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SUMMARY 

The L and L. subshell x-ray fluorescent yields and Coster-Kronig 

transition probabilities were measured at Z = 70, 73, 76, 78 and 81 using 

carrier-free radioisotopes and high resolution semiconductor detectors by L 

x-ray - K x-ray coincidences. The results agree with recent theoretical pre

dictions for the radiative yields (XL and co ; however, some discrepancy persists 

between theory and experiment for the Coster-Kronig yield f . 



CHAPTER I 

INTRODUCTION 

Since the discovery of x-ray in the late Nineteenth Century and the develop

ment of the Bohr atom model with quantized electronic orbits, the study of charac

teristic x-rays has been utilized to develop the understanding of atomic structure. 

It is usual to distinguish the means by which inner shell transitions occur in atoms 

as being radiative, or nonradiative. The availability of high resolution, cooled 

semi-conductor x-ray and electron detectors and fast electronics has given a 

major impetus to the study of these inner shell transitions and their yields. The 

theoretical calculation of these radiative and nonradiative transitions is also be

coming increasingly refined. In this study, it is proposed to measure the L shell 

radiative (fluorescent) yields and non-radiative (Coster Kronig) yield (1, 2). 

1.1 Motivation for the Study of X-ray Fluorescence Yields 

and Coster-Kronig Transition Probabilities 

A knowledge of fluorescence and Coster-Kronig yields is necessary in 

interpreting many problems which involve atomic electrons in nuclear processes. 

The multipolarity of internally converted x-rays and the available transition energy 

in electron capture decay (QEC) is often determined by measuring x-ray and elec

tron intensities and a knowledge of fluorescence yields is needed for their inter

pretation. Atomic collision cross sections in which inner shells are ionized are 

measured through the detection of characteristic x-rays. Recently, identification 
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of fission fragments and their yields have been made by study of their character

istic x-ray spectra, and in such cases, a knowledge of the change in fluorescence 

yields as a result of multiple ionization is needed. 

Nonradiative transitions probabilities are more sensitive to the nature of 

atomic wavefunctions than many other measurable atomic quantities. A systematic 

study of radiation-less transitions can therefore be used as a test of current methods 

of generating atomic wavefunctions. 

X-ray fluorescence methods have been applied practically in a wide variety 

of cases including non-destructive testing, medical research trace element analysis, 

analysis of geological samples, etc. Because x-ray detectors can detect even single 

photons, it is possible to develop x-ray fluorescence analysis into an extremely 

sensitive analytical tool. This has found application in such diverse fields as air-

pollution measurements, analysis of moon rocks brought back by the Apollo expe

dition, determination of mercury contamination in fish, and determining the authen

ticity of paintings, antiques, etc. In all these applications, a knowledge of the fluores

cent yield is required. 

Auger electron spectroscopy and low energy electron diffraction are used 

in surface physics studies for the detection of minute quantities of contaminants. 

Values of fluorescence and Auger yields are needed here. 

Finally, the importance of x-ray fluorescence yields in the calculation of 

photon transport processes needs to be mentioned. After a gamma photon traverses 

many radiation lengths, the remaining energy loss and consequent absorbed dose is 

due to secondary fluorescence radiation. Thus accurate knowledge of fluorescence 
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Figure 1. Major K and L Shell Kadiative Transitions. 



Table 1. Major K and L Shell Radiative Transitions 
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radiation yields is needed in dose build-up calculations. Another example is the 

design of stacked or graded shields, which are made such that each layer is 

particularly effective in stopping the fluorescent radiation produced in the pre-

ceding one. Many of the computer codes used in the design of such shields in

corporate the best values of such quantities. 

1.2 Definitions 

Vacancies are created in an inner shell or subshell of an atom in a variety 

of ways, including fluorescent excitation, charged particle bombardment, and 

radioactive p rocesses such as electron capture, internal conversion, a-decay, 

etc. When such a vacancy is created (in subshell i of a major shell x, say) the 

atom is left in an excited state and can de-excite by two main modes: (Fig. 1). 

