0 

K = 1.654 
al 

K = 1.703 
a2 

KR e= 1.463 
1 

Kß '= 1.420 
2 

.0 

.1761 

.3010 

.3980 

.4771 

2.65 .4232 

7.45 .8722 

3.65 .5623 

6.50 .8129 

10.0 1.0 

9.55 (extrapolated) 

2.427 (extrapolated) 

6.998 ( extrapolated) 

6.486 ( extrapolated) 

Table 12 
o 

Mass Absorption Coefficients of Iridium. (K edge = .163A) 

X x 109 (cros.) log X µ/p ( gm/cm2) log µ/p 

1.0 

1.5 

2.0 

2.5 

3.0 

K 
al 

Ka2 
K t 

1 
Ka 

2 

0 

,1761 

.3010 

.3980 

.4771 

2.70 

7.65 

3.75 

6.70 

10.50 

.4314 

,8837 

.5740 

.8261 

1.0212 

2.307 ( extrapolated) 

2.466 (extrapolated) 

7.129 (extrapolated) 

6.607 ( extrapolated) 
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Table 13 

Mass Absorption Coefficients for Hydrogen 

X x lOJ (cros.) log X 11 /p x 10 (gm/cm ) log 1/p 

1.0 

1.5 

2.0 

2.5 

3.0 

Kal 
K 
a2 

K ' 

P1 
K 

r 

R 

o 

.1761 

.3010 

.3980 

.4771 

2.8 
3.0 

3.3 

3.4 

3.5 

.W172 

.4771 

.5185 

.5315 

.5441 

3.069 (extrapolated) 

3.090 

2.985 

2.965 

ff 

If 

It 

Table 14 

Mass Absorption Coefficients for Nitrogen 

X x 109 (cms.) log X µ/p x 10 (gm/cm2) log µ/p 

K 
al 

K 
a2 

K ' 

P1 
K ' 

R2 

1.0 

1.5 

2.0 

2.5 

3.0 

0 

.1761 

.3010 

e3980 

.4771 

1.4 

1.6 

1.8 

2.0 

2.3 

1.667 

1.679 

1.585 

1.567 

.1461 

,2041 

.2553 

.3010 

.3617 

(extrapolated) 

f 

,f 

It 



-125(k)- 

Table 15 

Mass Absorption Coefficients of Chlorine 

X x 109 (cros.) log X /p x 10 (gm/cros2) log µ/p 

1.0 0 1.7 .2304 
1.5 .1761 2.6 .4150 
2.0 .3010 402 ,6232 

2.5 .3980 6.8 .8325 

3.0 .4771 10.5 1.0212 

K 
a1 

Ka2 
K 
ßl 

K 
R2 

2.999 ( extrapolated) 

3.126 

2.512 " 

2.415 If 

Table 16 

Mass Absorption Coefficients of Aluminium 

X x 109 (cros.) log X µ/p x 10 ,( gM/cm2) log P/p 

1.0 0 1.5 .1761 

1.5 .1761 2.0 .3010 

2.0 .3010 2.7 .4314 

2.5 .3980 3.9 .5911 

3.0 .4771 5.6 .7482 

3.5 .5441 7.8 .8921 

K al 2.19 ( extrapolated) 

Ka 
2 

2.25 If 

Kß 4 

1.94 n 

1 
K ' 1.89 If 

R 2 
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respectively. The experimental values of µ/p were taken 

from Cauchois' (112) table, part of which is reproduced in 

Tables (11) and (12) . The values of µ/p for Kai, Ka2, 

K(31' , Kß2' as obtained from the above plots are also 

shown in the tables. Tables (13) - (16) show the values 

of E1 /p for Al, H, N and Cl obtained from a similar 

plot using the experimental data taken from the above 

reference. 

Knowing R1, R2 and the absorption coefficients of 

osmium for the component K X -rays, the effective thickness 

of the absorbers could be determined from expressions 

(4.24) and (4.25) of Chapter IV. But before doing so, it 

was considered necessary to modify these expressions to 

take account of (a) the absorption of X -rays by the 

aluminium window in front of the Nai crystal, and (b) the 

absorption of X -rays due to the H, N and Cl atoms in the 

absorbing layers. On account of (a), the expressions re- 

ferred to become 

R1 = 0.496e K1x1 + 0.272e K2x1 K x + 0.18e 31 x1 + 0.052e 4 (6.2) 

R2 = 0.496e -4 + 0.272e K2x2 + 0.18e 3x2 + 0.052 e 4x2 ( 6.3) 

The effect of (b) is to introduce three additional terms 

( 190 KH 
- 

190 lT - 190 K01), 
representing the absorp- 

tion due to the elements H, N and Cl respectively, 

into the exponentials of the above expressions. The 

numerical figures 8, 28, 190 and 213 refer to the weights 

of the H, N, Os and Cl atoms respectively in the (NH4) 20s C16 
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molecule. Introducing the additional terms into ex- 

pressions (6.2) and (6.3) and substituting the mass ab- 

sorption coefficients of the elements involved, gives 

R = 0.496e-99234x1 + 0,272e-28149x1 
1 

+ 0,18e-783153x1 

-6.7922x 
+ 0.052e 1 (6..) 

