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CHAPTER T

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

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

The electromagnetic transitions have been classified into

electric 28 pole and magnetic 2g prole types, the former in-|
volving a parity change of (—1)5 and the latter of (—lf+l. '

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-
iemission and becomes particularly important for low energy

'transitions of high multipolarities in elements of high 2

number. The relative frequency with which y-emission and |

linternal conversion occur in a given transition is a matter

| |
jof’ great importance in nuclear spectroscopy and is express-|
|
led by a gquantity called the internal conversion coefficient.
|

No

|

|This coefficient is defined as a = T the'ratio of |
f Y .
'the number of electrons to the number of photons emitted.




O

Since, in principle, the electrons can be emltted from any
shell, the total internal conversion coefficient a is

given by

G’ = al + G'L + .- s 8 0 ’

where QF QL ete. refer to the coefficients related to
Ly

| the various atomiec 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 ( ~ as 23) and

decreases as the y—-energy éggreases. The value of a has |
been tabulated by Rose(l) and also by Sliv and Band(2) as

s function of these two variables and of the multipolarity

lof 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
Ishow any significant difference.

; Since the electromagnetic field is well understood,
Ithe 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

o etc.) which are re-
Ty |
lated to the partial level widths ( A rip) by the

| |
‘corresponding mean lives (TY =

‘uncertainty prineiple. Thus, for radiative transitions,




or, [ leow.) == 6.58 x 10~ (1.1)

The transition probability for Yy-emission from an

!
!
|
|
excited state involves a function, F(Z, E') containing '
the multipolarity, £ and the decay energy, E' of the
transition, and a factor, B(6¢, I.— If), called the
reduced transition probability (6 stands for the electric)
E or magnetic M type of transition). The latter depends

|
i
|
sensitively on the wavefunctions of the two nuclear states :
|

involved in the transition. Because of this dependence,

significant information regarding nuclear wavefuncetions can|

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

sition probabilities with the theoretical values calculated|

ion the basis of specific models of the nucleus. The en-
|
|

:hancement or retardation given by Texp/Tth. can be 1nter—!

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 rules
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

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[-cl; I(r).alr) + &(r)oﬁ(l’)]dv i (1.2) |

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 vdlume due to the distribu-
tion of spins and H(r) is the magnetic field. J(r) is
related to the charge density, ? by the continuity equa-
tion,

v.g+-§§ = v.g+ﬁi [H, p] = 0 (1.3)

The electromagnetic field can be expanded in terms of the
vector potentials (A) which are eigenstates of the angular
‘momentum (dJ, J, and 82) and parity operators. This
Ieffectively corresponds to the decomposition of the field
finto electric and magnetic multipoles. For a suitable
choice of gauge, the vector potential A4 Eompletely des-

cribes the field of radiation and satisfies the equations,

& = @, and divld = © (Tult)

IIn operator form, A can be expressed as,
| %
i ik
AJEEMYY mi (SIS e
B % {e(es)}a

| £ ()T, (k)Y (0,4),
! (1.5)
|
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2 .
A_M(ﬂm) E (E) '___—_"ig L Jz(kr) -‘-’gm (e, 4) (1.6)
$e(e+1)]
where Aw(ﬂm) is the wvector potential of the electric 2£
i pole field,
L

AN(Em) is the vecctor potential of the magnetic 2
S pole field,

% %% L e e e S iR e e
L= -1x¥ ,

J,(kr) = spherical Bessel function of order £.

£

and ng(e,ﬁ) = spherical harmonics of order (£m).

The electric and magnetic fields are given by

ol
el

He =l Ourd. A . (a7

land their parities by (_1)2 and (—l)£+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 |f) is

igiven by the gélden rule

_ 5 |
T o= 2 Fea §>l &, (1.8) |

where %%T denotes the number of possible final states per

junit energy interval.

In the long wavelength approximation,, kr(K l, which

corresponds to energy less than 10 MeV,

‘and the contribution of the spin part of the interaction

lenergy in eq. (1.2) is negligible. With this approximation




it can be shown that
<f |#' | 1> is proportional to <f| M (6¢) | i>,

where J (6¢) stands for the operators associated with

the electric or magnetic transition multipole moment. The i

transition multipole operators in such a case turn out to !

be identical with the operators of classical multipole

moments given by

‘IThe multipole moment operators are irreducible tensors of

M (EL) = Jprz Yo (8,4)dv (1.9) '
|

and
M(me) = .J ch - 1 L grad(rz ng)dv (1.30)
m'e 2+1 ‘

rank ¢, and their matrix elements for nuclear states of

angular momentum Ii and If can be exXpressed by using

the Wigner-Eckart theorem,

;<Ifmf ’J%(G'i) |Iimi>= (-1)If—mf(_;§ i ii) ;

<Ii “J‘{.(SZ) I|If> ; (d.01)

where the last factor is the reduced matrix element and

e £ Ii
) is the Wigner 3j symbol.

m m.
uf

! 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 |Iim;7 to another nuclear state
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|Ifmf> of parities G and Tp respectively by
emission (or absorption) of electromagnetic 22 pole radia-—

tion can, therefore, be written as

ST e 8 T !
Liots n e ¢ Ezii;ﬁ]g "R k2£+l|<1fmf|m(6£)F[imi>fl ;

(@32)

Summing over all possible photon directions and polarisa-

tions gives the total transition probability,

m - —_— 1 -
T(62; I,— If) g e z T(623 mi—‘;mf) (1.13)
i m;»Ma
or
8x(2+1) 1

2L+1 |
: il B(62L; I.~ I.),
L E2£+1)!3]2 B . i

(1.14) |

T(62; I,— If)

where B(6¢; I~ If) is the reduced transition probability

3 : L s A
for an electromagnetic 2 pole transition. For emission
. i
of radiation

2
BT = T ) = | Iem. | (62) ]Iimj>l (1.15) |
Hille

'Using the orthogonality relation of the Wigner 3j symbol,
|

this reduces to

| 2
e EOG T Tel = 2:[::_1 R ERCHN v (1.16)

The reduced transition probability for absorption l
|

B(62; Io— Ii) is related to the reduced transition proba-
bility for emission B(6¢; I,— If) by

211+1
B(6¢; I.— I;)

1l

Blgrse 1, —>i00) (1:37)

2If+l
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On writing eq. (1.1h) explicitly for EZ and ML radia-

tions,
Bl Ty Tedins Sx(£+1) 5 - % k24 B(Eg 1> 1)
e[(22+1)33]
(118)
and
T(ML; I.—> I.) = Sx(eel) _ L2041 peyps 1os1)
i T - a2 N i P
t[(22+1)!1]

(1.19)

Egs. (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:

[ SR . ) (1.20)

(—1)E for Ef radiation )

]
1l
A
'_l'
A
=
1l

(1.21)

1l

(-1 for wMe radiation 3

Ax = +1 means that the initial and final states have the|
same parity, while Ax = -1 signifies a change of parity.
It is obvious from egns. (1.18) and (1.19) that the proba-
bility of emission for the higher multipoles decreases
rapidly with increasing £, and hence, although in prin- |
ciple all multipoles satisfying the selection rules (1.20)
and (1.21) can occur simultanecously 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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Ml + E2. Since a multipole radiation with £ = O does not
exist, relation (1.20) implies that a radiative transition
between two states with angular momentum Ii = If = 0 is

absolutely forbidden,

lees Tp = 0 I, = C (forbidden) (L.22)

A O0—+0 transition may, however, proceed by internal
conversion and also by pair formation whenever the avail-

able energy is greater than 1.02 Mev.

s 5 The Single Particle Estimates(B’h)

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 R_,(r) which depends on the de-
tails of the potential, and (b) a spin-angular part
' 4(IM) independent of the potential. Thus, the electric

" multipole matrix element can be written as

(e's)
; L 2
<f' | M. (E¢) |1> =[ & Rp-P~'Ry P drf By, (8,8)8,dn,
o L
(1.23)
where d« refers to integration over all angles and
summation over spins. The E! transition rate for a

single proton can then be written as



~10-
L

2 R
D(BL T2, 1,) 2(Ltl)e 5 = k7 S(L,2,T,)
3K23+1)!!] 4
o0
¢ 2 |
So R, r  R; r” dr , (1.24)

where S(Ii, £ If) is a statistical factor arising from

the angular integration and is given by !
. 2
8(1;,6,Tp) = (2T, + 1) [C(I;1, & %% 0)] (1.25)

C 1is the Clebsch-Gordan Coefficient, and RO is the nuele?r
.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 constant
‘throughout the interior of the nucleus (r <_RO) and van-
ish outside (r ) R ). On the basis of this constant den-

'sity model of the nucleus, the radial integrals are given

by
(© 0]
¢
3R
S R.r'Rr r’ar = o (1. 26)
0 £+3

:The transition probability for an ¥Ef radiation can,

therefore, be finally expressed as

: ' 2241
Bt Lli(edd) (3 s

2

B! 2f
. e : — R BGEs L L)
4 e[(2£+1)11]% £43° 197 Hev Sl |
SO Heo (1.27)
. where Rj is in units of 10713 cms.
A similar treatment gives for M{ transitions,
M2 0 1.9(44) B fhe . )2£+1 202
b (20+1)11]% 437 197 MeV s
ST, ¢ 1.) = 107" see.™" (1.28)
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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 Weisskopf's, there is a slight difference in |

the case of magnetic transitions, the Moszkowski estimate

ibeing given by

10 B P L )2 g ks (Bl 2l
(Mosz) ~ ) My x|
¢ f(ees)it]= ea2 £+l 197 MeV
RCSF oslE, £ 1) 0107 see (1.29)

b

These expressions, though derived for a proton tran-

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

(b, = 2.79) ‘
|
|

iperimental transition rates without any distinection between|
P y

:neutron and proton transitions. However, for El radia-

!tions, the single particle estimates may be multiplied by &

(factor of ;/h in both the neutron and the proton case to

lallow for the orbital motion of the nuecleus 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

Iwhat one gets experimentally is the total transition pro-
bability for the multipole radiation. Hence, in order to ;
;compare the experimental transition p;obability with the
itheoretical 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

Multipolarity Tﬁp in see.”t
El 1.05 = 10-* 4% ETj
M1 3.09 x 107 E’
E2 0.74 x 108 Ahj} EY5
M2 0.22:x 108 A2/3 EY5
-

E3 0.35 % 10° A B,




]

internal conversion. Thus, the sctual radiative transition
’

probability is given by
T = Texp/ Tt .

In many cases, 2 given level decays by the emission ofi
several parallel multipole radiations. The experimental i
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.

Toly Comparison of Experimental Transition Probabilities

' _ with Single Particle Hstimates.

A general study of the experimental results on life- |
time measurements of El and M1l transitions reveals the |
ifollowing facts(6):

:(a) El transitions are all slower by a factor which is
%Widely spread between 1 and 1016. This hindrance factor|
lis in general larger in heavy nuclei than in light ones.
(b) M1 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
Ia noticeable trend towards the Weisskopf value as energy
iincreases.

| Although a discussion of higher multipole transitions
iis not relevant to the work presented in this thesis, it
émay 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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between 10 and 500.

In view of the fact that the Weisskopf estimates are
based on a very naive picture of the nucleus, the state-
ments made above are not surprising. Nevertheless, the
various refinements in the nuclear model(7"11) - shell
model with configuration mixing, Nilsson model envisaging
;ndividual 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

imposed on the intrinsic shell model structure of the

|

Nilsson type. For El transitions in heavy nuclei the
agreement 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

icorrelation, coriolis coupling and octupole vibration-

particle coupling. Such stipulations impose additional
and the enhancement or retardation of a particular tran-
rules are violated.

For low 2Z nuclei, the concept of isotopic spin (T)

as a good quantum number under conditions of charge inde-

pendence leads to the selection rules,

+

Mith a stronger rule for El1 transitions,

T = 0 —> T = 0 (forbidden),

in the rare earths, are due to the collective motion super—;

selection rules apart from those given by (1.20) and (1.21)4

|

sition is interpreted in terms of the degree to which these




e
and for self-conjugate nuclei (W = 2z),
AR i=T 0 (forbidden).

An additional single particle selection rule for M1 tran-
sitions 1is

£i = Zf
i Ill = nf

iThis implies that only spin flip M1 transitions of the

(allowed)

type 1 p3/2—% 1 p1/2 would be allowed. Nevertheless,

M1 transitions with O ¢ =2 and AI = 1 have been ob-

lserved and ascribed to configuration mixing. In odd 2
nuclei sueh £-forbidden transitions are found to be retard-

-ed(lg’ 13). In odd N nuclei, on the other hand, the £-

‘forbidden transitions are cbserved(lu) to be fast by a

factor of ~5. The reason for this enhancement is not |

known. The systematics of forbiddenness of El and M1l tran-—|
|

sitions in low Z nuclei has been reviewed by-Wilkinson(l5?.
The large retardations for the El transitions in dis-— i
|
torted nuclel 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 ]
Nilsson model. The K-selection rule of Alga(l6) governing
the transitions of multipolarity £ between states of

different rotational bands is

DK = Ki - Ko | & (allowed)

where K 1is the total angular momentum along the symmetry

axis of the nucleus. This rule is strictly obeyed when the
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intrinsic and rotational motions are completely independent.
If AKX » ¢, the transition is forbidden. The degree of
forbiddenness represented by v = ANK - £ determines the
extent to which the transitions are retarded. Examples of
K-forbiddenness have been observed in Tml69, 05190, Hf178
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, 1, - and Z , where N is the principal

| 3 L = 4 -1 B -
loscillator guantum number, n, 1is the oscilillator quantum
|

!number along the symmetry axis of the nucleus, /A is the
orbital angular momentum along this axis, and = 1is the
component of intrinsic spin along the symmetry axis.
Obviously, XK= A+Z= . N, m,, I\ and $ are called

the asymptotic quantum numbers. The selection rules governr
jing the change in these quantum numbers for El transition?

| f
‘are reproduced in Table 2 from reference (16).

Table 2
Multipole AK AN A% DS A= |
|
4 -+
— gl | =0 0 T 0 |
0 i ST 0 0 |

Belection rules for allowed changes in asymptotic

guantum numbers.

|
iThese rules seem to provide an adequate explanation for the
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hindrance of El transitions in many distorted odd A 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

AKX =% 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 AK = 0 transitions. There is|
no answer to this puzzling anomaly. Based on these lines
of approach, several papers(17é2o) devoted to the retarda-
tion of El transitions in deformed odd A nuclei have
:appeéred 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
et al.(go) have provided an explanation for the retardation

L2

|of the 67 keV EL transition in _ Lu and also of the 391|

il
" keV El transition in 7hﬁl80. The 391 keV El y-ray in

180

| W is asecribed to the transition XIx = 8, 8,-—> 0, 8, + |

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

| agreement with the prediction AKX = 7.3 ' of Rusinov's

| empirical formula for the K-forbiddenness of EL transitions

in even-even nuclei,

loglo -I-Ml'-lg e 2( AKX - f}) s (1-30)i

where |M|2 is the reduced matrix element. W18O is one
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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.