A) Radiative transitions: An electron from an outer shell y. fills the vacancy, 

energy and angular momentum being conserved by emission of an x-ray. 

Between two pure single electron states, the allowed radiative transition 

is electric dipole (El). Magnetic dipole (Ml) transitions as well as higher 

multi-poles are forbidden, but lines due to such transitions are noticed at 

higher Z, owing to relativistic effects. 

Discussion of the selection rules governing radioactive decay have been 

given by many authors, among them Compton and Allison (11) or Condon and 

Shortley (12). 

B) Nonradiative transitions: An electron from a higher shell y. fills the vacancy, 

with conservation laws being satisfied by ejection of an electron from an outer 

shell, leaving the atom doubly ionized in its outer shells. This is called an 
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Auger transition (1) and the standard notation is X.Y - Y . An example of 
i J I 

an L-Auger process will be L. - M.N_ (see Fig. 1). 
1 4 5 

If the electron filling the vacancy comes from the higher subshell of the 

same major shell, the process is called a "Coster-Kronig transition" X - X Z , 
JK 

for example L - L M . Thus the Coster-Kronig (CK) transition (2) represents 
J. o o 

a vacancy shift within a major shell. The nonradiative Coster-Kronig effect dif

fers from the Auger effect only in that the original vacancy is filled from an orbi

tal of the same principal quantum number n, whereas in the Auger effect it is 

filled from a shell of principal quantum number n ' (n ' > n). 

Possible coupling schemes and final states in nonradiative processes have 

been examined by Burhop (14), Bergstrom and Nordling (15) and Mehlhorn (16), 

among others. 

The relative rates of these competitive modes are measured by the follow

ing yields: 

x 
1. Fluorescence yield, co. , is the probability that a vacancy in the shell x. fills 

radiatively from any of the outer shells. 

2. Auger yield, a. , is similarly the probability that it can be filled by an Auger 

process. 

x 
3. Coster-Kronig yield, f , is the probability for a vacancy shift to occur from 

ij 

subshell i to subshell j within the main shell x (with simultaneous ejection 

of an electron from an outer shell). 
Thus, in the L shell there are three subshells and nine yields 
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0) 
1 "i W3 

fluorescence yields 

a l a 2 a 3 
Auger yields 

f12 f13 f23 
Coster-Kronig yields 

These a r e related by the equation 

01 + a, + L f.. = 1 (1) 
i i . . i j 

J > i • 

Hence there a r e only six independent quanti t ies. Equation (1) can be 

writ ten separately for each subshell as 

co + a = 1 
3 3 

^ + a 2 + f23 = 1 ( l E ) 

co + a + f + f = 1 
1 1 12 23 

However, i t has been proposed that the small radiative somponent in the Cos te r -

Kronig t ransi t ions which involves only the orbitals of the same principal quantum 

number n should be included in the Coster-Kronig yield as i t s radiative component 

CO... According to this proposal the Coster-Kronig yield f.. i s 

fX. = aX. + coX. (lb) 
i j i j ij 

and 

co. + a. = L (a.. + co..) = 1 (lc) 
i I v i j i j ' 
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Additional quantities which have been useful from an experimental view

point are the p/a, which were also formerly called the fluorescent yields. The 

quantity v. is the total number of all L x-rays observed per vacancy in an L. sub-

shell. (In the actual fluorescence yield, to., it is required that the L x-ray transi

tions go to only the L. shell). The V. therefore include the result of the Coster-
i i 

Kronig transitions and hence v> = to , vt = to + f oi and v1 = to + f to + 

(f12 + f23 )W2-
k 

Then we can define an average L yield by to = E to. V (3) 
L i=l 1 x 

Another average yield to has also been used, defined as the average L 
K.J-/ 

shell fluorescence yield following a K-x-ray emission. 