-9.9234x 
2 

-2.8149x 
2 

-7.3153x 
R 
2 

= 0.496e +0.272e + 2 

+ 0.052e 
-6.7922x2 

(6.5) 

From a graphical plot of the above equations the thickness 

of the osmium absorbers corresponding to the observed 

values of R1 and R2 was found to be 

x1 = 0.052 gm./cm.2 

x2 = 0.095 gm./cm-2 

6.2 Estimation of the Satellite Intensity 

After having determined the thickness of the absor- 

bers, the satellite intensity (S) was estimated from 

equation (4.28) of Chapter IV, which is 

R1 -R1' 

S 
R1 - e 

Ksxl - e 
Ksx2 

For the iridium measurements, a numerical solution of the 

above equation gave 

S = 0.108, and Ks = 5.97 m. /cm.2 

But before applying this equation to the osmium measure- 

ments, the small absorption of the satellites due to the 
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other elements in the absorbing layer was considered. 

This can be taken account of by multiplying the exponen- 

tials in the above equation by a factor 

- 
190 KH 

x 
190 

KN 28 
x 

190 KC1 
x 

Thus 

S = 

R1 - R1 v 

28 

R _ e 190 KH + 190 KN + 190 KCl xi 
e 

K 
sxl 

1 

- R2 9 R2 

8 28 

190 KH + 190 KN + 190 KCl x2 
- e R2 

-Ksx2 
e 

( 6.6) 

where KH, KN and K 
Cl 

refer to the mass absorption co- 

efficients of H, N and Cl respectively for the group of 

satellites. The satellite energy being not known exactly 

the absorption coefficients taken in the above expression 

were those corresponding to the weighted average of the 

Ka 1 and K a2 energies. Substituting the extrapolated 

values of the absorption coefficients and the thickness 

of the absorbers, equation (6.6) simplifies to 

S 

R1 - R1 t 

R1 - 0.98e 
.052Ks 

R2 -R2t 

R2 - 0.965e - ' 
095Y 

' 
s 9 

( 6.7) 

which on numerical solution with the results of the 

osmium measurements gave 

S = 0.234, and K = 8.53 gm. ./ cm, 
2 
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No account was taken, in the above calculations, 

of the absorption of satellites by the aluminium window 

in front of the NaI crystal. This does not, however, 

involve any significant error as is obvious from the 

following considerations: - 

Let I = Intensity of the normal+ satellite K X -rays 

S = Fraction of satellites in the incident beam, 

A = Fraction of the normal K X -rays transmitter: 

by aluminium. 

Fraction of satellites transmitted by the 

aluminium. 

µ = Absorption coefficient of the absorber 

for the normal K X -rays. 

K = Absorption coefficient of the absorber 

for the satellites. 

x = thickness of the absorber. 

Then, for a beam of normal X -rays alone, the intensity 

reduction, 

R 
I e-1/ xA e--p, x 

IA 

and for the group of normal and satellite X-rays, 

or 

SIe 
Yx 

As + (1-S)Ie µx A 

R 

SI As + (1 - S ) IA 

Se I{x As + ( 1 - S ) e-µx A 

S As + (1 - S) A 

SeKxAs+ (1 - S)RA 
S As + ( 1 - S)A 

or R'S As+R'A-R'S A = Se-kxAs+ (1 - S)RA 
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or S [R'(As - A) - e-kx As + RA1 = RA - R'A 

or S 
(R-R' ) A 

RA + R' (As - A) - Ase -kx 

or S = R - R' 

R + R' ( As - i ) - As e-kx 
A A 

Taking As . A, 

R-R' 
S = -kx 

R - e 

which is the same as equation (4.28) . 

6.3 Evaluation of the Constants in the Theoretical 

Expression for satellite intensity 

6.3.1 Electron capture probabilities (FK' FL., etc.): - 
I 

The probabilities of a Bi206 nucleus decaying to the 

3404 keV level of pb 
20 6 

by K, LI , LII ...etc. 
capture 

denoted by FK, FI , FL .... respectively, were cal- 
1 II (75) culated by the formulae given in Wapstra's table The 

value of Qv the energy released in the electron cap- 

ture process was taken to be 3700 keV from Seaborg's table( 
113) 

and the binding energies of the various shells and sub- 

shells in Pb were taken from reference (114). Taking the 

sum of FK, FL and FM to be unity, the following values 

were obtained: 

FK = 0.719 

FL = 0.203, F = 0.017, FL 

I II III 

FM = 0.061 

=0 
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The probabilities of capture from the M shells have been 

taken together and those froni shells beyond M ignored. 