1oe5 The Object of the Present Experiment

A lifetime measurement of the 1720 keV El transition

in 82Pb206 following K—capture decay of 83B1206 is pre-—

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

| transition have already been published. The first measureﬁ

ment performed in 1959, by Brunner et al.(gl), gave 2

retardation of about 50 compared with the single particle

estimates, whereas in more recent work, Wu et al.(gz)

have}
reported a retardation of about 600. Both groups have ob—l
tained the lifetime by measuring the intensity of the mono-—
energetic K-positron associated with this transition. TheI
 reason for the observed discrepancy is not obvious, though‘
iit is certalnly 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 E
| transitions, and hence no alternative method of checking |
:the results is available.

| A new method for measuring the lifetime of E1

itransitions 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(ZB) to the 1L09 keV E1

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

is applied in the present work to the 1720 keV El tran-
06

sition of Pb°O°. 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 TITI

LIFETIME MEACSUREMENTS OF NUCLEAR EXCITED STATES

This chapter presents a brief resume of the existing
methods for measuring lifetimes of the nuclear excited

6

states in the range 10 ° - 10—16 seconds. G dsinot in=

tended to go into the details of the experiments, rather

only the principles and technigues 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.
(L4) M8ssbauer effect.

(5) Coulomb excitation method.

(6) Inelastic electron scattering method.

7 Monoenergetic positron emission method.

2l 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, T, of each other. T, 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 Xy and X, be two nuclear radiations emitted

2
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| against artificial delay gives the 'prompt resolution
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in cascade, and B be the excited state whose mean life,
C s 1s to be determined. In a typical coincidence ex-—
periment, counter 1 detects the parent radiation R
counter 2 detects the daughter radiation X2, and the
variation of coincidence rate is studied as a funciion 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 rate

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

-7
the experiment then provides the time distribution, e '/t

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

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

state B .

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

The delayed coincidence experiment can be done in two
different ways. In the integral delayed coincldence
method developed by Feather and Dunworth(zu), the parent
pulses Xl are stretched to a known duration T by pulse
shaping circuits, while the daughter pulses X, are kept
relatively short. The coincidence counting rate as a

function of T 1is given by

1 e_T/t

For any particular value of T, the measured coincidence

rate is the integral of the desired time distribution from




o

T=0 to T=T. The original form of the time distri-

bution, e & 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 P0216 (T4, = 0.16 sec.) to

12
P0212 (Tj_,;, = 3 x 10_7

I s

SEC. )

In the differential delayed coincidence method, both

| the pulses X; and x, are kept fixed in length, but X

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

| studied as a function of the time delay. For any valuse of

| Ty the coincidences recorded are those which occur in the

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

|
|
|
Tt ervaili s e =] +VCO. Hence the coincidence counting rat?
as a function of T is given by e_T/C which represents |
Just an ordinary radiosctive 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:
1y used if the resolving time of the ecircuit 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-




reason that in the early years of nuclesr sSpectiroscopy when
-5

ionisation chambsrs with response times ~~ 10 seconds were

the only detectors z2vailsble, the lifetime measurcement was

response time in the region of 10 - 10 seconds, it 1is

now possible to have & resolving time of this order and

measure lifetimes in thes nanosecond region, The theorsticzal
! Aok 2a) e ((26]) e : M
works of Bay and Newton on the interpretation of the

resul ts of the delaysd coincidence experimenis have led to

a method of measuring mean lives much shoriesr than the
smallest available resolving time, The method comnsists of a
comparison beitween the delayed resolution curve obtained
with the source under investigation and the prompt resolution
curve obtainec with a radiation of similar ensrgy whose life-
time is very short, As shown by Bay, the desired mean life
of the state is given by the displacemsnt of the centroidsof
the curves P(x) and P(x), the position of the centroids
being determined by a numerical integrstion procedure for

(27)

the two curves., Bell et al, have applied this idea to

the lifetime measurement of the 158 keV Y-transition in

ldsb 19 y
Hg 7 following B-—decay of Au 9. These authors used a

pair of lens B-spectrometers placed end to end, each being
provided with a scintiliastion detector. The source wss
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 Hglgg Y-ray and the second on the con-

tinuum of the nuclear B-rays from Aulgg. In order to obtain
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) e 199
the prompt resolution curve, P(x), the Au~ 7 source was

replaced by a Th B source and coincidences were observed
between the P-line of Th B and the B-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 transition
as measured from the centroid shift was (2.43 = il 2) e ZLO-9
seconds. The two curves intersect each other at the maxi-
mum of F(x), and for F(x) >y P(x), the former falls off
as e_T/t The half-life obtained from the slope of the
falling part of F(x) was (2.26 £ .12) «x 1077 sec.

By a slight variation of the above technique, Bell et
al.(27) evolved a self comparison method in which the
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 27T. Using this method the authors found the

| 94Pstime of the 412 keW y—tpansition im He-20

198

following
to e (1.0 £ 1.7) x 10 “L seconds. |

' B-decay of Au

In another variation of the delayed coincidence method
which is useful for non-radioactive isotopes, a pulsed
beam of particles is used to produce any particular excited
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
: e : =1

which gave time resolution of 7 x 10 - secconds,

a
(28 . , |
Goldring 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

_1P
|

seconds. The theoretical and technical aspects of the
pulsed beam production have been discussed by Mobley(zg),
and Fowler and Good(BO).

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 interL
vals, the multichamnel 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 O.l1l us
per channel. W.E. Bell and Hincks(27) were the first to |
use digital analysers to measure the mean life of positive
muons. For mean lives shorter than 0.1 us, the digital
device is replaced by time to amplitude converters. 1In
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 1is

analysed by a multichannel amplitude analyser. A detailed

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

in the manosecond region is given in an article by Bell(u).

a2 Recoil and Doppler Shift Method |

Iixcited nuclel produced in typical nuclear reactions

or disintegrations recoil with velocities of the order

8 9

10~ - 107 cms./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 nucleug

|
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-

1

tended to about 10 —° seconds.

The Direct distance method:

For a typical radiation mean life of, say, 10_'-Ll secsh

a recoiling nucleus will travel a distance of about 10_2
- 107> 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 nucleli 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 intensity
|

distribution curve thus obtained is then compared to the
theoretical intensity distribution curves drawn for various

assumed values of the mean life (T ) of the excited state.

The experimental and theoretical curves agree when the ‘

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

al.(Bl) and Thirion et
to measure half lives in the range 10—8 - 10_12

cpa . : . 16 1
seconds of several yY-transitions in the nueclei O , O !

method has been used by Devons et
| al.(32)

and F19. The technique has been further developed by

incorporating coincidence arrangements which have the ad-

vantage of selecting a well defined beam of recolil nuclei

(33)

in a definite direction. Severiens and Hanna have

applied this modification to measure the lifetimes of the

| Fimet ekeitadtn inten o and. Mt peopulsicd n

1¢

|

(d,p) reactions. The values observed are (8.5 £ oue)xlo

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 recoll 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 down
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time of the recoil nuclei in the stopping film, For obser-

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

energy of radiation is given by

E = Ej {l + % cos & 1221] 5 {25
where Eo = radiation energy for nuclei at rest,
v = initial velocity of recoil,
c = velocity of light,
A = lag %/c , T being the mean life of the
state, '
and a = R/V, R is the range of recoil nucleus in

the stopping meterial.

The energy shift,

QA
1+ah

v
DE = Ej /c cos & (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 © =0 and 6 = %,

The mean energy shift is then given by

v ai '
RENEE S BN ois = (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.

(34)

Using this method Devons et al, have obtained the limits

|
;lO-lgé'Zf < 10"-11 seconds for the mean life of the 6.13
16

Ul

?Mev level in O .
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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
DE = Eoﬂhcmse[l-emm—bdﬂ ], (2;h)

This permits a lifetime determination independent of ao .
Though Doppler shift of Y-rays has been observed as is
evident from the above experiments, it is much easier to i
detect the shift of the corresponding conversion electrons,
and for Y-energies in the X-ray region, of photoelectrons :
ejected from an external converter whose K-edge is fairly

(35)

close to the Y-energy. Elliot and Bell have measured
the Doppler shift of K-photoelectron 1lines ejected from a |
uranium radiator by the U479 keV Y=-ray of Li7 produced in i
the reaction Blo(n, a)LiT. The slowing down time of the .
recoiling L17 nuclel 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 ‘
5Figures 4(a) and U(Db), the observed widths fit on to the ;
;curve which corresponds to the correct mean life of the I
'excited state, The mean life of the L79 keV level obtained
by this method was (0.75 = 2B) X 10_13 seconds,

(36)

Burde and Cohen

!

have used the Doppler shift of the




b RHAAR QAWML Leel
™ o)

—_—

16y Fed TARZIT

RATE

RLLATIVE COUMTING

(6] BaC TARCET

Diagram showing Doppler
broadening of the 479 keV gamma
ray of Li’, (@) Comparison gamma ray. . ) LBH, TARGET
(b) (c) (d) Li? ga.mrﬁa rays from three
targets of progressively decreasing

PR

-3 - -3 T

1 =4 Gt T
densiey 4(B,)/B, percent

Fig. U(a)

LI B B LA PP L5 LRI | T T Tnrrrr | e g e [

¢

Lo
]

S
L

pCOLPUTED FULL DOPPLER WIDTH

g

(2
r

= e

RCEMT
PR e
2] L) ?

n
i)

r
~
s S s

i
T

EXPECTED LINE WIOTH , P
P l: r~

UOBSCAVED WIDTH FOR SHARP GAMMA MAY

{1d
[
T

1L

Lol O e W it sl P W B

aoz | 1.0 2 9]
SLOWING DOWN TIME, R4, , 107 SEC. UNITS

Fig.. bh(d)s



L-conversion line to estimate the mean 1life of the LO keV
excited state in Tl208 produced in the a-decay of Bizlz.
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 LO 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 (0) in this case is given by
5§ = § VT (2.5)

where 50 is the shift correSpénding to infinite separa-
tion ( ~ 2mm) between the source and the film. By plotting
log S against ?/v, the mean life of ths LO 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,

255 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
scattering by a nucleus of a Y=-ray of energy E and

wavelength A 1is given by

Sihe 2T T
A i N
6&(E) = Aaes e . (2.6)
A AT
ore Il g 2
A [ |
and  65(E) = gz - 211+1 P 5 oIS Bt |
@ (B-E,)" + § [

where, B, is the resonance energy, [ ana {#Y are the
natural and radiative widths respectively of the excited
state, and Il and Io 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, !
f% = . Thus, an experimental measurement of & 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

off conservation of energy and momentum that if a nucleus 0f|
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mass M emits a photon of energy E, it will recoil with

energy - 5 3 an equal amount of energy is lost when the
2Mec

photon is absorbed by a similar nucleus., Thus the energy

available for the excitation of the absorber is reduced by

E2

Mec

as a result of which the centres of the emission and

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 broads But the natural widths of the most;

3 ev) to!

common Y-lines, E2 and M1, are too small (~10
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 processesj
e.g2. Compton, Rayleigh and Thomson scattering, make the |
measurement still more difficuit. The thermal motion of thé
nuclei referred to above which tends to broaden the emis- i
sion and absorption lines has also an undesirable effect ofi
reducing the maximum scattering cross-section (GO) to !

56[%45 , where A is the Doppler broadening of the 1ine;

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

E ; 2KT\%
AN = (—ﬁ-) (2.8)

|
|
|
|
K 1is the Boltzman constant and T 1s the absolute tempera-

ﬁure 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 A >> I’ , Metzger
has shown that the effective cross-section for resonance

scattering has the pure Doppler form given by

3 E-E
6() = 2‘2_2-"-‘;- exp {-c—;)ZE (2.9)

When the absorbing and emitting nuclei are at different

1
temperatures T, and Te respectively, /A = (Z>a2+ ﬁzﬁ)E

may be substituted in the above expression to give,

A
z 2
=2 &
D oy o 2 2)3 SEPai) = 2 2
Aa + De Xa ilve |
(2.10) |
where Ee = energy corresponding to the peak of the

emigsion line, The above expression confirms the statementi
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
relative velocity of the emitter with respect to the
absorber, then the Doppler effect will increase the energy

E of the emitted Y-ray, by « Hence resonance will be

&
completely restored when u = u = E/Mc. For a Y-ray
energy of about 500 keV in a heavy nucleus, the velocity
needed to satisfy this condition is ~~ 1OLL cms./sec, which
is not difficult to achieve. Moon has applied this method
to determine the lifetime of the 41l keV transition in
Hg19 usiﬁg 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 |

?t2 r 2I1+1 Mc2 % M= )2
6 B B_ﬂ (21 +1)( 2) €Xp i 1 |
0 LTKTE LKT i
(2.a1)
The value of | obtained was 2.1 x 10“5 eV which corres-—

-11
ponds to a half life of (2.2 x «B) x 16 sec, In the

|
experimental arrangement employed by Moon, large scattering
angles («-1150) 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)
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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 .;?EL____ (Eéh = cross section
(6fh>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 L1l 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 r =1.3 x 10—5 eV Or 5.5 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 i 2) = 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 (B or Y tran-|
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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-1
of 10 3 seconds, this method cannot be applied for life-

15

times 3 o secs, with such a source. For a solid
source the method is only applicable to an E1 transition
provided it decays to the ground s tate. One of the rare
examples of such a transition is the 961 keV El Y-ray in |

e following electron capture decay of Eu152. Grodzig39)

1152

Sm

source was able to observe a measurable
|

resonance effect entirely due to preceding neutrino recoil,

using a solid Eu

The 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 Seels
and hence the recoil momentum from the preceding radiation
can be preserved for a longer time. Grodzin found that with

a liguid Eul52

source the scattering cross-section for the |
961 keV E1 Y~-ray in Sm.l52 was about L4 times larger than
that with a solid source. For ligquid 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(ER) A2 2L+l My
= B T on —— (2.12)

2

av N

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

E = ER’ and NT is the total number of gqu@nta in the in-

cident beam, Since the energy resolution of the detector

‘does not permit a direct measurement of N(ER), the ratio |
 N(E,)
T is usually obtained from the theoretical estimate

> (L40)

of the microspectrum, Palathingal has used this idea

'to measure the mean life of 56l1 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 e 16) x 10—11580.
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 rescnant absorber between the source
and the scatterer., If R(x) and R(o) Dbe the resonance
effect observed with and without the intervening absorbers,

respectively, then as Metzger has shown,

B(o) = R(x) _ MY T
OR(O)}c ST 60‘\/211}( ! (2.13)

where n 1is 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(ul)

state of Sn116 to be (.33 £ LOT ) Z 10_12 sec,

has measured the mean 1life of the 1,27 MeV

2.4 The MYssbauer Effect.

In 1958, while measuring the lifetime of the 129 keV
level in Irl9l, 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 guantum mechanical system in which the nuclei
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interact with the crystal lattice only by exchange of
vibrational quanta or phonons. M8ssbauer 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 zZero phonon transition in which case there

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

is no energy transfer to or from the lattice vibrations.

fout any energy loss, and at the same time they have the
natural width I . The fraction of transitions in which

EY—rays are emitted without loss of recoil energy is given
— 2w

by the Debye-Waller factor, 4 = € , where
-6/T
: 2R |1 ik xdx
. e -1
o)
where R = Molecular gas constant, © = Debye temperature
|
| K = Boltzman constant and T = temperature of the

lattice (°k) .
|
ﬁhe fraction is larger for low photon energies, low tempera-

|
tures and lattices with high vibrational freguencies,
selection of a suitable combination of source and crystal is,

|
therefore, of utmost importance in MOssbauer experiments,

The basic set up used by MYssbauer for the lifetime
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191
measurement of the 129 keV level in Ip 7 is shown in Fig.