1.3 Historical Survey of L Yields 

Auger (1) was the first to measure a mean Auger electron yield a „ He 
J_/ 

obtained a mean L-shell fluorescence yield to = 1 - a , defined as the proba

bility that a vacancy in the L shell is filled by an L x-ray transition. This was 

done by using a cloud chamber filled with gases and photographing the Auger 

electron tracks„ Lay (3) in 1935 undertook a systematic measurement of to 
J_/ 

values by fluorescent excitation of gaseous targets or foils and measuring the 

intensity of the emitted radiation by means of photographic plates. Elements of 

40 < Z < 92 were investigated. Fluorescent yields for the L -subshell for the 
o 

elements between tantalum and bismuth were measured by Kustner and Arends (4) 

and by Stephenson (5) for lead, thorium, and uranium. These authors used essen

tially the same method: a determination of the amount of secondary radiation 
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emitted from a target irradiated with x-rays at a wavelength lying between the 

absorption limits of L and L levels. Kustner and Arends (4) also attempted to 

measure the fluorescent yields of L and L levels by means of critical absorbers-
2 o 

Ku stner et al. did not correct for the then unknown CK transitions. 

Stahel (6) in 1935 measured the L yields from the decay of RaD, but he 

based the vacancy formation rates on the earlier work of Lay (3). Kinsey (7) 

reinvestigated this result and also measured the L yields from the decay of 

ThC where the internal conversion coefficients were better known. The detector 

was a (xenon + argon) - alcohol gas counter operated both as a proportional counter 

and as a G-M counter, a - x coincidences were also observed. 

The mean fluorescent yields oo were derived by dividing the theoretical 
J_i 

radiation widths by the experimental values of total widths; i. e. oo = E. /T . , . 
J_i J_i t o t a l 

Hohmuth (8) obtained &\_T , a mean fluorescent yield composed of the L_ 
KL 2 

and L subshell yields and observed by means of K - L coincidences as well as 
o 

to for the elements rubidium, niodium, silver, holmium and mercury using 
L 
85 93 109 165 204 

Sr , Mo , Cd , Er , and Tl and with y - L coincidences for tellurium 
125 139 

and lanthanum using I and Ce . Proportional counters and scintillation 

detectors were utilized. Hohmuth and Winter (9) measured o\_, for Z = 47, 54, 

109 131 141 
and 59 using Cd , Cs and Ce , respectively. Jopson et al. (10) undertook 

57 
an extensive investigation of 23 heavy elements of 57 < Z 83 using Co x-rays 

for fluorescent excitation and NaI(TjQ scjintillation detectors. The work of Goldberg 

(11) in measuring the L yields in 73 < Z < 92 using electron bombardment must 

also be mentioned. 



10 

All the foregoing experiments suffered from the poor resolution of the 

detectors. Hohmuth's results were influenced by poor knowledge of efficiencies 

in proportional counters and the results of Jopson were inaccurate due to x-ray 

self absorption in target foils. It was only after the advent of high resolution 

semiconductor detectors that significant accuracies could be claimed in the 

measurements of L yields. An evaluation of the accuracy of these, as well as 

the newer experiments, will be made in a later chapter. 
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CHAPTER H 

EXPERIMENTAL L YIELDS 

2.1 Basic Requirements 

The complete description of the decay of an excited state with an L vacancy 

by radiative and non-radiative transitions requires us to measure at least six 

of the nine possible L subshell yields (equation 1). The basic requirements to 

obtain such detailed information are 

(A) Controlled production of primary single L vacancies. 

(B) High resolution study of the photon or electron emission spectra arising from 

the decay of these primary vacancies, with the resolution being adequate to 

distinguish the major groups from each subshell. 

2 .1 .1 Vacancy Creation Processes 

The primary vacancy distribution in the three L subshells is highly depen

dent on the nature of the process of vacancy creation. The main such processes 

are 

(1) Fluorescent excitation. 

(2) Charged particle (electron or heavy ion) bombardment. 

(3) Radioactive decay processes such as (i) L orbital electron capture , (ii) K 

capture (followed by (4) below , or (iii) L-internal y-ray conversion. The 

y-rays can arise from the decay of a nucleus following ft decay, etc. Also, 

radioactive decay processes can create vacancies in the K shell which can 
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then lead to L vacancies as in (4) below. 