6.3.2 Probability of a K vacancy .rod.ucing a vacancy in 

the Li shell:- 

As defined in Section 4.2, 
A-. 

is the probability of 

a K vacancy producing a vacancy in the Li shell (i = I, II, 

III) either by Auger process or by radiative process, and 

hence will be given by the sum of the absolute proba- 

bilities for the two processes. The absolute intensities 

of the lead K X -rays calculated from a knowledge of their 

relative intensities(75) and K -shell fluorescence yield( 75) 

are shown in the table below:- 

Table 17 

K X-rays Relative 
Intensity 

Absolute 
Intensity 

Fluorescence 
Yield 

Kal = K-LIII 

Ka 
2 

K-LII 

K ' =(K I Si 
( 

III 

( K-MII 

K ' _(K -N _(K 
2 

1.0 

0.553 

0.355 

0.102 

0.476 

0.263 

0.169 

0.048 

(Lk = 0.956 

K NII 

Neglecting the probabilities of Auger transitions to shells 

higher than M, it follows from the definition of uw that 

KLL + KLM + KMM = 1 - c 
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= 0.56 for Z = 82 as 

experimentally observed by Herrlander et aí.(115) , and 

KMM 
0.06 estimated from a 

KLL graph reproduced 

in Vúapstra's table(75), gives for lead the absolute pro- 

babilities 

KLL = 0.027 

KLM = 0.015 

and KMM = 0.002 . 

In the approximation considered, both of the Auger processes, 

KLL and KLM, can shift a K vacancy to any of the L 

subshells. Since no experimental data on the KLL Auger 

line intensities were available for lead, those for 

bismuth reported by Mladjenovic and Slgtis( 67) (see Table 

18) were used to give the following values of the rela- 

tive probability of a K vacancy shifting to LI, 
L11 

and 

LIII 
shells by an Auger process:- 

K L1 = 1 + 1 + 1.8 + 1.1 = 4.9 

K--) LI1 = 1.8 + .2 + .2 + 1.6 = 3.8 

K -4LIII= 1.1+ 1.6+ .8+ .8 = 4.3 

With the calculated value of the KLL group probability, 

the absolute probability for the above vacancy shifts 

become 

K -; LI = 0.0203 

K-4 LII = 0.0158 

K-4 LIII- 
0.0178 
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Table 18 

Observed Relative Intensities of the KLL Auger lines: Z =83 

Line Relative Intensity 

KL 1L 

KL 
1 
L 
2 

KL1L3 

KL2L2 

KL 2L 

KL 3L 

1.0 
1.8 
1.1 

0.2 

1.6 

0.8 

Table 19 

Z = 83 Calculated Intensities of KLM Auger Lines : 

Line Relative Intensity Absolute Intensity 
Calculated Calculated 
from KLM =.015 from 

KLM +KMM 
=.017 

KL 1M1 .31 .0010 .0011 

KL1M2 .19 .0006 .0007 

KL1PJ13 .37 .0011 .0013 
KL1M4 

KL 

) 

) 
005 .05 .0002 .0002 

KL2M1 .16 .0005 .0006 

KL2M2 e07 .0002 .0002 
KL2M3 .93 .0029 .0032 

KL 
2MLI ) 

KL2M5 
3 

.32 .0010 .0011 

KL .32 .32 .0010 .0011 

KL3M .80 .0025 ,0028 

KL3M3 .85 .0026 .0030 

KL3M4j .52 .0016 .0018 

3M5) 
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The situation is still more difficult in the KLM 

group where no experimental data has been reported on 

line intensities for an element close to lead, However, 

Asaad and. Burhop( 67) have done some theoretical calcula- 

tions for bismuth which are shown in Table (19). Also 

shown in this table are the absolute intensities of the 

lines calculated on taking the total intensity of the 

KLM group to be 0.015. The line intensities gave the 

following values for the absolute probability of a K- 

vacancy shifting to the LI 

Auger process:- 

LII 
and LIII shells in the KLM 

K 
-4 

LI = .001o+ .0006 + .0011 + .0002 = .0029 

K LII = .000 5 + .0002 + .0029 + .0010 = .0046 

K LIII - .00? 0 + .0025 + .0026 + .0016 = .0077 

The total absolute probability of a K vacancy giving 

rise to a vacancy in the L shells either by X -ray emission 

or an Auger transition (KLL and KLM) is shown below:- 

Table 20 

X -ray KLL Auger KLM Auger Total 
Contri- contribu- contribu- 
bution tion tion 

AL = K-4L = 0 + .0203 + .0029 = 0.0232 

AAI 
_-LI I= K-} LII = 

0.263+ .0158 + .0046 = 0.2884 

AL = K-LIII 
= 

00476+ .0178 + .0077 = 0.5015 
III 
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6.3.3 probability of a K vacancy shifting to M , shells: 

From the intensity of the KLM Auger lines and K 
131 

X -rays given in the last section, the following values 

for the total probability of a K vacancy giving rise to 

a vacancy in the IVI shells were obtained:- 

Table 21 

X -ray 
Contri- 
bution 

KLM & KIVIVI 

Auger Con - 
tribution 

Total 

BM 

BM 
II 

BM 
III 

BMIV,V 

= K-4-MI 

= K-4 MII 

= K--4M 

K-4 
MIV,V 

= 

= 

= 

0 + 

0.057+ 

0.112+ 

0 + 

0.0028 

0.0037 

0.0075 

0.0031 

= 

= 

= 

= 

0.0028 

0.0607 

0.1195 

0.0031 

6.3.4 Probability of an L vacancy giving rise to a 

vacancy in an M. shell: - 

Table (2.2) shows the relative intensities of L X -rays 

taken from measurements made on tungsten (z = 74) quoted 

by Compton and Allison(116)o The absolute intensities 

shown in this table have been calculated on taking, for 

lead, the mean L shell fluorescence yield, w1, = 0.39 

measured by Parratt(93). As already pointed out in Section 

3.2, no theoretical calculations for the intensities of 

the L Auger lines have yet been done. Experimental data 

is also scanty. Only two experimental measurements are 
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Table 22 