8. The source used was Oslgl, which by B-decay goes to
Irlgl, and the absorber was natural crystalline iridium
(38.5% Irlgl), 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 Y-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%
Peidg.- AB = ﬁ/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 reguired for the observation of the!
resonance curve indicatesthat the lines exhibit their natun%l
‘width only. For a thin absorber, the intensity distribution
of the resonant radiation exhibits Lorentzian shape with
width 271, showing that the experiment consists in the !
movement of an emission line of width [ over an absorptioﬁ
line of the same width., The lifetime obtained for the 129 |

4.9 5 10

keV level of Ir was 1.0 x 10 ~~ sec.

l The example considered above is the simplest and ideal

|
lone, In actual experiments, there are several factors, e.g,

solid state effects, extranuclear fields etc., which tend to
‘broaden and change the shape of lines, and thereby limit the

irange 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 ( < 10715 sec.) of the order
of the inverse of Debye frequency tend to inhibit the ob-
servation of M8ssbauer effect. However, the techniques
used in the M8ssbauer experiments have been rapidly
developed and the M8ssbauer effect had been observed in
at least 15 nuclides by 1962. The applications of M8ss-
bauer effect and the problems involved in such experiments
have been discussed in great detail by FTauenfelder(hz)
(43)

and also in a review article by Mossbauer

2.5 Coulomb Execitation

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

Coulomb excitation. Such processes, however, require heavy|
16 0
s Aru etec., with high energy (100-200 MeV).

(Lh)

Stephens et al. , using a heavy ion accelerator, have
36 |

ions, eygy 0

succeeded in exciting rotational states up to 12+ in U2
|
and 10+ in Th2>2, I

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

(L5-49)

articles 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 differentia#

and total cross-sectionsfor Coulomb excitation correspondin
to the most important case of quadrupole electric tran-

'sition are given by

: 2

4.e af
ijf{—i = (-%v a e B(E2; 1= If) Ti'g_ (e, ¥,M)
(12.25)
and 4,e z -2
6gs = (=gz) TS B(E2; T>T.) £ (€M) (2.16)

\where ,

g
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212262
R = e o T Zl and m are the velocity,

atomic number and reduced mass of the incident particle,

z2 = 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 |
af’ :
| ot e " ; B2 |
excitation. The variation of the functions Y and sz!

L7}

with the parameters involved are given in a series of table
and graphs by Alder et al.(“5). 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; I—~ Ii) for de-excitation by

T
2Ii+l
. TR . —
B(E2; I~ 1) 5T T B(E2; I I.)
The transition probability or lifetime ( C = %) of the
state is given by expression (1.18), |
i
1
87
H(Ee; I~ I.) {eel) Bk e Tradad

: 2
¢[(2e+1)08
'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 Y-rays for thick targets using a
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scintillation spectrometer. The total yield may be deter-

(50))

mined directly by using 2= geometry (Heydenburg and Temmer

(51))

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

fairly large angles (h'235°) 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 Nal crystal with
the Y-energy, the experimentally observed yield is convert—i
ed into absolute yield., The determination of cross—section;
from the total yield is complicated since the cross—sectionI
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(Bo). The Y=ray yield thus obtained

is then corrected for the background arising partly from the

external sources, and partly from the characteristic X-rays,

bremsstrahlung etec. 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 conversioﬁ
écoefficient, 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.(h5). 1

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 B-ray
magnetic spectrometer, using a thin target to minimise the
self-absorption of electrons. The main background in the
conversion gpectrum 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
meximim signal to noise ratio. The cross-section for

Coulomb excitation is given by the total electron yield
Y(a) " =B P—(—lpn Tk (2.17) |

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

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

guantities are determined empirically as described by

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

|
|
transmission factor of the spectrometer. The latter two |
|
|

thus extracted, is limited to about — 10% which is mainly
due to the uncertainties in the knowledge of the trans-— i
. 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 0Os, 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 (& = 0), measurements|
are usually made at an angle of lll-5O 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 mm, 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 1s 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 i
determined, from which the value of B(E2) can be obtained, ‘
in 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 of
the excited state and hence a knowledge of total internal
iconversion coefficient is not reguired for the determination

(53) |

of B(E2)., Elbek et al. 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(su).
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—cection for nuclear excitation

by inelastic electron scattering calculated on the Born

approximation theory is given by

a6, 22
—Et iR s , § 4= B(ce,q) v (e)
a-n fie e[(2e+1)41]7 1%_12{“1 s

+ B(E«&,q)VT(G)} (2,18)

for electric 26 pole excitations, and

24 '
gg%ﬁ - () Elel) 9 p(ug,q) v (e) (2.19)

8L elzernyiyl - Kk, |

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

sent the momentum and energy transfer in the process of !

collision, B(E£,q) and B(M¢,q) are ﬁhe reduced nucleari
transition probabilities for excitation, B(C¢,q) is the

| Feduced transition probability resulting from the instan- i

taneous Coulomb interaction, VL and VT are the func- ‘

tions representing the contributions of the longitudinal

(Coulomb) and transverse interactions, respectively, and &
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is the angle of scattering, Since the instantaneous
Coulomb operator involves a € = 0 term, it is obvious that
unlike Coulomb excitation, EO transitions can also be
excited in the inelastic electron scattering. In the limit
as g —> 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 [?(C&,O) = B(E¢) ] and the inelastic
cross-section at & = 0 for electric and magnetic 26 pole
transitions are related to the radiative lifetime T of

|
|
the excited state by ‘
|

3 o &l 2e N E 2hyel dgc& (6 —0)
Bl 2¢ x 1 do !
a%h%k 21 +1 (2.20) |
2 ol a6
=3
11‘“ = @(Exp 2;[l+l ——-(%%(9-—}0) (2.21)

A measurement of the inelastic cross-section at for- |

ward angles (near & ~ 0) will thus give the radiative life-
time of the excited state directly through the above rela-

tions,

In practice, however, because of a large background |
due to radiative tail and bremsstrahlung at angles close i
to zero, the cross—section measurements are made at finiteI
angles (n»hoo). 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 ¢ may

be written as

& - ds aa Mot [L&(Q) # (% + tan” Q/Q)FT& (Q)]
(oLp2)
where F., and FT& can be regarded as 'form factors' due
to longitudinal and transverse parts of the interaction

a6 g6
da"Mott

for elastic scattering by a point charge (Zze). A

daé a6’
dil)obs/( )Mott

enables the form factors to be determined for !

respectively, (=—— is the differential cross-section

graphical plot of ( as a function of |

an® 9/2

the experimental value of aq which in turn gives the

value of B(eé,q) through the relation

24
47%g B( cé,q) (2.23)
2(( 2¢+1)1 j |

2
2
| Fro (qﬂ

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

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

| form factor can be expressed as
2 00 5 2
l Fiss (q)| - Ewcj f%(r) J (kr) r dr} (2.2L)
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 extragpolated 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

(55)

measurements have been discussed by Bishop . Using the

model suggested by Helm(56), Crannel et al. have measured |
the lifetime of some El, E2, E3 and M1 transitions in
Li6, 012, Mgzu, Ni6o, Ni58 and.Pb208. 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 Dbeen

(57) to obtain the

recently employed by Crannel and Griffy
nadiative widths of the first three excited states in 012.!
The method does not use any model for the transition chargg
distribution and applies only to the scattering angles

(HOO - 900 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). 1f F,(q) and F(q) denote the inelastic and

elastic form factors respectively, the latter being given

2
dé IR (o 2

then defining

= F{,;/@Cf”'2 [1 -F(q)]for ¢ £ 0 (2.26)

Re

| gives in the limit q—0,

2 ;
A plot of R& against q2 gives a straight line only for
small values of g and a correct choice of £ , The
2

intercept at @~ = 0 yields Aﬁ which can be used in the




' positron formation which, for a permanent vacancy in the

. and T is the mean life of the nuclear level to be

“ljg=

relation,

2T . +1
X

2
441 2 24+1 2
Fas = ois - = w <z ) E. A, (2.28)
+

f

to obtain the radiative width of the excited state.

2. Monoenergetic Positron Emission

Monoenergetic positron emission is a mode of nuclear ;
decgy which occurs in competition with internal pair for- i
mation. When a K-capture nucleus decays with the for- i
mation of an electron-positron pair, the electron may be ‘
captured by a vacancy in the K-shell, and only the positro%
emitted. The positrons produced in such a process are

monoenergetic having energy, '

m

B = E, - 2m002 + By (2.29)

where EY is the nuclear excitation energy, EK is the
binding energy of a K-electron, and 2m002 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 i

NE /N, = o, P (—rL

o o+ FE 'C+'CK) (2.30)

where a5+ 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,_(K‘ is the mean life of the atomic K-vacancj
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measured. K/Y:+TfK is obviously the probsbility of ;
nuclear transition taking place before the K-vacancy dis-
appears. ‘

The values of aK+ for El, M1 and E2 transitions

e |
have been calculated by Sliv(58) and more recently for E1 |

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

two calculations do not agree. According to the latter,

K

Qi A (2&333 X 2. % ILO_3
e

Lirk=2
X = (2:51)

where o 1s the fine structure constant and k is the :

; : : ] 2 . '
nuclear excitation energy in units of moc . Since PK and
T:K

monoenergetic positron intensity relative to the Y-photons

can be calculated, an experimental measurement of the |

yields by expression (2,30) the lifetime (T ) of the ex-—
cited state., In practice, when the internal K-conversion

coefficient (aK) is known, instead of N,., the number

“ 6
of K-conversion electrons (NKﬁ) from the same transition
€
is measured., N is then given by, N. = N /aK. As of
“ YTT iT e+

is largest for El transitions and so is K/T:+—CK’ it Aas
; clear that these transitions are the most suitable to be
| investigated by observations on the monoenergetic positrons,
But, because EKAEY- 2m002) 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 of

(21,22,60-63)

workers have observed K-positrons associated

with some El transitions in the K-capture decay isotopes of

152 . 205

Eu o B and_B1206. Applying the method outlined above,




' complementary to this method. The recoil and Doppler shift

| to those states which decay directly to the ground state.

| Excitation by charged particles provides a means of in-

| mostly used with the low-lying E2 states in a limited class

=51 =

Brunner et al.(zl) have obtained for the lifetime of the

1700 ke Bt ranst Sion SnyBU00 ses retaran tinnwob) 50, coms

pared with the value predicted by single particle estimate%.
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 dK e and, as already pointed out, the calculations OJ
this qgantity by Sliv, and Lombard and Rys, differ con- |
siderably. Besides, the high background due to the p' |
continuum tends to obscure the faint monoenergetic positroﬁ
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 i
method for measuring lifetimes of the nuclear excited
states io thelvense o O SupT Ll R methods
have only limited applicability and may be regarded as

methods are capable of measuring lifetimes down to 10_13

seconds. The nuclear resonance methods are applicable only

vestigating nuclear levels in non-radioactive isotopes,

but as mentioned earlier, Coulomb excitation has been
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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_15 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 El1 tran-
sitions which are of the order of 10_16 secs. The only
Bl 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 Bl 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 TIIT

AUGER EFFECT AND X-RAY SATELLITES

Fsd Some Definitions:-—

When a vacancy has been created in an inner electron
shell of an atom, the atom may reorganise itself in one of
two ways. The vacancy may be filled within J.O_:u'L - 10_17
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 i
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
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, i,e.
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Number of i- mi
e = umpber of i-X rays emitted ()

Number of primary i-vacancies

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, |

e Number of i-Auger electrons emitted (322)

Number of primary i-vacancies

Obviously for the K-shell,

Bl = (1 - mi) ({#e9)

The gsituation is more complicated in the case of
higher atomic shells, In the L shell, for instance, thefe

are three subshells Ll’ L2, L and though one may define

3

fluorescence yields ml, m2 and w3 for the three subshells
|

but in practice what is measured is the average fluores-

cence yield W e Since wq w2, w3 are not in general

equal, . depends on the ratio of the primary vacancies |

L
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 C8ster-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 fillea 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, C8ster-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 Cbster-Kronig yield for the L shell, the

following relationships between them are obvious:

ws + 33 = 1
W, + 8y + 55 = 1 (3.4)
and !
w. + a, + £ + P = 1 _

1 ik 12 135

: |
Another gquantity 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 !

. 0 R A
PR SRR S S e
K)i ‘
where E’(i) = total width, ;
IER = radiative width,
o 8 | \
i = Auger width, !
and IEK = CBster-Kronig width, all '
peferring to the i-th level.
From the definitions of w5y 8y and fiK’ we have
R
_ 1
e P G
T
EA
= - .6
T
[ix
and L e = e
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a2 Classification, Energy and Intensity of Auger

Electrons

A detailed treatment of the Auger process has been

(en)

given by Burhop 1952). More recent developments have

been summarised in review articles by Bergstrdm and

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

Balak 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 labellea
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- l
serie@ 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
( <20), intermediate Z (20 <Z SU4O) and high 2Z ( SHLO)

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

instance, according to these coupling schemes will be as

follows: -

i

(a) L-S Coupling:- Six lines: 1s (s°p6), P BP(sl p5)
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= § 3 1 2 ORN ]
and ~8, D, %p (s"p ).