(4) Filling of a K vacancy from the L shell producing K and K x-rays or 
ai a2 

Auger electrons. 

Which primary vacancy distribution is used in the study of the L yields 

depends upon the experimental technique employed, as by requirement (B) above. 

These techniques can broadly be divided into singles methods and coincidence 

methods. 

2.1.2 Singles Spectrum Method 

In the singles method, the total number of L x-rays arising from an event 

(e.g. a radioactive transition or fluorescence excitation) is measured and a mean 

fluorescence L yield w is calculated from the relationship 

C L = c
0

p w L ( € f / 1 , ) ( 4 ) 

where C is the number of L x-rays, C is the number of events leading to L 

vacancies, P is the probability of producing a vacancy per event, c is the detec

tion efficiency,^ is the solid angle subtended by the detector at the source, and 

f is a correction factor for the attenuation of L x-rays before reaching the detector. 

co, will be dependent on the final vacancy distribution ratios V , V , and L 1 Z 

V . These are related to the primary vacancy distribution ratios N by 
o 

V 1 = N 1 

V 2 = N 2 + f 1 2 N l <5> 

V 3 = N 3 + f 2 3 N 2 + <f13 + f 1 2 f 1 3 > N l 
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If the final vacancy distribution is known and detector resolution is adequate, 

some of the subshell yields also can be estimated. If only t / s are needed, the 

Coster-Kronig yield f. need not be known. 

2.1.3 Coincidence Methods 

The coincidence method consists in selecting a particular distribution of 

primary vacancies and observing the L x-rays arising therefrom. For instance, 

we may observe a K x-ray (called the gate) which specifies a primary distribu-
ttl 

tion of N : N : N : 0 : 0 : 1 in coincidence with the L x-rays. The basic equations to 
j - A o 

be applied in all coincidence methods is 

C L< g ) = V<NlW2 + V3>^fec <6) 

where C is the number of L x-rays in coincidence with gate g (this may be 
•MS) 

K x-rays, y-rays, conversion electrons, etc.) . C is the number of gate counts, 

p is the fractional probability of an L vacancy being excited by each event in the 

gate, and C is the efficiency of the coincidence system or the ratio of recorded 

coincidence to actual coincidences. The quantities, c rt*-, f are as in equation (4) 

and v is the total fluorescence yield as defined in Chapter I. 

2.2 Methods of Primary Vacancy Creation 

The primary vacancy creation is considered in greater detail below. 

2 .2 .1 Direct Fluorescent Excitation 

Direct fluorescent excitation consists of creating vacancies by exposing 

target foils to x-rays or y-rays. It has been historically an important method for 
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creating primary vacancies for the measurement of L fluorescence yields (i. e. 

Lay (3), Kustner (4), and Jopson (10)). The method has been used for both <x> 
K 

and 02T measurements; L-subshell yields have been estimated using the method 

of critical absorbers. 
Jopson et al. (10) measured L fluorescence yields for 23 elements using 

57 
a K x-ray-L x-ray coincidence method, using a Co source (122 keV energy) to 

produce K vacancies in the target foil. The foils have to be very thin in order to 

minimize self-absorption of L x-rays. 

The use of the direct fluorescence method requires that accurate photo-

excitation cross sections be available. Bearden (17) has compiled experimental 

x-ray absorption coefficients for many elements. Guttman and Wagenfeld (18), 

using hydrogenic wavefunctions and including dipole, dipole-octupole, Compton 

and quadrupole terms in the calculation, have produced theoretical absorption 

cross sections, which are in good agreement with experimental values away from 

absorption edges. Together with older work like that of Deslattes (19) these r e 

sults give reliable tabulations on total x-ray absorption coefficients. 

However, L shell measurements require the subshell vacancy distributions 

to be known and these have not been available with the necessary accuracy. For 

this reason, and owing to experimental difficulties, such as self absorption of the 

L x-rays in the target foil, scattering of the primary radiation into L detector, 

difficulty of making thin foils, e tc . , the (direct fluorescence excitation method has 

not been used for L yields measurements recently. 
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2.2.2 Charged Particle Excitation 

Electron beams have been employed to produce primary vacancies. The 

rate of vacancy creation must be calculated using the theory of atomic collisions. 