Observed Intensities of the L X -rays: Z = 7Li- 

Line Relative 
Intensity 

Absolute 
Intensity 

LIII- MV 

LIII- MIV 

LII 
- 
MIV 

LIII- NV 
LI - M 

III 
- M LI 

II 

LI 
s 
MIV 

LI 
- 
MV 

LI - NII 

LI - NIII 
LII 

- MI 
LII - NI 

LII - NIV 

LI I I - MI 

LIII- N1 

.74 

.o8 

.82 

.15 

.43 

.27 

.04 

.04 

.08 

.11 

.02 

.01 

.15 

.02 

.01 

.097 

,010 

.107 

.019 

.056 

.035 

.00 5 

.005 

.010 

.014 

.002 

.001 

.019 

.002 

.001 
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known to the author, 1 by Haynes et al.(72) ( ) Y Ha Y for bismuth, 

and (2) by T obu ren e t a l. (71) ( ) Y for platinum. The line 

assignments in the bismuth measurements are very ambiguous, 

and also the results quoted have large errors on them. On 

the other hand, the platinum measurements seem to be more 

reliable, and hence these results were used in the cal- 

culations of CM . The relative intensities of the L 

Auger lines for platinum taken from the measurements of 

Tobuxeiì et al. are reproduced in Table (23) . Following 

a procedure similar to the one described in Section 6.3.2, 

the absolute probabilities (CM ) of an L vacancy giving rise 
J 

to a vacancy in the M.J shells either by radiative pro- 

cess or by Auger transitions (LMM, LNIN or LMO) were cal- 

culated. 

The values of CM are shown in the table below:- 

Table 24 

X -ray 
Contri- 
bution 

Auger 
Contri- 
bution 

Total 

CM = L --} MI = . 004 + .160 = .164 
I 

CM = L MII = .035 + .131 = .166 
II 

Cm LIII = .056 + .293 = .349 
III III 

CM = L-aMIV = .122 + .165 = .287 
IV 

CM = L-4MV = .102 + .214 = .316 
V 
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Energies and relative intensities of the L -Auger transitions of platinum 

Assignment Relative intensities Assignment 

L,M,M, 
L,M,M, 
LaM,M, 

La M, Ma 
La i\;, My 

La M, Ma 
La ;via M, 
L,M2M4 
LaM,M6 
L2M,M1 
L,M,M4 
L,MaMa 
L,M1M, 
LaM4M4 

L2M2M2 
L,M4Ma 
L,M1M, 
.L,M1Ma 
La Ma Ma 
L,M,M2 
L2M,M, 
LaM1Nri 
LaM,N, 

o 

1.5 ±0.8 
1.0 ±0.8 
4.10±0.35 

12.0 ±0.3 

) 2.3 ±1.5 

17.1 -±1.5 
0.7 ±0.7 
3.7 -J-1.0 
1.0 ±0.8 

14.9 ±1.0 
18.9 ±0.9 
2.2 ±1.6 

(1.4) 
}13.0 ±3.0 

(11.6) 

34.6 ±4.0 

J 

18.4 ±2.2 

1.0 ±0.7 

) 7.8 ±0.6 

L,M1:,v14. ' 
L1M,M, 
L,M1N, 2.8 i--0.8 ' 

i L2M,Ma 

LI/AIM,' 1.9 ±0.3 
L2M,M, 
L31\42412 L31\42412 

.} 2.7 ±0.3 
2 

1.,311/4.1/N, l 
L3M,N6 } 4.0 ±0.7 
L,M2My J 
L,M,N, '1.0 ±0.4 
L2M,M5 6.0 
L1M,M, ' 2.0 ±0.7 
L,M101 
L,MaN1 
1-aM1N6 
La MINI ; 1.1 0.6 
LaM,Ny 
L,M,O,,, 

. 

LaMaNa ; . 

Rcla:ivc 

intensities 

Relative 
Assignment 

' intensities 

L3M14,5 2.0 ±0.7 
LaM,N, ! ( 

L1M1M4 j 
4.9 ; 0.5 , 

L2M,M4 7.7 ±0.5 
L,M,N, 1.6 ±0.4 

1 L,M,Ma ; 

L2 Ma M6 

LaM,O, 
L,M,Na 2.0 ±0.4 
LaM,N, 

Ì 
L3M202 a 

. 

L1M,Ma 5.1 ±1.0 
La M,04,, 
L,M,Ny 
L,M,M4 0.7 ±0.2. 
La MaNa 
1-aM4N1 
L,1vI,Ma . 