(b) Intermediate Coupling:- nine lines: K-L 154 ( g ),

= 3
K-L,L, (P), K-L,L, (“P)s K-L,L, ( 2 )

—LL (P)’ KLL ( S)’ K-LLB(lDz)s

K_L3L3( Po) and K-L L ( P, Yo

(e) J-J Coupling:- Six lines: K-LL, (Sac;L P%A’Pil,

1
K-L.L, (8%, Py, o), x-L.1, (s} »% 03),

12
i
.\3)

2 o U s
K—L2L2 (Sa;'-‘.’ Py, nggs K—L2L3 (S;/.L Py, D3,) and

|
200 2

KL,z (8%, D% p3). ‘
|
Out of the nine lines in the intermediate coupling, three, |
namely m%fgt%g’ &LL (P) and K&L (P) |
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,

Sl e The energy of Auger electrons:- i

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

(67)

of Asaad and Burhop 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 < 85, have been re-

ported by Hornfeldt(65).

For heavier elements, the Auger electron energies are|

given by
B(V, - Xin) = E(VO) - E(Xi) - E[Yj(x.l)] (3.7)

where Vo denotes the shell with the initial vacancy, Xi

and Yj are the shells in which vacancies are produced by!

Auger transition, E(VO), E(Xi) refer to the binding
energies of the electrons in these shells, and El?j{xi)]
refers to the binding energy of Yj electron when an
electron is missing in the Xi shell, The guantity

E [Yj (Xi)] is slightly higher than E(Yj), the binding
energy of the Yj electron in the neutral atom. A con-
venient empirical method of finding E[ﬁj(xi)] has been
suggested by Bergstrdm and.Hill(65). According to these
authors, wher an atom is ionised in the Xi shell, E(Yj)

increases as though it were due to some increase AZ in

the atomic number Z of the atom. Hence,

G X,Y4) = E (0 ) =5, (x SRS o () (3.8)

The value of AZ lies between 0.7 and 1.3, and in most
cases can be taken to be unity.

Measurements of I. 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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e The intensity of Auger electrons:-

In order to calculate the Auger transition probability
in the non-relativistic 1limit, 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

152 L &

1
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.

T wi(rl) and ﬁi(rz) be the Schroedinger wave
functions describing the two electrons in the initial state,

and wf(rl) and ﬁf(rz) be their Schr¥dinger wave func-

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

bility will be given by
2 2
# A e
[ [vezBLry)

S ¢i(rl)ﬁi(r2)dr1dr2 dt

L

175
2,4

(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 ry~Tpys the difference in the electron

coordinates should be small. The latter condition is

| naturally satisfied if r, and r, refer to the neighbouring

2
| shells.

Since the electrons are indistinguishable, the Pauli's

| exclusion principle is taken into account by replacing the |

product of the wavefunctions in the above expression by
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antisymmetric combination of the single electron wave-

functions.

thus, ¥,(r;)8,(r,) becomes L {y,(r))Ai(x,) - ¥y(r DA (r))]

and similarly for y.(r;)é. (r2) (3.10)
2
SRS I DERIES el ALHIACH
2
e

2
U PR NEATACLN

(3.31) |

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 valuesf
shows that the non-relativistic theory does not give good
agreement even for low values of Z. Relativistic calcula-

(68)

carried out by Asaad where sCreening has been taken

tions for % = 80 in the J-J coupling limit have been ‘
i
into account through the use of the non-relativistic self—i

consistent Hartree field. A similar calculation for Z = 6?,

' 81 and 92 has been done by Listengarten(Gg’To)

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-IX 4

K-LL
%;%% with Z. ZExperiments on L-Auger lines are still rare
due to the experimental difficulties pointed out in section
5.2.2. Recently some measurements have been reported by
(71) (72)

Tolburen and Albridge , and Haynes et al, using a

nJ2 iron-free spectrome ter with a resolution of 0.18%,

e 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) thé
relative probability of electron capture and positron i

|
emission for the same energy states, (b) K to L capture i
ratio and hence Q-values in the capture process, and
(¢) K-conversion coefficients. Quite a lot of work - Dboth

theoretical and experimental - has been done in this field

during the last two decades. Burhop(6u), Broyles et alQT?}
Laberigue-Frolov and Randyanyi(Tu), Wapstra, Njigh and Van

(75) (76)

Lie Shout A Listengarten(66) and Fink et al. have

given comprehensive reviews of fluorescence yield measure-

ments.,

Non-relativistic calculations of the K-shell fluores-

(77)

cence yield of the atom has been done by Burhop , and

(78)

Pincherle 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 ZLL while the Auger Effect depends

very weakly on Z.

Hence,
Bx Zh ( )
= et = Sl i
mk ﬁK a+bz

where a and b are constants.

Various authors have suggested modifications to this for-
mula, the following semi-empirical relation being due to
Burhop,

/4
e

l—mBi

- - A+ BZ + CZ> (3.13)

The terms on the right represent the screening effect, the

Zu dependence of the dipole transitions and the relativist?c

effects respectively. The constants A, B eand 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 L Z £57, the differences are considerable for

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

course, subject to large errors due to experimental diffi-

culties,
Relativistic calculations for w. have been done by
68 6
Massey and Burhop(79), Asaad‘ ) and Listengarten( 9),

Their results indicate that, for large Z, the introduction
of relativistic wavefunctions tends to lower the value of

e by a significant amount.
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Most of the K-shell fluorescence yield measurements
have been done by electron intensity measurements using

(76)

precision beta-spectrometers. Some measurements have
been made using scintillation and proportional counters
with variable solid angle. Hagendoorn and Wapstra(ao)

have used a coincidence method to determine e for nuclel
decaying by electron capture, using a proportional counter
in coincidence with a scintillation spectrometer. Recent-

ly, Taylor and Merritt(76)

have reported some precise
measurements of Wy for some nuclel 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 relisble 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 lates£
more accurate experimental methods give results which
agree best with the theoretical curve of eguation (3.13).
The problem of L-shell fluorescence yield measure-

ment is complicated. Often, therefore, only the mean

fluorescence yield EL has been measured. Measurements |
1

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 lonisation. In cases where CU8ster-Kronig transitions

take place, the situation can be pictured in two possible

(66)

ways. The view taken by Listengarten is to regard the

measured aL as a linear combination of the subshell !

yields (wl, W,y W ) with an altered primary vacancy dis-

5
tribution due to the CBster-Kronig effect. Wapstra, Njigh|

|
and Van Lie Shout(75)’ on the other hand, take EL as a i
linear combination of the primary vacancy distribution and!
redefine the subshell fluorescence yields to take account |
of the C8ster-Kronig transitions. Both views are, however;
equivalent, though the latter is more convenient from the i
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 ;
(76)

given by Fink et al. The measured values along with

some of the available calculated values of EL are shown
in Fig. 11, reproduced from = reference(66). Very few
authors have measured the separate L subshell yields.

(81)

Ross, Cochran, Hughes and Feather have discussed the

method of finding the L-subshell yields in great detail,
(83)

Rao and Graseman(az), and Salguero et al. have carried

out some isolated measurements of Wy e 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(YS) and Asaad(au)

but their results do not agree well with experiment. No |

L

relativistic calculations have been reported so far. ;
Listengarten(66) has produced some semi-empirical curves :
for the fluorescence and Clster-Kronig yields of the L
shells which are shown in Fig. 12. The curve fer wB 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 f13°

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 avy
= e (301‘]4-)

frequency of the undamped oscillator, and

h

where VO
' - full width at half maximum intensity. l

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

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

r av
I(V)ay = = (%.15)
(v, W (D)7 i
0

and = full width at half

where vif = B .
maximum ol the radiated line, and it is the sum of the

widths ri and rf of the initial and final levels,

i.€e lar= ri + r% (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 gquantum 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 mus

be uncertain by an amount AE, so that

e

OB, Dt ~ ;) . .

1947 'Ci is the mean life of the level "i", the above rela-
tion is equivalent to

e e (3.17)

where ri = energy width of the level,

This relation is often used to find out the mean 1life of a
level whose width is known experimentally. Since, Ta_ is

the reciprocal of the total transition probability (pi);pen unit
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time of the state, equation (3.17) can also be written as

Fe = & b, i (3.18)

1

As the radiative processes alone do not account for
the observed width of the lines, the total transition pro-
bability D, in equation (3.18) has to be taken as the
sum of the transition probabilities for various processes,
namely radiative, Auger and Cbster-Kronig transitions.

This gives

= e s e (3.5)

L 1

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
Tewel is due to Bichtmyer, Barnes and Bonbers )y opiy—
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 p(V ) and freguency () ) of the absorbed

radiation is given by

o '\JEOA-\)
pey ) = C{%—Earc tan ( —--f_—/z—)} (3.19)I

where'VE A is the frequency at the centre of the absorp-|
4

e tion band,

C is the asymptotic value of u(V ) for high

frequencies,
and T  is the desired level width. |

i
Pig. 13 is a theoretical plot of the above equation. |



—67(3)_

L]
-
Pl v s i e
L)
[ ]
-
....... .l.VI
L
0
[ }
(o]
S
[}
! L]
..
1 =
[}
! S
L]
! S 1%
&= 3
S
n
-0
s 6
| Im..
— :
! %
[}
(]
[]
]
)
[ ]
_ i
el |

[y puar3iffo03 me\uowm‘v\

Plot of 'Egq. 3.19 (Ref. 85).

Pig. 13.



. elements have been mostly studied

—GB=

The horizontal separation of the two points B and D, where
the curve reaches % and ﬁ , 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- i

meter crystal, gives the true line shape which is very

nearly the 'matural line shape" of the spectral line. The

A

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

(85-93) using a double !
|

crystal spectrometer, Some of the significant regularitieg
observed by Richtmyer et al.(BS) 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 £ 1ncreases,

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

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

Some workers G4-95) 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. Lindstr&m‘gs) (1951), while studying the
B-spectrum of ThB with a semi-circular B-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 €V) for all the observed
K-conversion lines in the spectrum, Slatis(96), who in-
vestigated the problem using a 1800 magnetic spectrometer,
also arrived at similar conclusions. According to a note

(96)

in a report by Slatis and Lindstrom '

, 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 Siegbahn's 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 1ines.:
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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(97)

internal conversion, Latyshev et al. 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 Zbr 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 pB-spectrometer have found the
difference between the K and L atomic level widths to be

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

49 L 5 ev for Bi (K-L) and 54 = 4 eV for Hg(K - L

al,(99) have studied the conversion electron lines in
SmoT with the Chalk River ®v2 pB-spectrometer and from a
detailed analysis of the shapes of the conversion lines
measured the natural widths of K, MI MII 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-

(66=70) (100)

garten . The observed widths seem to

and Callan

be well accounted for by considering the radiative and Auger



—71-

processes provided relativistic effects are taken into

account for the high 2Z elements,

3.5 X=ray 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 Ko.u while investigating the

X-ray spectrum of the elements Na(1l) - Zn(30). Since

then, intense experimental and theoretical work has been i
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 Cbster|
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

(101)

Hirsh and others. In a review article , Hirsh has

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

satellites up to 1942, Further work has been reported by

(102) (103)

Edamato , Deslattes 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

.(104)

has been compiled by Cauchois and Hulubeil « 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
unders tand them in the light of the currently accepted

theories 1is presented below,

SeDad 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 KaB,auj
satellite was observed by Parratt (1936) only in the narrow;
atomic number range S(16) - V(23), Kags0 in the range |
Mg(12) - c1(17), and so on. Fig. 1l shows how the inten-
group of satellites relstive to the |

S |

parent line Kal decreases as the atomic number increases.

Of the L-series satellites, those that have been

sity of the Xa

widely studied on account of their large intensity at cer-
tain atomic number ranges are the satellites of the parent
Lo, Le, and LB, lines, The quantitative data on

satellite intensities by various workers all show that

while the TLa and LB, satellites have a maximum intensity
|
at Rh(L5) and Ag(L7) 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-
1y the LBl satellites have been observed only in the range

|
Zn(30) - zr(Lo) with a maximum at Sr(38) above which the ‘
|



-72(a)-

[
[}
I
!
!
[

R0
]
I
2.0
<
S
S
x L0
N
éi] 05
“af o
%I
gl
CHes
4
5 ol
s )
W oas
2 L
S~
0.0zl
L O B PR Fo W v e N R R O (S
L N2 T 24 Te 38300 32 34 . 36 28 40
ATOMIC NUMBER
Fig. 1lh. Intensity Variation of Ko satellites (Ref.l(-,.4(a))
4.0-
RELATIVE INTENSITIES
OF
2 S0 L SATELLITES
% 30"
:_1'_1
8
L= 1
= o4
=
G20
L
[ -
==
o X
lof &
Olge Ag q’; - e —— : —
——— ==

S —5 4 45 4 47 48 49 50 5 52 53 54 55 56
- ATOMIC NUMBER

Fig. 15 (taken from Ref. 104(b) )



~72(v)-

nergy

2

Rela.‘tive B

(5

=

—*‘E; G—O0—L—0—

So

=, 5 )

= R R R R e R R )
Atomic Number

{
Fig. 16. Intensity Variation of LB, Satellites (Ref.lcﬁ(b))

2o -

8 8
T T

Felotive In fen.waz (Pereent)
A
o
T

e
@ PT) P +4 44 +4 Ef] a2 i
Atormic Number

Fig. 17. Intensity Variation of LB2 Satellites (Ref. 104(c) )



-7 5=

intensity decreases so rapidly that the satellites become
too faint to be observed at Mo(L42), Figures 15, 16 and 17
show the intensity variation of La, LB, and LB, satellites
respectively obtained by Parratt, Pearshall and Hirsh,
From I(53) to HFf(72) almost all the Lo and LB, satellites
disappear, but they reappear again with considersble 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- andf

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.

(¢) 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

Ka3, ay, satellites of V(23) at a tube voltage of




' atoms that have been doubly or multiply ionised in their

=7li=

6.45 iz 0.1 KV and not at 5.45 KV for which the parent
lines mal,z are excited in this element. In the L-series
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(L7) was observed by

Burnbank in 1939. The energy separation of the satellitesi
in this group corresponded to those of the L—series, but !
the excitation potential was found to be that necessary tol

cause a K-shell ionisation., These satellites were later !

assigned to the L—-series.