The beam current is measured accurately by means of a biased Faraday 

cup. The vacancy distribution rates among the subshells also needs to be theore

tically estimated. Electron beams that are sufficiently energetic to ionize inner 

shells with large enough probabilities will also produce bremsstrahlung x-rays 

which would make it difficult to observe the subsequent radiation emitted by the 

atom. For these reasons, the measurement of L fluorescent yields by the elec

tron bombardment method of vacancy creation may not be accurate. 

Heavy ions could also be utilized to produce L vacancies and in this case 

bremsstrahlung is negligible. In case of heavier incident particles, the theoreti

cal estimates of vacancy creation and vacancy ratios are not considered accurate 

enough to permit L shell fluorescence measurements. 

2.2.3 Primary L Shell Excitation by Radioactive Decay 

Radioactive decay of nuclei, especially electron capture and internal con

version, may produce primary L subsh€;ll vacancies by two mechanisms. 

(A) Orbital electron capture: Depending on the nature and energy of the transi

tions, the subshell vacancy distribution created in orbital electron capture 

can be calculated. In the majority of cases, K-capture predominates, giving 

rise to L vacancies by K x-ray, K-LL, and X - L Auger electron emission. 
-A. 

In case of pure L capture (when K capture is energetically impossible) with 

allowed and non-unique first forbidden transitions, vacancies appear 
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predominantly in the L subshell. For decay energies well above the L shell 

binding energies (P |P ) ~ 0.15 and P is very small (20). Such a 
2 J 3 181 

transition provides an adequate source of L vacancies (e.g. in W ). 

Tables of PT |PT^ and PT |PT capture ratios as a function of Z and decay 
L1 K L ' L„ J 

2 1 
energy Q_ are available (21). Here P , P , P etc. signifies capture 

-CJC K IJ IJ 

1 2 
probability to the K, L , L , etc. shells. 

J- « 

(B) L shell internal conversion: L vacancies are produced by internal conversion 

as well with theoretical internal conversion coefficients a T . (whose values 
Li 

indicate the number of vacancies formed in the subshell i); as a function of 

transition energy and atomic number Z in case of pure multipolarity, are 

available. In many cases K conversion also occurs and L vacancies are 

created by K x-ray or K-Auger emission. An accurate knowledge of the K 

conversion coefficient a K is also needed in such cases. In some even a 

emitters low energy E2 transitions are predominantly converted in the L , 
/Li 

L subshells and in such cases L , L subshell yields are measured by 

a-L x-ray coincidences. 

2.2.4 L Shell Vacancies Following the Filling of K Shell Vacancies 

In many of the radioactive decay cases, the L vacancies appear as the sec

ond stage of a cascade which begins with the creation of a K vacancy. The two 

phenomena which result in L vacancies are K x-ray and K Auger electron emission. 

In the radiative case, a K vacancy is filled by an electron from the L or 
/Li 

L shell, resulting in the emission of a K or K x-ray, respectively. K-L 
°k ttl 

transitions are forbidden by the electric dipole selection rule A 4 = +; 1. However, 
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a very small number of L vacancies may be created by K-L transi t ion of the 

M l type. The "p r imary subshell ra t io" i s equal to the intensity ra t io of the x - r a y s 

K /K and this ra t io is well known (48). Non-radiative t ransi t ions filling the 
OL OL 

2 1 
K vacancies from the L shell a r e of two types: K-LL where an electron from the 

L shell filled the K vacancy, the excess energy being ca r r i ed away by ejecting an 

L electron and (ii) K-LX where the excess energy i s ca r r i ed off by an ejected 

electron from a shell X higher than L 

The L subshell vacancy distribution following the filling of a K vacancy can 

be calculated from a knowledge of the K x - r a y and K Auger emission r a t e s . It 

should be noted that in the case of non-radiative t ransi t ions , the atom i s doubly 

ionized. Let M ^ be the average number of p r imary Li vacancies created in 
Li 

the filling of a K shell vacancy by an electron from an Li subshell . 