.1 

1.0 ±0.3 
L,MaN1 
L,M4N, 0.3 ±0:2 
L24M4 

5.9 ±0.8 
L,M6N, 
LaMa01 
L,M4N, 

. LaMaN6 
L,M,N, 15.2 ±0.7 , 

La M1022 ; ...i 

LaM4Ma 
L,MaNa 0.2 ±0.15 
LaMa04 a 1 

L2MaMa : ; 

} 
1.7 ±0.4 ' 

L,M,M4 
LaM4N4 
LaM4N6 6.4 

L1MaMa 
LaMaN4 

L2M,N, 
La M401 

LaM4Na 
LaM4N? 

. LaMaO,,a 
L2M,N, 
LaMa01 
LaMaNa 
La M404,a 
La M6N, 

ÿ0r5 

) 11.3 ±0.4 

1' 
0.65±0.60 , 

L,M,O,,, 
L,M4M4 

LaM1Na 
L,M4Ma . 

L,MaMa 

L,M2lti', 

L,M1N6,, 
L,1v12N4 a 

L, M,N,,, 
L,M2N6,? 

M,N4,a 
La M,N4,a 
L2N1N, 
L, M4N,,, 

L,M4N2,2 
L,N,N4,a 
L,N,y,a .. 

L,N4Ni6 
L,N22N6,7 
La6N6 
L,M4N6,, 
L,M6N6,? 
L,N4N6,? 
L1MaN4,? 
L,M4,aN4,6 
L,6,,N4,, 

L,M4N6,,- 

1.3 ±0.4 

6.9 ±0.6 
1.4 ±0.3 

1.01±0.15 

I.61 ±0.30 

0.61 ±0.30 

2.1 ±1.0 , 

Table 23. 

1.56±0.30 

2.97±0.39 

5.8 ±0.7.5 

1.98±0.29 

0.66±0.08 

1.18 ±0.12 

0.41' ±0.10 
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6.3.5 Level widths and disintegration constants of the 

atomic levels in lead:- 

From the brief review presented in Section 3.6 it is 

evident that there is a great paucity of experimental data 

on the atomic level widths - particularly for the L and M 

levels. The only complete measurement of L and M level 

widths for lead reported in an abstract form is by 

Shrader(88) . Geiger et al.(99) have criticised his values 

as being inconsistent with their measurements for Sm and 

those of Parratt(89 ) and Richtmyer et al. ( 90 ) for Ag and 

Au respectively. The general trends of M- widths in other 

elements do indicate that Shrader's values for 
MI, MII 

and MIII level widths are rather low. That the value of 
width 

the K leve]! in lead ( '-'50 eV) suggested by the early 

measurements is also very low, is shown by more recent 

measurements of Latyshev et al.(97) for Bi (C = 67 t 5eV) 

and the theoretical predictions of Listengarten for Z = 81 

( = 65.7 eV). For comparison the experimental data on 
K 

level widths for some elements is presented in Table (25). 

The widths of the various atomic levels in lead for 

the purpose of the present experiment were evaluated as 

described below: - 

Of all the level width measurements using the method 

of X -ray spectroscopy, those for Ag and Au by Parratt and 

Richtmyer et al, seem to be most reliable. The recent 

measurements of K and M level widths in Sm by Geiger et 

al., and of K level width in Bi by Latyshev et al, using 

ß- spectrometers are also fairly precise. Hence, the K 
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level width in lead was obtained from a graphical plot 

(see Fig. 41) of the K widths for Ag, Sm, Au and Bi. The 

width so obtained in 64.0 eV, which is in quite good agree- 

ment with the theoretical predictions of Listengarten, and 

consistent with the experimental value of mentioned 

earlier. The widths of MI, MII and MIII levels were ob- 

tained from an extrapolation of the corresponding plots 

for Ag, Sm and Au shown in Fig. 42. The LI level width 

was calculated from line width measurements shown in Fig, 
c 

43, which is reproduced from an article by A. Bril J5). 

The Lß line widths for Z = 82 as read from the curves of 

this Figure were 

Lß1 
(LTI 

- MIV) = 9.25 eV 

LßII (LIII - 
Ny 

) 
= 12.15 eV 

L1III (LI - MIII) = 21.5 eV 

L ßI V (LI - MII) = 23.0 eV 

Using the values of MII and MIII widths obtained 

from Fig. 42 in the mean of 
III 

and LßIV widths, gave 

the width of the LI level as 10 eV. This is in good 

agreement with the value of 9.3 eV predicted from Fig. 44 

reproduced from Kinsey's article( 117) . The widths of LII, 

LIII, 
MIV and MV levels in lead measured by Shrader agree 

reasonably well with the widths of the L131 and LßII lines 

mentioned above and hence were accepted for the present 

purpose. The widths of the various atomic levels and their 

disintegration probabilities calculated from equation 



70 

40 

30 

20 

10 

o 

-137(a)- 

Plot of K üevefl widths 

40 50 60 70 S0 90 
FIG. 41 



É
' 

14 

82 

@
0 

0 

6
 

4 L
 

-137(b)- 

Plot 
of 

M
 

level 
w

idths 

50 
60 

70 
80 

90 
G

.42 
>

 Z
 



,tJ.) 