(e) Richtmyer showed that the square root of the frequencf
separation of a satellite line from its parent line is 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

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

transition KL - IM, the one electron transition being the
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same as that in the KB line (K— M). The Ka3, o),
satellites have been assigned to the transition KL—LQ.
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 Kiéelectron and
simul taneously 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 2 1in a state of double ionisa-
tion KL is given by

B (Z) = E(2) + B (2+1) (3.20)

and similarly,

ELM(Z)

Therefore, the energy difference between the satellites

Il

EL(Z) + EM(Z+1) (5.20)

(KL - IM) and the parent line (X - M) becomes

Bs ={mg(m) - B0} -{5(2) - B}

=4{EL(Z+1) = EL(Z)}‘ -‘{EM(Z+1) = EM(Z)} (5.22)

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

the satellites will appear on the higher frequency side of




| of the Wentzel-Druyvestyn theory. No theoretical calcula-

_76_

the parent line, Taking the fine structure of the initial
and final states into account, the KB satellites will, in
fact, be composed of a number of lines. A similar explana-
tion can be given for the other satellites of the X-and L—:
series., The energy separation of the satellites from their
parent lines calculated from relations similar to (3.22)
agree wery 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

(101) |

for 11 £ 2 €42 have been done by Wolfe , Kennard

and Ramberg(IOI), Candlin(105) and Horak(106), all of
which, with slight variations, are based on Slater's theor
of complex spectra in which the multiplicity of spectro- I
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

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

Z 7 L2 where the relativistic and spin-orbit contributioné

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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» )1+ (5.25)0 |
(Z— T
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 noq = the number |

of electrons in the L shell whose partial and total screenr

ing constants are o, and Y, respectively. |

L
Assuming that the transition probability for a given

transitiop 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

rarent line i1s
A0
= = — 2L (3.2L)

P £ (2-b.5)° |

H

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 observed

variation of intensity over a wide atomic number range.
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108
Recently, Sachenko and Demskhin(lo?)’ and Aberg( )

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-
Iment for small Z up to Z = 24. The discrepancy for largei
Z 1is attributed to the non-availability of accurate data
on the Auger widths for 2Z ) 2L,

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 = L?II’
the line width may, approximately, be taken as the sum of
the width of the K level and 3 times the width of the L ;
|level. The width of the parent line of the above satellites
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 CYster-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

1

ol

I1
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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 applicaebility and will not be
discussed here, The reason for the anomalies in the L- and
M-series satellites was given by CYster 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 Cbster-Kronig tran-

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

tion LIII MIV,V , which gives rise to the ga and LBZ
satellites in the transitions LIII MIV,V - MIV,V’ and
L M - M respectively, 1s produced from an

N
TEE BV IV,V 'V
initial vacancy LI by the Cbster-Kronig transition

LI-—- LIII MIV,V' Similarly the initial state LII MIV,V !

; . 2
in the LB, satellite (I,II MIV’V MIV,V) results from the

|
transition LI—— LII MIV,V' The single vacancy may be proT
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 essenti#L
condition, however, for a radiationless transition of the |

type L. — LY MO to be energetically possible is

X
ELX(Z) —ELY(z) > EMQ(Z+1) .

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

= (z+1) ,
ELI(Z) ELIII(Z) % EMIV,V |
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Fig., 20. Illustrating the Range of Atomic Numbers
over which Various C8ster-Kronig
Transitions can occur (Ref. 6L).
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and hence it is possible for an atom in an initial state

L. to undergo a transition —_— - withi
I g LI LIII MIV,V But within
the range Z = 0=-72; bec -
g ? 2% ecause ELI (z) ELIII(Z) <
E (z+1), this transition is no longer possible.
Mrv,v

This explains why the Lo and L62 satellites are observed
outside the range Z = 5 - 72 but not inside. A similar
argument accounts for the disappearance of the LBI satel-
lites in elements with Z ) 4O. 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(L45) - Ag(L7) at which the La and LB,
satellites are observed to have their maximum intensity.
Similarly the Auger transition rate for LI—— LII MIV,V is |
greatest near Sr(38) at which the observed Lp, 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
shell, the number of atoms with double

ITT }

i i i M is comparable to the number of atoms
ilonisation LIII IV,V i8] |

in the L

with single ionisation LIII' This explains the large

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

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

i
18+ aﬂd.IBh) are observed to be much weaker in comparison
with LII or LIII emission lines, This again is a conse-
guence 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.I.III
levels, the LI emission lines are broader than the lines
arising from LII or LIII levels., Also because almost all
the I-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 initiai
| LI vacancy. This again is in agreement with the experi-
rmental observations.

The Burbank satellites observed in the L-series of
Ag(L7) have been shown to be due to the transition
IL — IM where the initial state of double ionisation LL

arises from the Auger transition K— ILL. This explains why
: |

this satellite group was observed to be excited ohly 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 IL- series of X-rays
is reasonably accounted for by the Wentzel-Druyvestyn
theory of multiple ionisation and by the C8ster—Kronig

theory of radiationless transitions.

3.5.4 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

1
electron impact is very small, Recently, however, Oertzeg

| has observed some K-satellitesof intensity rv'lo_}"L per K-

7l

capture in Ge =, These satellites have been ascribed to
the transition KK — KL. The initial state of double
ionisation, KK is explained as arising from X 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

110
Porter( )‘

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 next chapter and applied

09)
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to estimate the lifetime of the 1720 keV El1l Y-transition

in the K capture isotope Pb206u This, indeed, is the

objective of the present experiment.
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CHAPTER IV

THE PRESENT EXPERIMENT

Al Introduction to the Experiment

It is well known that when an atomic nucleus captures
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

16

are of the order of 10 seconds which is comparable to

the lifetime of the nuclear El transition of ~ 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 thecreated 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 E1

thanit e on i 51208 AL NiGet ey Bl trankition in smo° |

has been discussed.

In the present experiment, an entirely different

cffect of the nuclear El transition on the atomic
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transition following electron capture in the high 2 ele-
ments has been contemplated - the emission of X X-ray
satellites. By observations on these X X=ray satellites
it is possible to estimate the lifetime of El transitions
in medium to heavy Z elements. Bokosah(QB) 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

assoclated with the 1720 keV El y-transition of Pb206

following the electron capture decay of 31206 has been

examined more exhaustively and an experimental determina-
tion of the lifetime of this nuclear transition has been

undertaken.

51206 decays by electron capture (mainly K and L

206

capture) to Pb 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 i
11720 keV El y-ray is emitted. The conversion of this y-

|

‘ray in the K-shell leaves the atom singly ilonised in the

i

|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

lin the K-shell in ... presence of the K capture vacancy.

i
iWhen this happens, the atom will be left doubly ionised !
in the XK-shell (i.e. with a KK vacancy) giving rise to i

|
|
|the K X-ray satellites in the transition KK — KL which
according to the Wentzel-Druyvestyn hypothesis are higher |

|
|

lin energy than the normal K X-rays. & further transitionﬁ
|
i
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KL - LM, 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 X 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, KX,
KL, or KM can be produced with subsequent emission of K
IX—ray satellites have been examined in section (L.2) and
an. expression for the relative intensity of the K X-ray
satellites has been derived. The expression involves the
Ilifetime 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
IE1 v-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 satelliﬁe
iK X-rays resulting from the internal conversion of the
€1720 keV El y-ray could be selected for study by observing

206 '

icoincidences between the K X-rays of Pb and the inter-
|

‘nal conversion electrons of this y-ray. On the other hand,
|

206

:coincidence between the K X-rays of Pb and the internal

lconversion electrons of any suitable E2 or Ml transition |

‘in Pb206 spectrum would select only the normal K X-rays.
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E2 or M1 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 pp206

spectrum (see Fig 34, Chapter V), the 184
keV M1l 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-
lray 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.

'L.2  Theoretical Bxpression for the Relative Intensity of

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.

|
i 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) XKL and (c) K. 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
be obtained as follows.

Let E}, Fil etec. be the probability of formation
(by K electron capture, L; electron capture, ete.) 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

9]

mission of the El y-ray, Oy the internal conversion

coefficient of the 4y—ray in the X shell, Gr the internal

[

ol
n

::JJ

D

=

|-
-

5

o

conversion coefficieni of the y—-ray in th
wK the fluorescence yield of a vacancy in the K shell.

I+ is assumed that the fluorescence yield is the same
whether or not there are additionzl vacancies in the atom.
Let ~ Dbe the decay constant of the nuclezr excited state

and K, L. etc. be the corresponding decay consiantis for

i
the vacancies in the K, LI etc. shells.

b.2.1 Satellite K X-rays arising from the KK vacancy:

The probability of the El y-ray being emitted in
|time t sees. = (1 - e-Tt).
:The probability of the K capture vacancy diszppearing in
eﬂKt at

'the interval t to t +dt = K

bk The probsbility of the El y-ray being emitied before

'the K capture vacancy disappears

0

(1 - e-Yt)K.e_Kt at
)



i Te'o)
= 1 —Kt 1 _—(K+r)t
K J 5 K+yY -
— —_— l—;—{-—-
K+
S 1 (1)

Y

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
a
= F D TK(T{%;) ’
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 wvacancy

Q.
E ot
= Feo oy () x % (a2

Lh.2.2 gatellite K X-rays arising from KI, 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 Yy-being emitted before
_x_)’

| the L vacancy formed by L capture disappears is (L+Y
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and the probability of the K vacancy being filled by a

radiative transition before the L vacancy disappears 1is
K et e

(Eii) X wK, the probability of emission of K X-ray

satellites by KL vacancy formation in the above-mentioned

manner

= B p % ()R xw

L L4y  ‘K+L K S

Considering the various L sub-sbells separately, the pro-

bability of emission of K X-ray satellites is,

F

- (#?)(Eﬁ?) x Wy (L4.3)

I

+ 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 g
|KI. 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

| &= toliby + db and forming a vacancy in the L shell i

| il il 1.
| =hL

iwhere B is the probability of a K vacancy giving rise
|

ito a vacancy in the L shell either by radiative or Auger

process.

Probability of L vacancy lasting from time 1©5 to T + at

—L(tl—t)

= e at -
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and the probability of the y-ray being emitted in period

t

t
= ( Fer 1 et e e e ey

Multiplying these and integrating gives the probability

of a KL vacancy occurring

00 0

i — s — Py =5 — .

i 5 ger -l fe Lt tl)(e b Ybl)dtldt
o

-IL;]-
2 Kt Lty —Lt=yt . TratitaTri
= NSt é e
Rty e T at. at

Il

(o} t

1

" (00)
Kh1+Lt1 Ytl T _
— e oo i at
i 1
5

Sel RUEnE e
- KLB 5 — e

il

ee) —Kt;+Ltq [ i -(L+Y)£} oo )
= KLB & _(L+T) e l-rlf

s Ty
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Kt +Lt;-vt; | X 1 las
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and since the probability of the K vacancy being filled

before the L vacancy disappears (by radiative transition)

the probability of emission of KL satellites in this way

=Fpa. wa

(K+Y)(L+Y)(K+L)

Teking the L subshells separately gives probability for

'KL satellites |
"Lp |

= g (K+Y)(LY+Y)(K

) Ap, x W (b4.l)
I

‘probability of K satellites
e

B (K+Y)(LII+Y)(K§iII) i i A

(probability of KI satellites |
|
’ Y
= F.p a, (m=)( Y(z=—) A oz (1.6)
K 8 A I II+Y K+LIII LIII e

|

| |
:
I1? ALIII |

| these are the probabilities of a K vacancy being shifted

where f has been replaced by ALI, AL , and

subshells respectively, either by

Le L

12450l i B LIII
‘radiative or Auger process.

i(c) After the emission of a satellite K X-ray arising i

ifrom a double K vacancy, or by an Auger process from the game
|

|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 I vacancy disappears.

The probability of KL satellites by this process

= Wb (K+Y)(K+ ) Ay Bt g (14.7)

and L

+ similar terms for the LII III shells.

(&) PFinally, a KL vacancy can also occur if the y-ray is |
converted in the L shell while there is still a vacancy iq
X shell. |
! Since the probability of a y-ray being emitited in thé
gpresence of the K capture vacancy is (ﬁ£?)’ the proba-— !
Ibility of a KL vacancy occurring due to the y-ray being I

converted in the L shell

-

I = (K+Y) b |

land 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 |

= Fe D GLI (K+Y)(K+L ) x Wy (4.8)

4+ similar terms for the LII and LIII subshelli.
i




...9}_1_....

el e Satellite K X-rays arising from KMl 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 wacancy disappears.

The probability of KM satellites by this process

= FMI ) x ®

P ap (5 +Y)(K+F K (4.9)

=

+ similar terms for the other M subshells.

(b) The vacancy in the K shell produced by K capture may;

‘be transferred directly to the I 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
lagain give rise to K X-ray satellites provided the K

| vacancy is filled by radiative process before the M
vacancy disappears. As in 3.2.2(b) the probability of

;KM satellites by this process

l = FpDop K+Y)(M +Y)(K+M ) My K

+ similar terms for the other M subshells.

|Here B, o B
MI MII

:giving rise to a vacancy in MI’ MII etec. shells respect-

I1velg, either by an Auger process or, where permissible,

|
'by a radiative process.

x B X (k.10)

etc. are the probabilities of a K vacancy
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E(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

K .
2= Wg=2) BMI X Wy (4.11)

K+v T

+ 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 givg
rise to satellite K X-rays provided the K vacancy is fillf
Ied by a radiative process before the M vacancy disappears%
Probability of the L vacancy disappearing before y- |
:emission and shifting to M shell

| T
: E : ( = ) x Gy, ’
7 M

Li+Y

i

M

|
%where C is the probability of an L vacancy giving rise
to a vacancy in the M shell. The summation exXtends over

the three IL-subshells. , i
Probability of a y-ray being emitted and converted

in the K shell before the M vacancy disappears

' = S
[ = (M +Y) &
'and the probability of a K vacancy being filled by a

I -
lradiative process before the M vacancy disappears

K
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& N
(K+MI) d i

the probability of KM satellites by this process

)}(Y HE=) ¢ x ooy

M_+Y K+MI

;?EZ:Fi P a, (

Li+y
+ similar terms for the other M subshells (li. 1)

|

|

(e) The vacancy in the K shell produced by K-capture may |

‘be transferred via the L shell to the M shell before the |

‘being filled by radiative process before the M vacancy |

|Y=ray 1is converted in the K shell, the K vacancy then

:disappears.