A JO 

2 

20 

Ii 

/0 

-13 ( ) - 

lib 

v 

. 

. 

V--- 

. . . . . 

Vi 50 51 60 6.1 

Line widths for the lines Lß3, Lß4, /../31 and Lß2 as a function 
. the atomic number. 

Fig. L. (Taken from Ref. 95). 

G 

o 

o 

1 r 
,... 

1 -It 
73 75 77 -?9 01 Z.' 

Fig. Li-Li.. Plot of LI(Z) - L 
I 
(Z = 76) with 

LI(Z = 73) = 2.8 eV (Ref. 117). 



-138- 

(1.1) of Chapter 1 are summarised below: - 

Table 26 Z = 82 

Atomic Level Level width (eV) Disintegration 
-1 Constants (sec. 

K 

L 
I 

LII 

64.o 

10.0 

4.6 

9.73 x 1016 

1.52 x 1016 

0.70 x 1016 

LIII 
5.0 0.76 x 1016 

MI 
15.6 2.37 x 1016 

DIIII 11.9 1.81 x 1016 

m 
III 12.7 1093 x 1016 

M 4.7 0.71 x 1016 
Iv 

My 3.8 0.58 x 1016 

) 

6.3.6 Internal conversion coefficients:- 

The internal conversion coefficients of 1720 keV El 

Y -ray for the K and L shells in lead were obtained from a 

graphical plot of the values taken from Rose's table re- 

produced in reference (1). The values obtained were 

aK 
= 0.86 x 10 -3 

= 0.16 x 10-3 

al 
= 0.123 x 10 -3 

I 
0.012 x 10 -3 

`I I 
0.028 x 10 -3 

aLIII 
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6.4 Lifetime of the 1 20 keV El Transition 

Using the experimental value of the satellite inten- 

sity (S) and the calculated values of the various proba- 

bilities, equation (4.23) was solved numerically for Y, 

the transition probability of the 3404 keV level of pb206. 

The results obtained for the two sets of measurements 

were as follows:- 

For iridium measurements: Y = 0.102 x 1016 sec. 
-1 

For osmium measurements : Y = 0.28 x 1016 sec. -1 

The transition probability (Y) thus obtained is the 

sum of the probabilities of all the Y- transitions origin- 

ating from the 3404 keV level. The transition proba- 

bility (X) for the 1720 keV El Y -ray can be calculated 

from the relation 

X 
Y x I 

IT 

where I = intensity of the 1720 keV Y -ray, 

and I = sum of the intensities of all the Y-rays 
T from the 3404 keV level. 

With the relative intensities indicated in the decay 

scheme of Bi206 (see Fig. 33, Chapter V), the above ex- 

pression gives the following results for the 1720 keV 

El transition:- 

For iridium measurements: X = 0.068 x 1016 sec. -1 

mean life, Z = 15 x 10 
-16 

sec. 

For osmium measurements : X = 0.19 x 10i6 sec. 
-1 

mean life, = 5 x 10 -16 sec. 
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6.5 Estimate of Error 

The error in the observed value of the mean life 

depends on the error As in the estimation of satellite 

intensity (S). But the expression for the satellite in- 

tensity in terms of the measured intensity reductions 

also involves the mass absorption coefficient (Ks) of 

the absorbers for the satellites, the error in which is 

not known. The procedure adopted, therefore, was to 

obtain as a first approximation, the limits on S from 

an expression which involved the measured intensity re- 

ductions and the thickness of the absorbers, but not Ks. 

These limits were then used to obtain the errors in Ks 
-K x K x 

and e S . Knowing the errors in e 
S 

and the meas- 

ured intensity reductions, the conventional method was 

applied to estimate the final value of CS S and hence 

the limits on the mean life of the nuclear transition. 

The details of the calculation are given below: - 

The expression for the satellite intensity in terms 

of R1, R2 etc. is 

S = R1 - R1 R2 
- R2 

R - e 
Ksx1 R2 

1 2 
- e 

in which the factors ( ^'i) multiplying the exponentials 

have been dropped. 

This gives 
i 

-K Rlf + SR1 - R1) xl 

e = ( 

S 
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-Ks [R2? +SR2 - R2 1 

e = 

Therefore, 

S 

[R11 + SR1 -R/xl -R2' + SR2 - R2 1x2 
S S 

Taking log of both sides and on rearranging the terms, 

x2 log(R1' + SR1 - R1) - x2 log S = x1 log(R2' +SR2- R2) -x11og S. 