The probability of KM satellites in this case ‘

)( ZZ(

o e Oy - ) : X
Ll Li+y ALl)(MI )(K+MI) apies 7K

K

)

+ similar terms for the other M subshells (4.1

gl

'(£) PFinally a KM vacancy can also occur if the y-ray is
converted in the L shell in the presence of the K—capture‘
Ivacancy, the L vacancy then being transferred to the M |
shell. This will again give rise to satallite K X-rays f
provided the K vacancy is filled by a radiative process

before the M vacancy disappears.
|

The probability of KM satellites by this process |

; = Ap® (K+Y {?Z: QL (K+L )}(K+ ) x Cir My %0 |
l + similar expressions for the other M subshells

i (L4.1l4)
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‘dding the expressions (U4.2) - (4.1h) and re-arranging

gives the total probability of satellite K X-rays

= By op P o (=) I_%"a + 5P+ K%Q + K(K+Y)R] (.15}
where |
Ap
Pl e
zig (L +Y) :E: ZK+@ ) ZE: Gy (K+L ) (4.16)
i
A
Y - L. BMJ.
= +
7 (T +7) (R+L; ) JZ (M54 ) (K15 )
Dy & G a
9 R T i
£33 e A A
S 15 (Liw)(mjw)(mmj) Ll' ZJ K ap |
Li Cy
- (4.17)
(K+Li)(K+m )
. i
S > —
T Fp(L +v)(K+L;) 5 FK(r.fjw)(KH-.aj)
F Li CMj ( ):
% 11.18) |
Z Z Fy (L +Y)(M +y)(1<:+m )

u 21 Probability of total radiative transitions

(satellites + normal K X-rays):-
J

The total probability of emission of normal or

satellite K X-rays, which are coincident in time with the

| three parts.

|
|
'K conversion electrons of the El y-ray, is composed of |
|
|
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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

oh

= £ e I .
2 [Fk Pag (Fy) x o + B2 5 (g5) ~ wx](”‘lg)
Since, EE? = probability of the y being emitted beforg
the K vacancy disappears, i
: . ™ 4 K el 1 - - - i
S ol (ﬁ{?) SESE probability of the ¥ not

. appearing before the K vacancy disappears.
i |
Thus, the first part of the expression within the bracket |

.refers to the probability of a radiative transition after |
ithe K-capture vacancy has disappeared, 2nd the second part
irefers to the probability of radiative transition when ;
|conversion takes place in the presence of the K-capture |
!vacancy. The factor 2 before the brackel comes in becauss
;the K X-rays can arise due to K conversion as well as due|

rto K—-capture.
i
| |

| (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

= (F. +F + B F,..B2 )b @
L s oy . K “K

(1 - Fp) P oag o (4.20) |
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(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

= Fp P o o (l.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 (L4.21) gives |

the total probability of normal and satellite K X~-rays i
|

2K+y k£
g P oy Fyegr (O Fi) © oy @p + Fp D oo op

FK K+ (K+y)

= P O, O S R S R
K 'K K4y K L K |
L ) |
- K+ F. (K+Y a :
=0 8 Yelen [ = e Gea
3 K+y K ;
|

|Dividing (L4.15) by (4.22) gives the ratio (8) of the
total number of satellite K X-rays to the total number of |

|K X-rays (normal + satellites). After cancellation of the

common factors FK P GK wK ’

(=X=) [% 48P K2Q + K(K+Y)R:| ‘
1

Lol K+Y 2 i
K+ Fy (K+v) 5 gL
K+y QK

ar
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B KzQ + K(K+y) RJ '
= (4.23) |

(Ky) + a—ui (K+v) |

-3

I e I
o~
+

NS f=

(@3]
1

le'

£
b

| where P, @ and R are given by expressions (4.16),
(L4e17) and (4.18) respectively.
Eg. (L4.23) is then the desired theoretical expression

for the relative intensity of the satellite K X-rays.

L.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
Imeasuring the intensity reduction with two absorbers of
5differant thicknesses for (a) coincidence counting rate

'between the K X-rays and the K-conversion electrons of the
206

:18& keV M1 transition of Pb” , and (b) coincidence count-
iing rate between the K X-rays and the K-conversion elec-

| trons of the 1720 keV E1 transition of Fo-20, According

:to the discussions of section (4.1), the K X-rays in

' coincidence with the conversion electrons of 184 keV ML

|
|
|
|
|
|

transition are the normal K X-rays, while the K X-rays in
coincidence with the conversion electrons of the 1720 keV
|E1l transition are both the normal and the satellite K X-

rays. Let the two absorbers be designated as thin and

ithick absorbers, and let,
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By, measured intensity reduction for the normal K
X-rays with the thin absorber.
R2 = measured intensity reduction for the normal K

X—-rays with the thick absorber,

Rl‘ = measured intensity reduction for the group of
normal and satellite K X-rays with the thin
absorber.

R2' = measured intensity reduction for the group of
normal and satellite K X-rays with the thick
absorber,

Kl = mass absorption coefficient (“/p) of the absorbers
for the normal Kal X—-rays.

K2 = mass absorption coefficient of the absorbers for
the normal Ka2 X-rays.

K3 = mass absorption coefficient of the absorbers for
the normal KBl' X-rays.

K)_IL = mass absorption coefficient of the absorbers for
the normal KBQ' X-rays.

Ks = mean mass absorption coefficient of the absorbers
for all the K-satellites, the satellites being
supposed to form a group with a mean wavelength, ks.

Also let,

x, = thickness (in gma/cmz) of the thin absorber, and

Xy = thickness (in gms/cm2) of the thick absorber,

The intensities of the components Ka,, Ka,, KBl' and
Kﬁz', of the normal K X-rays for lead, as given by
Wapstra(75), are in the ratio 100 :55:3: 355 : 10.2
Normalising the intensities to unity gives for R1 and R2

the following expressions:-—
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S X K. X ~K._X
R o=t o BB 5 Mt SF A BTbleres Tntinaiiibbe it
KX
+ .0508e 1 (L. 2l)
=K K- X =K.
'R, = .L975e S Lol5le 15n .1766e 2 2
~K, X .
+ .0508e b2
(L4.25)

The mass absorption coefficients for the various compon— |

ents of the K X-rays being known, equations (L.24) and

(L.25) can be solved numerically for x; and x, with

the measured values of R1 and R2.

Now,

Number of satellite K X-rays

Total number of normal and satallite K X-ray
|

| - i e Number of normal K X-rays !
| 3 |

i Number of normal and satellite K- X=rays
| |
iThis means that for transitions, where K-satellites are |

lemitted, i
| “stl |
| Rl' = (2 - S)Rl + Se (L4.26)
B
BN = 8)R, + Se (L.27)

On rearrangement, the above two equations give,

| = ] e 1

| o R, (1. 28)
| i = Koo

| Ri-e R,—e

|

I

'Equation (4.28) is the expression for the satellite

S
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intensity in terms of the measured intensity reductiong.
Using the experimentally measured values of Rl, R2, Rl'

and R2', Xy and x the above eguation can be sclved

0?
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 (L.23) which can be
solved numerically for Y, the transition probability of
the 3404 keV level in P§O6, assuming that the various
probabilities occurring in this eguation are known., The
details of the procedure adopted for obtaining the values

of the gquentities involved in equations (L4.23) and (L4.28)

will be discussed in Chapter VI.
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CHAPTER V

THE EXPERIMENTAL PROCEDURE

51 The Detecting System

The collimated detecting system shown in Figs. 21
and 22 was made up of three parts: (a) the B-detector,
(b) the Y-detector, and (c) the collimator.

(a) The B-detector:-

The p-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 em, 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 B1206source, and the other was used with a
B1207 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 6097B 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).
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cathode follower type 1L30A.

(b) The Y-detector:-

The Y-detector was a " x 1" Nal (T1l) 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 40O mgm/cm.2 An extra
aluminium plate of thickness 500 mgm/cm,z was provided in
front of the cap to make the total thickness of aluminium
window egual to 900 mgm/cm.2 - 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 P-detector. The bottom end of the tube in

this case also carried a cathode follower type 1L30A.

(¢) 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 B-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 p- 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 mede 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 B-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 horizontelly, 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 B-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 Ux geometry for the B-detector, and besides, it
also ensured no appreciable loss of the high energy elec-
trons. The pB-plastic was arrsnged to be flush against the
collimator which reduced the source to NaI(Tl) crystal
distance to 4.2 cme. This gave maximum possible geometry
for the X-ray detector necessary for high efficiency of
the detecting system required in a coincidence experiment,
The air path gbsorption of the K X-rays used in the ex-
periment being negligible, no vacuum wes needed in the

detecting system,

Hr 2 Choice of Absorbers

It was pointed out in the last chapter that the rela-
tive intensity of the satellites associated with the 1720

BS can be estimated by measuring the

keV El Y-ray of sz
intensity reduction of normal K X-rays and of the group of
normal and satellite K X-rays for suitably chosen absorbeﬁs.
The expression (L4.28) 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

Kal and Ka, 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 associa-

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 would
be expected for the satellites than for the group of nor-
mal K X-rays giving the desired effect, The principal
lines Kaq (x = 0,265 ﬁ) and Ka, (A =l0.170 E) of Pb206
(intensities in the ratio 100 : 55.3) are very close to
the K-edges of osmium (K-edge = 0.167 i) and iridium
(K-edge = 0.162 i) and at least one of these lines is on
the low energy side of the K-edges. Also a calculation

(111)

using Slater's method shows that the mean wavelength
of the KK and KL group of K X-ray satellites of lead shoul
lie very close to the K-absorption edge of these absorbers
Thus, both Oosmium and iridium seemed to be suitable for thi

purpose of the present experiment.

543 Preparation of Absorbers

Two iridium sheets each 1 inch sguare 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 sbsorber, the geometrical thickness of the thin
and thick absorbers from the above specifications being
oLl22 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

d

[¢]
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\ or give a suspension in any volatile organic liguid, it
was not possible to have an absorber of osmium metal alone|.
It was, however, found that a compound, ammonium chloros-
manate, (NHM)Z Os Clg available in the form of powder
could be held in suspension in methyl alcohol and hence
could be used satisfactorily. This compound obtained from
Johnson and Matthey was stated to have a purity of not lesgs
than 99%.
The arrangement used for making a deposit of the osmium
compound is shown in Fig., 2L, 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 1.55 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 oould smoothly slide

down along the supporting rail (F in Fig. 22) inside the

E——— p——

braess 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 2.5L 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 sluminium base plate 10 x 5 x .65 cm. A stainless
steel tube 3.2 cm,. high, 2,7 cm.. internal diameter and

.35 mm wall thickness was placed over the recess with a




-109(a)-

FIG 24. Arrangement for making Absorbers.
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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. 2L.

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 re8pectively;
| The absorbers thus made were covered by similar mica disc%
( thickness = .0033 gm./cm.z) to avoid any possible slip-

|
ping, and then the thin aluminium plates were screwed on ‘
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to each of them. The third set of plateswhich 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 em, in
height, 8.8 cm. in diameter and 3 mm wall thickness was
fitted near the flanged end with a &" 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 Sl’ 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 82 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 S, by moving the screw rod T,

and up or down by means of the screw rod L.
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An Amzul source ( ~ 1 uC) 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

= Y-ray peak with 5 volt

5.5 was set on the 60 keV Am
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 anaslyser, a coincidence unit
and scalers. For recording singles counts two scalers
in series were used in each channel, The photomultipliers

in the B- and Y-channels were run at 1400 and 14LO volts
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respectively by two separate "Isotope Developments" EHT
units type 532/D. A 23%0 volts constant voltage A.C.
supply, further regulated by a variac, 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 B-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 p-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
s 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 Ny and_Nz, then the chance coincidence

(accidental) rate N, is given by
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N, = 2TN N, ,

where T 1is the resolving time of the coincidence unit.
The sources used were 31207 and 65137. The Y-=channel was

provided with a Csio'

source and set on the 661 keV Y-
ray, while the B-channel was provided with a B1207 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 T was found to be
0.53 microseconds.

207

Next, using the Bi source again and setting the
Y—channel on the K X-ray peak and B-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 B-channel required a delay of 1 microsecond in

order to give maximum coincidence counting rate. This

delay in the B-channel was used in all later experiments,

5.7 IBnergy Calibration

The Y-channel was calibrated using the standard Y-

rays of 05137 and 0060 sources and the 74 keV K X-rays of

i207

B A straight line graph was obtained for the plot

of energy against bias volts. For calibrating the (-

channel, the plastic scintillator which was to be used

later with the Bi206 source was coupled to the photomulti-

plier tube in the B-channel. The 81207 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 to
hold the absorber plate. ¥rom the 31207 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 81206,

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
ik mgm./cm.2 thick) and evaporating to dryness. The
foil was stuck centrally to the bottom of the trough in
the plastie scintillator, using a thin layer of silicon
vacuum grease. 1In 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 wC.

e The Y- and B-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 18L, 343, 520, 800 and 1720 keV stand out clearly
in the spectrum., A linear plot of the Y-energies againsgt
the discriminator bias voltage shown in Fig. 32 agreed
well with the energy calibration of the Y-channel, The

.206
decay scheme of Bi 5 is reproduced in Figz., 53.

(b) The B-Spectra. The B-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 & ~900

keV respectively. For a more precise identification of
these lines, it was decided to do a coincidence run be-
tween the cohversion electrons and the 343 keV Y-rays.
From the decay scheme referred to above, the 343 keV Y-
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
B-spectrum of Fig. 34, also predicts the position of the
1630 keV conversion line of the 1720 keV Y=rays. Finally,
a linear plot of the conversion electron energies against
the discriminator voltage which agreed well with the pre-
dictions of the PB-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,

5100 (Burliyiet he s e u e

The B1206 source obtained from the Radiochemical

. 20
Centre, Amersham, was tested for the presence of any Bl 2

or Bi207 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 ( o¢ 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 recasonably well with the half life (= 6.4 days)
| for a pure B1206 source, As 31205 has a half 1life of
.about 15 days, it did not seem to show up, at least in the
first few days during which the observations on the E1

line were recorded., The recording of the K X-ray spectrum

! 4206, . .
was, however, continued until the Bl 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 31207 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

207

0.7% Bi as impurity. This being very small, no cor-

rection was considered necessary on this account.

by The Method of Observation

6
The single channel spectrum of Pb20 K X-rays shown in

Fig. %6 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 Nal detector for the Pb2O6 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 ( ~ 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 B-K X-ray coincidences which are shown in Fig., 37.

The Y-channel was then set on the K X-ray peak and
' the B-chamnel on the 1630 keV conversion line using a

| large channel width (0.5 volt) in the B-chamnel to ensure

that all the 1630 keV K-conversion electrons in the peak
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were belng 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 theconvePSimfnmlthe Compton
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
' Comp ton background contribution gave the intensity reduc-
.tions Rl' and Rz' referred to in Section (L4.3) for the
thin and thick absorbers, respectively, The results of
the E1 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 B-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 B-spectrum at 18 db amplifier setting at
which this line was obtained is shown in Fig, 38, A1l
measurements made on the El line were repeated with this
M1 line and the values of Rl and Rz obtained., The results
of M1 measurements for the absorbers are shown in Tables
5, 6, 9 and 10 (Chapter VI).