Differentiating with respect to R1, R2 etc. (but not x1 

and x2) , 

x 
2 

R19 +SR 1-R1 

or 

AR1' +R16 S+ S AR 
1 

- AR -x2 i66 
S 

= fxl f4R2'+R2dS+S/SR2 -11R2] xl SS R2 +SR2R2 

x2R1 x1R2 

R1'+SR1 R1 R2'+SR2R2 

x1 

R2° +SR 
2 
R 

Putting F1 

+ 
X1 

S 

As 

X1 

R 
2° 

+SR 
2 
R2 

in the above gives, 

and F2 
x2 

R1'+SR1 R1 
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X -X ) 

F2R1 - F1R2 - ( 
2S LS _ F1 [PR 2t 

-( 1-S) LR2J 

- F2 Q.R11 -( 1-S ) ,(J R1 (6.8) 

This then is the expression which will give the limits on 

S without taking into account the error in Ks. Sub- 

stituting the values of the various quantities for iridium 

measurements in equation (6.8) gave, 

C\ S = ± .007 

Since S = 0.108, S lies between 0.115 and 0.101 as a 

first approximation. Using these values of S in the 

expression t 

S 

Rl - R1 
, 

R 
1 

- C 
-K X1 

substituted for e , the following values for Ks 

where C has been 

and C were obtained:- 

S = .115, C = .498, Ks = 5.71 gm. /cm.2 

S = .101, C = .467, Ks = 6.24 gm./ cm,2 

also for obsd S = .108, C = .483, Ks = 5.97 gm. /cm.2 

Thus, C = 0.483 t .016 . 

This can now be used to estimate the final value of AS. 

since, 

S 
R1 - R1' R1 - R1' 

R1 - e KsX1 R1 - C 

Ì,S 2 
l6(R1 - R1' ) 2 ©(R1 - C) 2 

( ) _ 
-C (6.9) 
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From the results mentioned in Section (6.1), 

Hence, 

(R - R ' ) = .007, R1 - R1' _ .026 
1 1 

L (R1 - R1') 

R1 - R1 r 
= 0.27 

Also, 6.(R1 - C) = j(.005)2 + ( .016) 2 

= .017 

and R1 - C = .724 - .483 

_ .241 . 

A(R1 - o) 
Therefore, = .071 . 

R1 -C 

Substituting in (6.9) , 

which gives 

( 
As 

Therefore, 

As 

Hence S 

= (.27)2 +(.071)2 

. 28 , i.e. error in S is about 28%. 

_ .28 x .108 

_ .030 . 

= 0.108 t .030. 

Thus S lies between .138 and .078. The extreme values 

of S correspond to the mean life 11 x 10 
-16 

sec. and 

20 x 10 -16 sec. respectively for the 1720 keV E1 transition. 

Applying the above procedure of error estimation to 

the data of osmium measurements gave the following 

results:- 
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(i) Ks lies between 8.10 and 9.31 gm. /cm.2, the 

observed value being 8.53 gm./ cm. 2. 

(ii) C = 0.629 t .02 . 

INS 
(iii) 

S 
= 0.46, i.e. error in S obtained from 

osmium measurements is about 46%. 

Since observed S = 0.234, AS = .107 

or S = .234 t .107 , i.e. S lies 

between .341 and .127. The extreme values of S in this 

case correspond to the mean life 3 x 10 
-16 

and 12 x 10 
-16 

seconds respectively for the 1720 keV El transition. 

The final values of the mean life of the 1720 keV 

El transition in Pb206 as obtained in the present experi- 

ment from the two sets of measurements may be summarised 

as follows:- 

From iridium measurements: 

20 x 10 6 
sec (upper limit) 

15 x 10 
-16 

" (observed value) 

11 x 10 
-16 

" (lower limit 

From osmium measurements: 

12 x 10 
-16 

sec (upper limit) 

5 x 10 -16 " (observed value) 

-i6 3 x 10 " (lower limit) 
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CHAPTER VII 

DISCUSSION AND CONCLUSIONS 

As described in Chapter IV, the method of lifetime 

measurement presented in this thesis is applicable to the 

El transitions of energy % 1 Mev in medium and high Z 

K-capture nuclei. In such cases, nuclear and atomic level 

lifetimes are of comparable order and hence the nuclear 

transitions of this type are expected to be associated 

with K X -ray satellites. The fact that the nuclear level 

lifetime can be expressed in terms of atomic level life- 

times permits an estimation of the former as already dis- 

cussed. That the satellite emission does occur has been 

experimentally demonstrated by the observed differences 

in the intensity reductions R and R' on the one 

hand, and R2 and R2' on the other, for two different 

absorbers. The intensity reductions suggest that the K 

X -ray satellites are certainly very close to the K -edge 

of the absorbers used in the experiment. The mean energy 

of the satellite group according to the experimental 

values of intensity reductions for the iridium absorber 

is 76.03 keV whereas for osmium it lies in the range 

75.8 - 80.05 keV. These values agree well with the 

Wentzel- Druyvestyn type of estimate for the lead KK 

satellite energy (N76 keV) calculated by Slater's method(il° 

The experimental values of Ks = 5.97 gm,/cm.2 and 8.53 

gm. /cm. 
2 

for iridium and osmium absorbers respectively 

are also within the expected limits 2.2 - 9.4 and 

2.3 - 9.8 for the two absorbers. The relatively small 
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intensity reduction observed in the case of osmium is 

mainly because the Ka, component of the lead K X -rays 

lies on the higher energy side of the osmium K edge. 

While calculating the satellite intensity (S) from equa- 

tion (4.28), it was found that the value of S depended 

very sensitively on the difference between Rl and Rlt or 

R2 and R2t. The relatively large error in estimation of 

S from osmium measurements as compared with that from 

iridium results is in accordance with this observation. 

Since the osmium absorbers were made from a powder of 

ammonium chlorosmanate, any uncertainty in its thickness 

or uniformity might also have contributed to the results. 

It was, however, not possible to take into account the 

effects of these contributions.. For these reasons, more 

reliance may be reposed on the results of iridium than 

those of osmium measurements. The osmium results can then 

be regarded as a corroborative piece of evidence in 

favour of the iridium results. The general contribution 

of the X -ray Compton background and of the Compton back- 

ground in the neighbourhood of the conversion line to the 

coincidences observed, from which the satellite intensity 

was estimated has already been discussed. As explained 

in Section 5,11, the procedure adopted for recording 

coincidences was meant to eliminate the contributions from 

such effects. Another possibility of some contribution to 

the observed satellite intensity arises from the theory of 

Primakoff and Porter( 
110) 

already referred to in Section 

3.5.4. According to these authors, when a nucleus decays 
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by orbital electron capture, there is a definite proba- 

bility for the simultaneous excitation of a non -captured 

orbital electron as a consequence of sudden charge 

alteration. The probability per K capture for the pro- 

duction of a double hole in the K shell by this process 

is, however, very small (F The only 

nucleus in which such a process has been observed is Ge71 
l 

for which the theory predicts a value of 10 
-4 

for P. 
For lead, PKK will be 10 -5, and hence even if such 

an effect exists, its contribution to the satellite in- 

tensity will be obviously negligible. 

The mean life of the 1720 keV El transition as 

obtained in the present experiment from the iridium meas- 

urements is 15 x 10 -16 seconds. The single particle 

estimate for this transition gives Z = .54 x l0 
-16 

seconds. The observed value, therefore, corresponds to a 

retardation of about 27. As mentioned in Section 1.5, 

two values for the lifetime of this transition are already 

available. Brunner et al. have reported a retardation of 

about 50, while Wu et al. obtained a retardation of about 

600. None of these authors have quoted errors on the 

results reported. But since both these results were ob- 

tained by observations on monoenergetic positrons, they 

are expected to involve huge uncertainties. It has 

already been remarked in Section 2.7 that the estimation 

of lifetime by this method relies on the theoretical value 

of monoenergetic K- positron emission coefficient (ae+) for 

which the results of Lombard and Rys(59) differ from those 
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of Sliv by a factor of 2. Besides, the estimation of K- 

positron intensity in the presence of a large background 

also introduces a considerable error. The X -ray satel- 

lite method, on the other hand, used in the present ex- 

periment does not involve such uncertainties. The quan- 

tities involved in the calculations are either experi- 

mentally known or can be computed with a reasonable 

degree of accuracy. The value of lifetime obtained by 

this method is, therefore, expected to be better than that 

given by the method of monoenergetic positron emission. 

The results of the present experiment seem to favour 

the value reported by Brunner et al. rather than the 

value obtained by Wu et al. In order to see whether the 

observed retardation of the 1720 keV El transition in 

Pó206 is reasonable, reference may be made to section 1.5 

where the retardation of El transitions has been briefly 

discussed. The relatively small retardation obtained in 

the present experiment rules out any possibility of K- 

forbiddenness as the cause. This statement is supported 

by Rusinov' s empirical rule (eq. (1.30) , Chapter I) , 

regarding the K -forbiddenness of El transitions in even - 

even nuclei. Moreover, the nucleus 82Pó20 6 with only 

two neutrons short of doubly closed shell is less likely 

to be described in terms of the Nilsson model. The un- 

usually high first excited state of Pb208 and the slow 

electric quadrupole transition rates in other lead iso- 

topes provide strong evidence for the rigidity of the 

core and a weak surface coupling in these nuclei. The 
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works of Alburger and Pryce( 
118) , True and Ford(119) and 

Kearsley( 
120) 

have shown that a very successful descrip- 

tion of the energy levels in Pb206 up to about 3 Mev can 

be obtained from simple shell model considerations where 

the interaction between the two neutron holes is taken as 

a perturbation and the effects of nuclear deformations are 

ignored. Thus, most of the energy levels shown in the 

Bi206 
decay scheme (Fig. 33) are accounted for in terms of 

simple two hole neutron configurations. The upper two 

levels (3403 and 3280 keV), however, have been ascribed 

by True and Ford to the core excitation formed, possibly 

by proton configurations (S1 ) 
1 h/ and 

(d3/2) 
-h 

9/2 

respectively. Such an assignment involves a change in the 

orbitals of three nucleons (2 neutrons and 1 proton) which 

is very unlikely because many particle transitions are 

generally expected to be slower compared with single - 

particle transitions by several orders of magnitude. The 

result of the present experiment seems to strengthen the 

confidence in the shell model description of the 
Pb206 

nucleus. An application of the method described in this 

work to the lifetime measurement of the 1863 keV El tran- 

203 sition in Bi may further strengthen this contention. 
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