The counting times used in the various runs of E1
measurements varied from 30 minutes to 2 hours, but for
M1l measurements, the coincidence rate being quite high,
counts were recorded for 10-lI5minute 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:-

Let N = number of atoms present in the source at
2 time t = 0,
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N = N & = number of atoms present in the
source at time t ,

AN = decay constant of the source,

and € = net efficiencies of the two counters,

Then, Nl = number of counts in the first counter in
time t,

e"’?\ t) £

or Nl = 81 No(l =

Similarly, N = number of counts in the second counter

in time ¢t
-\t

€, No(l - e

)

*. TNumber of chance coincidences in time t =

t
2
Nc = 2 S; 8182‘C lgN dat
t
2 27t
o e at
= 2'C81€2lgN0 So
27t 2
= Tle e Ml = s zitNO
T slezh (1 - e ) N1N2
i 2
= -\t
- e
5182(1 )
-2\t
; t‘NlNz?\(l-e2)
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TN (14 67
"'?‘-t) (5.1)

(1L« e

If At be very small, this approximates to

TN.N_ 2%
N = 152
c 252
z
or N, = PN.H (T) (5.2)

( T 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 tﬁe total coincidence rate is made up of

two parts which vary differently with time. The chance

-2\t
e

whereas the genuine

coincidence rate varies as "

coincidence rate is a function of source strength only and

f -1t
therefore varies as e .

The number of genuine coincidences in time t is

given by £
o A dtb
N(} = S 8182 N
0
-\t
1 -e
= % Ny )

-\t
e.e. N A (1L —-c¢e )
152 0 oy
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= 1nitial rate of coincidences,
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o]
where N = number of genuine coincidences observed in

G
time t.

If At be very small, then

N1 - 38 ... (5.3)

N 5

G

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_lt, the
decay correction can be made by normalising the genuine
coincidences using the ratios of the singles counts, For
the purpose of normalisation the P-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 pB-singles count to the

first B-singles count of that set. This procedure of

normalisation, besides correcting the coincidences for the



-124-

decay of the source, also served to correct for any in-
cidental changes in the B-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)

A x 107 (cms.) log A “/o (en/cn’) log “/p
140 .0 2,65 14232
J.3%5 1761 745 S22
2.0 3010 .65 5623
260 « 3980 6.50 .8129
3.0 JLT771 10.0 1.0
K. = 1.654 9.55 (extrapolated)
1
K, = 15705 2,427 (extrapolated)
2
KB Y= 1,163 6.998 (extrapolated)
Ak
KB '= 1,420 6.486 (extrapolated)
2
Table 12

o
Mass Absorption Coefficients of Iridium., (K edge = ,163A)

2
A x 107 (cms.) log A “/o (gn/cm®) log M/p
120 0 2.70 31l
15 5 01761 765 8837
2.0 « 3010 3% (D « 5740
2.5 <3980 6.70 8261
340 L1771 10.50 1.0232
Kal 2.307 (extrapolated)
K 2.466 (extrapolated)
a
2
Toe 4 7.129 (extrapolated)
By
o 6.607 (extrapolated)
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Table 13

Mass Absorption Coefficients for Hydrogen

s 109 (cms.) log A E’I'/p x 10 (gm/cmg) log L)'/p
1,0 0 2,8 JLh72
155 Falydal 5.0 L (71
2.0 .3010 53] «5185
245 « 3980 Bali «5315
50 U771 Dis) 5Ll
K. 3.069 (extrapolated)
ek
K 3.090 \:
Ga
] 2. 8 1
Kﬁl 985
K. ! 2.965 1
Bo
Table 14
Mass Absorption Coefficients for Nitrogen
A X 109 (cms,) log A N e = 10 (gm/cm2) 10g Y/p
120 0 Leli 1161
§ 545 1761 156 . 2041
2.0 « 5010 18 «2553
24b 3980 250 NG omke)
3.0 U771 253 « 3617
K 1,667 (extrapolated)
a
1
K 1.679 i
<)
. 1.585 2
KBl
o 1.567 i
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Table 15

Mass Absorption Coefficients of Chlorine

o M 2 1)
A x 10° (cms,) log A /p x 10 (gm/cms”) log "/p
1.0 6] i « 220U
dig.5 I 6T 2.6 <4150
2.0 « 5010 b2 6232
2.5 « 3980 6.8 .8325
Fall ST, 105 10212
K 2.999 (extrapolated)
)
K 35126 f
Sip
K 2.512 “
By
K 215 o
Bo
Table 16
Mass Absorption Coefficients of Aluminium
. . : 2
A x 109 (cems,) log A u/p x 10 (gn/em”) log “/p |
1,0 0 AL S L76L
1.5 .1761 2.0 « 3010
2.0 «5010 257 JU31L
255 « 3980 3.9 5911
%50 FLth B 6 . 7u482
DD 5l 7.8 .8921
K 2.19 (extrapolated)
s
2.2 1"
Ku,2 5
B 1.94 i
Bl
K 1.89 1"
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respectively. The experimental values of E/p were taken
from Cauchois'(112) table, part of which is reproduced in
Tables (11) and (12). The values of "/p for Kaps Ko,
Kgl', KBQ' as obtained from the above plots are also
shown in the tables. Tables (13) - (16) show the values
of "/p for Al, H, N and Cl obtained from a similar
plot using the experimental data taken from the above
refeérernce,

Knowing Rl’ R and the absorption coefficients of

2
osmium for the component K X-rays, the effective thickness
of the absorbers could be determined from expressions
(L.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 Nal 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

-K_x -K X -K_x =K, x

R =0.u96e 11 ,o0.272¢ 21 40.18¢ 214 0.052¢ %1 (6.2)

ll

1

-K_ X K. .x K _X =K, X
0.4b96e 12, 0.272¢ 224 0,186 224+ 0.052et 2 (6.3)

Ro

The effect of (b) is to introduce three additional terms

e
( - 156 % 190 KN 190 o

tion due to the elements H, N and Cl respectively,

), representing the absorp-

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 (NHu)zos Clg
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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

Rl - O.u96e-9.9232—l—x1 + 0,2728—2-8111‘92{1 + 00188_?.3153](1
—607922x1
+ 0.052e (6.4)
R2 = 0.U496e + 0.272e + 0.18e
+ 0.052e70:7922%2 (¢ )

From a graphical plot of the above egquations the thickness
of the osmium absorbers corresponding to the observed

values of Rl and R2 was found to be

0.052 gm./cm.2

P
1l

0.095 gm./cm.2

el
]

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

D 1 p t

2 ! - s K

g WaKeky — X gXo :
Rl € R2 - e

For the iridium measurements, a numerical solution of the

above eguation gave
2
8= 0,108,/ Sand. K & =2 t0e0Y gm./cm.”

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

8 s _ 213
. 190 "H * T Ig0 v =~ 750 ol 3
Thus
il 9
ol . Ry 8R1
i b At —2O 215 o
B T T T e B S
Rl e e
= 1
R, R,
i 8 28 51
- B =0 & 213 X x
Teo cHt  ea . 196 to T2 B
R = e
5
(6.6)

where KH’ KN and KGl 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

Ko, and Ka2 energies. Substituting the extrapolated

1

values of fhe absorption coefficients and the thickness

of the absorbers, equation (6.6) simplifies to

h 1 = t
Rl Rl R2 R2

R, - 0.965¢~ *09%Ks
Lesr)

which on numerical solution with the results of the

osmium measurements gave

2
8 = 0.234, and K = 8,53 gm../cm,
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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 Nal 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 = Praction of satellites in the incident beam,
A = Praction of the normal K X-rays transmitted
by aluminium,

Ag = Fraction of satellites transmitted by the
aluminium,

i = 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,
I eﬂixg
IA

and for the group of normal and satellite X-rays,

ot - SIe™* As 4 (1-8)Te™¥ 4
ST s + (1 = S)IK
e Se"‘KK Ak (1 . S)e-p.x i
Rl

S As + (1 -8) A

ge T A 4 (1 =~ 8)RA

S Ag + (1 -8)A

or R'S A  +R'A-R'SA = se~kX Ag + (1 - S)RA
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=kx
1 , = = = t
or S[R (AS A) e AS+RA] = RA R'A
_nt
SRR, (R-R')A
1 N i =kx
RA + R (As A) Ae
_
or S = s .
A A
R vig_Eus — 8 oKX
+ R' ( = 1) o
Taking Asz»fﬂs
R-R'
S -kx

R - e

which is the same as eguation (L4.28).

6.3 Evaluation of the Constants in the Theoretical

Iixpression for satellite intensity

6. 50 Klectron capture probabilities (FK, FL , ete,) -

I
The probabilities of a 81206 nucleus decaying to the
206
3oL keV level of Pb 2 by K, LI’ LII...etc. capture

1 F
denoted by FK’ FII’ LII’
culated by the formulae given in Wapstra's table(?5). The

«ss+ respectively, were cal-

value of QE.C., the energy released in the electron cap-

ture process was taken to be 3700 keV from Seaborg's tablegllz)
and the binding energies of the variocus shells and sub-
shells in Pb were taken from reference (114). Taking the
K’ FL and FM to be unity, the following values
were obtained:

sun of B

- O. 1
Py AL
FLI = 0.203, F_ = 0.017, F_ =0
Il L
F - 0.061 .



~1:51~

The probabilities of capture from the M shells have been

taken together and those from shells beyond M ignored.

6.3.2 Probability of a K vacancy producing a vacancy in

the Li shelXl:—

As defined in Section 4,2, ALi is the probability of
a K vacancy producing a vacancy in the Li shell (i = I, II,
III) either by Auger process or by radistive 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

(75) (75)

relative intensities and K-shell fluorescence yield

are shown in the table below:-

Table 17
K X-rays Relative Absolute Fluorescence
Intensity Intensity Yield
= - . . = 09
K“‘:L KLIH 1.0 0.u76 e 0.956
K“g = K_LII Blehb35 0.263
K. ' =(K-M
Py E 111 0.355 0.169
K—MII
K, ' (KN
Botis sgri AEL 0.102 0.0L8
-
(K N

Neglecting the probabilities of Auger transitions to shells

higher than M, it follows from the definition of W that

KLL + KIM + KMM = 1 - W, .
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KLX ~ KIM

Taking .—— e = 0.56 for % = 82 as
: . . (115) X

experimentally observed by Herrlander et al. , and

KMM : :

RIT 0.06 estimated from a graph reproduced
R g ' Crod . ;
in Wapstra's table , gives for lead the absolute pro-
babilities

KLL = 0.027

KLM = Q015

and KMM =T L0027 3

In the approximation considered, both of the Auger processes,
KLL and KIM, 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 Slétis(67) (see Table

18) were used to give the following values of the rela-

tive probability of a K vacancy shifting to LI’ L and.

SET)
shells by an Auger process:-—
LIII e X g b
K-> L]- I S R s G = 4.9
K= LII = a8 o2l olg ol = 3.8
=LA fisE .8 L8 = . .
K= Lyrp + + + ho3

With the calculated value of the KLL group probability,
the absolute probability for the above vacancy shifts
become

K==L 0.0203

1l

0.0158

I

K = LII

K= LIII 0.0178

Il
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Table 18

Observed Relative Intensities of the KLL Auger lines: Z=83

Line Relative Intensity

KL L
KL1L2
KLlIL5
KL2L2
KL2L3
KL3L3

L]

O H O M
L ] L]
® ov N H O

Table 19

Calculated Intensities of KIM Auger Lines : Z = 83

Line Relative Intensity Absolute Intensity
Caleculated Calculated
from KLM=,015 from

KLM+KNM
=,017

KL,M, 251 .0010 .0011
KL, M, .19 .0006 .0007
KL1M3 oiil .0011 .0013
KLll.'.flLL )

.05 .0002 .0002
KL1M5
KL2M1 16 .0005 .0006
KL M, 207 .0002 .0002
KL2M3 .93 .0029 .0032
KLQMu)

32 .0010 .0011
KL Mg

.32 .0010 .0011
KLBMI 5
KL3M2 .80 .0025 ,0028
KL3M3 <85 .0026 .003%0
KL M, ) .52 .0016 .0018

)
Kb e
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The situation is still more difficult in the KIM
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 Teble (19). Also
shown in this table are the absolute intensities of the
lines calculated on taking the total intensity of the
KIM group to be 0.015., The line intensities gave the
following values for the absolute probability of a K-
vacancy shifting to the LI’:LII and LIII shells in the KLM
Auger processi:-

K> Dy = .0010+ 0006 + L,0011 + ,0002 = .0029
A .0005 + .,0002 + ,0029 + ,0010 = .0046

The total absolute probability of a K vacancy giving
rige to a vacancy in the L shells either by X-ray emission

or an Auger transition (KLL and KIM) is shown below:-

Table 20

X-ray KLL Auger KLM Auger Total
Contri- contribu- contribu-

bution tion tion
A, =KOL = Ovin B R020F @il L0029 = 0.0232
T
=k i = "
ALII KL = 0,263+ = 0158 @ .00hs = 0.288L
S iy ST By (< SRR -y S 0.5015

i
I
=
\
=
i
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6.3.3 Probability of a K vacancy shifting to mj shells:

1
By

X-rays given in the last section, the following values

From the intensity of the KIM Auger lines and X

for the total probability of a K vacancy giving rise to

a vacancy in the M shells were obtained:-

Table 21
X-ray KIM & KMM Total
Contri=- Auger Con-
bution tribution
BMI = K->M = 5 0.0028 = 0.0028
B = K> M = 0.057+ 0.0037 = 0.0607
M TI
Tl
= KM = 0,112+ 0.0075 = 01195
By IIT
T
B = K-> M = 0 -+ 0.0031 = 0.0031
Mo IV,V 3 3

6.3,4L Probability of an L vacancy giving rise to_a

vacancy in an Mj shell:~

Table (22) shows the relative intensities of L X-rays
taken from measurements made on tungsten (Z = 74) quoted
by Compton and Allison(ll6). The absolute intensities
shown in this table have been calculated on taking, for
lead, the mean L shell fluorescence yield, W = 039
measured by Parratt(95). As already pointed out in Section
3.2, no theoretical calculations for the intensities of

the L Auger lines have yet heen done. Experimental data

is also scanty. Only two experimental measurements are
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Table . 22

Observed Intensities of the L X-rays: % = 74

Line Relative Absolute

Intensity Intensity
LIII- MV ol 097
LIII" MIV .08 .010
LII - MIV 002 <107
L1~ _NV .15 .019
LI - MIII L3 .056
Ly =M 2 035
LI = MIV Ol .005
LI - MV OlL .005
LI - NII .08 .010
e NIII =1k | 01L
LII - MI .02 .002
LII - NI .01 001
LII - NIV o155 <019
LIII- MI .02 .002
LIII- Nl .01 001
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known to the author, (1) by Haynes et al.(72) for bismuth,

and (2) by Toburenet al.(7l)

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 C The relative intensities of the L

M..
J
Auger lines for platinum taken from the measurements of

Toburen et al, are reproduced in Table (23). Following
a procedure similar to the one described in Section 6,3,2,

the absolute probabilities (C., ) of an L vacancy giving rise

M
to a vacancy in the Mj shells either by radiative pro-
cess or by Auger transitions (LMM, LMN or LMO) were cal-
culated,

The wvalues of CM are shown in the table below:=-

J
Table 24
X=ray Auger Total
Contri- Contri-
bution bution
c = LM = SO0k, + 160 = .16l
MI L
= s = .0 .1 l = .166
GMII L MII 35 + L,
= — .056 o2 - P
GMIII L**MIII = 056 + 93 349
MIV IV
Cy = L—>MV = 102 2Ll = . 316
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Enecrgics and relative intensitics of the L-Auger transitions of platinum

Assignment Relative intensitics Assignment

=L AL
Rcialve
e

inicnsiics

Assignment

Relative

. inicasitics

o

LMiM, 5 LaMiOus | 50 0.7
LM, M, 1.5 +0.8 LaMaN, | . y
L M.M, 1.0 0.8 Li MMy 49 £0.5
LMV, 4.10£0.35 ‘LMpM, | T £0.5
LoMoM: 12,0 £0.3 Lil\i;hf 1.6 0.4
L M M, : ) LMM; /
L;,'.\-'f‘ ‘\45 2.3 =-1.5 La:w:;-vi:, ~
LaMaMg 171 £1.5 L:M20, :
LMoM, 0.7. =0.7 LaM:N } 2.0 404
LoMaM; 3.7 L1.0 L;M:N;
L:I JIM; 1.0 =+0.8 ; £ L:\M:Oi.a - 4 4
LyMM, 149 L1.0 . f-stMa i 5.1_ +1.0
-:r‘:.h"iaM’; i8.9 ;':0.53 tn:\\j:‘(\)ra,s
LM M, 2.2 £1.6 : S . 05
LiMM, -y (1.4) Li‘\fa-\?a P07 =
}13.0 43.0 {-atia:
L:M;;\"‘; 11.8 T o L = 31
L,MM, o - LiMM } 100
LM M; }34'6 =40 LiMyN, s
il " . [l o
B e R (R | “LaMaN; 0.3 0.2
s i Ly L
LM Mg }18'4 x2:2 f‘::‘f‘lh - ] 59 =08 |
LiMM, 1.0 =0.7 I‘:ai\;&e\a ] ]r 7
.MM & AIE ey JEE
M ) e £08 LM, L
LMN, Sole TR
LM M. LaMalNg o } )
"LiM.M s L;M;0s : :
LN, f 28 £038 LMM,
L"v‘v“ J e LaM,N, 0.2 £0.15
2l J,. is v N
JMeNp LaM;0; 5
> : : L MM, 1.7 0.4
L:q‘:,; e LT.\J:,V:. : }
Tospalc J 27D LN, 1)
LGN, ) : LMN; | ls.:t £0.5
LM, N, J 40 +0.7 IL-x*\\:ana J
LaMigM, ! aviging L0,
LOVN, - |10 204 LM:N, }11..3&04
LM,M; . 6.0 206 D )
LM;M; | 2.0 £0.7 i { 0.65:20.60
T h aiviglng
o L et
Ha:\;a:\lx i . oMb i X
avgi¥igaiyg [ORY ¥ i
LM Ny ] L1 0.6 ;z-\\fsga _ L -
LM [ = 2.1 1.0
L.M,0 : LMy |
~aivig Vg g . i
LM, J J LaMOys
GATAZLRG L;M{N, J

LJM;O:J
LiMM,
L;M]N;' i}
LiMM, - |
LiMeM, |
L:MlNd,s
L,M,N,

LaMaN,

LM Ngq
LiMiNg 4
L:\"I;Na.
L MaNg
L'IV \1 3
L.MaNg 5
LiNN;
LaMgN; g
L:N:,aNa
LoM(N;,
LaNy Ny s
LaNG NGy
LMo aNes
LaNgNg,
LyN; aNg
LoNgN,
LM Ny
LyMNg g
LiNNg sz
LiM;Ng 4
‘-'l:vrd. s™Nes
LaNg 1Ny,
LlMil 8T

.

Table 25,

1.3 404 .

69'-05
4 103

1.01£0. 15

1.61-£0.30

OGIiOSO

"

1.56.4-0. 30,"

5.8 £0.75 -

1.98-20.29

j 0.66-4-0. 03

} [.18£0.12
0.41£0.10

|
|
)
-
} |
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6e3.5 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

(88) (99)

Shrader + Geiger et al, have criticised his values

as being inconsistent with their measurements for Sm and

those of Parratt(ag) (90)

and Richtmyer et al. for Ag and
Au respectively. The general trends of M-widths in other
elements do indicate that Shrader's values for MI’ MII

and M level widths are rather low., That the value of
IIT  widtn

the K level/in lead ( ~50 eV) suggested by the early

measurements is also very low, is shown by more recent

(97)

measurements of Latyshev et al, for Bi (("K = 67 = 56V
and the theoretical predictions of Listengarten for Z = 81
( rk = 65,7 eV). For comparison the experimental data on
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

B-spectrometers are also fairly precise, Hence, the K



Table 25

Some Observed and Calculated Level Widths (eV)

~-136(a)-

Bxperimental Calculated
Level Shrader Parratt Richtmyer Geiger et al, Latyshev et al. Listengarten
% = &2 % = T 7 = 79 9 = 62 Z = 63 Z =465 0% = 81 Z'= .92
K 8.0 54,0 AL 67.0 DTl 65,7 132.8
Ly 11.0 5.3 8.7 = = 2 N A
.6 . . - = - = =
HHH L M 2 M W
oul - - _— — — — -
Lirt 5 0 i1
M, 10.5 8.6 1505 1k - - = =
Mo 10.8 0.6 1047 e 7 - - - -
i Ty 12,1 . a T _ -
Mirr w 3 : 5 h Te7
4 _o .m . — — — — —
,&H< talll

E.q an. Ouu_rv W.m o = Lo - —
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level width in lead was obtained from a graphical plot

(see Fig. L41) of the K widths for Ag, Sm, Au and Bi. The
width so obtained in 64,0 eV, which is in qui te good agree-
ment with the theoretical predictions of Listengarten, and
consistent with the experimental value of wy mentioned
earlier, The widths of MI, MEI and MIII levels were ob-
tained from an extrapolation of the corresponding plots

for Ag, Sm and Au shown in Fig, 42, The L level width

was calculated from line width measurements shown in Fig,
43, which is reproduced from an article by A. Bril(95),

The LB line widths for Z = 82 as read from the curves of

this Figure were

18, o (s Tt M) = 9.25 eV
LE - (Ll = N0 = 12,15 ev
LBIII (LI - MIII) = 21.5 ev
IBry (Bp = M) = 23,0 eV

Using the values of MII and MIII widths obtained

from Fig., L2 in the mean of LBIII and LBIV 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

. : 1135 ;
reproduced from Kinsey's artlcle( 7). The widths of LII’

1 M levels in lead measured b hrader
I1T’ MIV and v y Shra agree

reasonably well with the widths of the LBl and LBII lines

L

mentioned above and hence were accepted for the present
purpose, The widths of the various atomic levels and their

disintegration probabilities calculated from equation
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(1.1) of Chapter 1 are summarised below:-

Table 26 7z = 82
Atomic Level Level width (eV) Disintegration 4
Constants (sec. )
16
K 6L4.0 9.73 x 10
i 10.0 1.52 x 10°°
Lig 4.6 0.70 x T
16
LIII 5.0 0.76 x 10 .
MI 15.6 2ol X 101
16
o e)
MII S Pk x 1016
2 o
MIII T2 495 10 )
My b7 0.71 x 10%
M 3.8 0.8z l0
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).

S

P R

EIy

0865%. 1052
0165 10"
0.123 x 10

0.012 x 10

0.028 x 10

2
5
3

The values obtained were
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6.4 Lifetime of the 1720 keV Bl 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 3LOL keV level of Pb206.

The results obtained for the two sets of measurements

were as follows:-

—

For iridium measurements: ¥ Yol 1016 sec.,

—_—

16
For osmium megsurements : Y = 0.28 x 10 sec,

The transition probability (Y¥) thus obtained is the
sum of the probabilities of all the Y-transitions origin-
ating from the 3L0L keV level, The transition proba-
bility (A) for the 1720 keV E1l Y-ray can be calculated

from the relstion

<3 L
?\. = ]
IT
where i = intensity of the 1720 keV Y-ray,
and IT = sum of the intensities of all the Y-rays

from the 3U0L keV level,

With the relative intensities indicated in the decay
scheme of 31206 (see Fig. 33, Chapter V), the above ex-
pression gives the following results for the 1720 keV

El transition:-

16 -
For iridium measurements: 0,068 % 10 sec, -

l

A
\ ~-16
mean life, T 15 x 10 sec,

16

0,319 x 10 sec."l

For osmium measurements :

Pl
I

mean life, 5 = 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 Ag in the estimation of satellite
intensity (8). 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 Kge

These limits were then used to obtain the errors in Ks
-K x -K x

. ; s
eand e ° = Knowing the errors in e and the meas-—

ured intensity reductions, the conventional method was
applied to estimate the final value of A g and hence
the limits on the mean 1life of the nuclear transition,
The details of the calculation are given below:-

The expression for the satellite intensity in terms

R ete, 1is

1 ~ 1
S 3. Rl Rl = R2 R2
B éstl ~K512
Rl = R2 - e

in which the factors ( ~ 1) multiplying the exponentials

have been dropped.
This gives

X R.' + SR. - R 1/X1
S __(l 1 1)
e —
S




I
=
]
=
r\J‘
+
wm
&g
N
I
MW
§ WSSl |
N
»
N

Therefore,

~1

' g A ] - 7
I:Rl + SR, le 1 LRz + B8R, = R, |/xp

S

S

Taking log of both sides and on rearranging the terms,

X log(Rl' + SR

‘o - R)-x

. ' Lp N
log S = x log(R2 +SR,, R2) x,log S.

1 2 1

Differentiating with respect to Rys R, €tc. (but not Xy

ana x2) s
= A
2 1 . —a
: Ig\Rl +31AS + S ARl ﬁRl :l -X, 2
Rl +SR1-R1
x
S
= L ER2'+R2AS+31132 -—AR2] "ﬁ_A
R, '+SR_-R =
2 2 2
or
XoRy Bl i LIESE X S5 19T e
' = 1 L5 S S
Rl +SR1 Rl R:2 +SR2 R2
X X, . .
N : - [&32’ - (1-—S)AR2 ]- ' L&Rl'-—(l—S)&RlJ
32 .,.332-1:{2 Rl +SR1—Rl
X, )
Putting F; = . and F, = :
}'{2 +SR2—R2 Rl +SR1-—R1

in the above gives,
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Xo=xl)
l}'le—FR B 6 e ]f_\s - FI[ARQ‘-(l—S)&RJ

12 S

= 92E5R1'—(1-s) ARl] (6.8)

This then is the expression which will give the limits on
S without taking into account the error in Ks’ Sube-
stituting the values of the various quantities for iridium
measurements in equation (6.8) gave,

NG = = 007

Since 8 = 0.108, S 1lies between 0,115 and 0,101 as a

first approximation. Using these values of S8 in the

expression B =Rt
1 1
§ = ————— s Where C has been
R. =C
= ]{l
substituted for e ° 1 , the following values for KS

and C were obtained:

LY gm./cm.2
6.24 gm./cm.2

S = 4115, o] 198, K
167, K

glso Por obsd B8 = 108, € = J4Lb3, KS = 5897 gmq/cmoz

1l
1l

g = 2Ol C

Il
i}

Thus, C = 0.483 % ,016 .

This can now be used to estimate the final value of AS.

since,

- ' (A8 1
8 = R1 Rl R1 R1

S
(léﬁ)z 3 A(R, - R.") y [£>(31 ™ 0)12
5
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From the results mentioned in Section (6.1),

- ' o= - ! =
A(Rl Rl) .007, Ry =R 026 .
Hence A '
’ ;:Zl(R1 R, ) i
: = 0.27 .
R = H

\/( .005)2 + (.016)°

Il

Also, A(R; — C)

= 1017
= <2010 5
z.’)(R:L - C)
THERCECrE . = O

Ry =0

Substituting in (6.9),

1l

(%3-)2 (27) +(oTa)"

which gives

(£%§) = .28, i,e. error in S is about 28%,
Therefore,
As = «28 x 308
= 000 .
Hence S = 0.1086 i .030.

Thug & 1lies between ,138 and .078. The extreme values
of 8§ correspond to the mean 1life 11 x 10-16 sec, and

LS. oo, respestively Eor the 1750 key Bl ‘tranettilen,

20 x 10~
Applying the above procedure of error estimation to
the data of osmium measurements gave the following

results:—
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(1) Ks lies between 8,10 and 9.31 gm./cm.z, the

observed value being 8.53 gmm/cm.Q.

(ii) ¢ 0.629 £ .02 .
As

) —5 = 0O.lb, i.e. error in S obtained from

1]

osmium measurements is about L6%,
Since observed S = 0.234, AS = .107
or gh_WIEEE C107 o 1.6y 2 daee

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:-

FProm iridium measurements:

=16
20 x 10 sec (upper limit)
-16
*[: = 15 x 10 =28 (observed value)
11 x 10 22 # (lower limit

From osmium measurements:

12 x 10_16sec (upper limit)

e = 5 x 10“16 " (observed value)

B e (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 Rl' on the one

&
hand, and R, and R,' on the other, for two different

2 2
absorbers, The intensity reductions suggest that the X
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 ( ~76 keV) calculated by Slater's methodﬁlll)'
The experimental values of Ks = 597 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 Kal 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 (L4.28), it was found that the value of S depended
very sensitively on the difference between Rl and Rl' or
Rz and Rz'. 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
these 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

(110)

Primakoff and Porter 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 (PKKc: ?/1622), The only

nucleus in which such a process has been observed is Ge7l
|

for which the theory predicts a value of 10 = for PKK'

For lead, P will be ~ 10—5, and hence even if such

KK
an effect exists, its contribution to the satellite in-

tensity will be obviously negligible,

The mean 1life of the 1720 keV E1 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 T = .54 x 10_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 (a%i) for

(59)

which the results of Lombard and Rys 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 gquan-
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
Pb206 is reasonable, reference may be made to section 1.5
where the retardation of El1 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 82Pb206 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 gquadrupole 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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(118) (119) .4

works of Alburger and Pryce
(120)

, True and Ferd

Kearsley 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
31206 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

)"h
9/2 Ble- /2
respectively, Such an assignment involves a change in the

by proton configurations (S_12_)_1 h and (d
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 E1l tran-

sition in B1205 may further strengthen this contentione
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