2I(K-LXL ) + I(K-L L ? ) + I(K-L L ) + I(K-L X) 
n^ T = ( 1 - c o j — — — — - 7 7 (7a) 

KL. x K I . + ! . „ „ + I. 
1 " KLL KLX KXY 

VK 
* 2 n , r 2 I ( K ^ 2 L 2 ) + I ^ L l L 2 ) + I ^ L 2 L 3 ) + I ^ L 2 X ) l ^ - — - + ( 1 - C 0 K ) [ - J (7b) nKT = 

2 ^K " ^ "KLL"KLX'"KXY 

W A 
a 2IKL„L +IKL. L +IKLrtL +IKL„X 

1 /n r 3 3 1 3 2 3 3 1 

i—+ (1 - "K> [•—Y—+T—yr;- J (7c) nKT " 
A J J 3 ^K " "KLL "KLX "KXY 

where I , 1,-^-. e tc . a r e the Auger electron intensi t ies , I is total K x - r ay 
KLL KXY K 

intensity and F n = 1. 
J\.L. 

1 
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2.3 Basic Equations 

Because the semiconductors can resolve the main L x-ray groups the basic 

equations which contain them are appropriate for the use of semiconductor detec

tors, whether used in coincidence or singles mode. The detector can resolve the 

L x-ray spectrum into groups L , L , L _, L (Figure 1). The counting rates 
l a p y 

are corrected for the photopeak detection efficiency and fractional solid angle sub-

t ended by the active volume of detector at the source, source self-absorption, 

attenuation of L x-rays between source and detector and any possible summation 

effects, etc. 

The "radiative branching ratios" S , S , S are defined as the ratios of 

intensities of resolved L x-ray groups arising from the radiative filling of L , 

L and L levels, respectively. For the L subshell we write 

I(L ->N)+I(L -> 0)+ . . . 
S l = I ( L ^ M ) <8a> 

Intensity of L x - r a y s originating from L vacancies 

Intensity of L x - r a y s originating from L vacancies 
P 1 

where I(L -> X) is the intensity of the radiative transitions by X shell electrons 

filling L vacancies. Similarly 

•I(L9-»N)+I(L -» 0 ) + , . . 
S2 = I(L0 ^ M) ( 8 b ) 

Intensity of L x-rays originating from L vacancies 
1 f 

Intensity of (L +L ) x-rays from L vacancies 
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a n d I (L 3 -»N)+I(L3 - O ) . . . 

S 3 = I(L0 - M ) ( 8 C ) 

Intensity of L Q x - r a y s originating from L_ vacancies 
P 2 

Intensity of L + L x - r a y s from L„ vacancies 
J i OL J 3 

Let N be the p r imary vacancy distribution and ^ N. = 1. Let p be the 
l i 

probability of exciting an L vacancy in an event (electron capture , internal con

version) and C be the number of events . I_ , I_ , I , I_ , and I_ a re the 

o L „ L L L„ L 
I a rj j8 y 

subscr ipts intensi t ies respect ively of the L - L , L , L and L x - r ay groups. 
z OL r\ p y 

The VTs a r e the modified vacancy distr ibutions. We have 

C pV co C pco 

V = ^TT§r- = T S f ^ l ( f 1 3 + f12f23> + N2 f23 + V <9a> 
i,OL 3 3 

J L a - VL = C o P [ V l W l + V 2 W 2 ] = C « P [ N 1 ( W 1 + W + N2W2] ^ 

„ V l V2W2 r V l (N2+Nl fl2)^2 
J
L - V L = cop

 I T S - + 175"= cop i ^ - + — i s : — <9c> 
7>,jS jfc,a 1 2 1 2 

and 

V . S . w . VJSrtwrt
 N l l S l C O i < N l f l2 + N 2 ) S 2 W 2 1 1 1 2 2 2 _, - ^ _ - — - - -

J L = C o p 1 7 ^ + -T^~ = c
0

p " T 7 s ^ + i ^ <9d> 

where 
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SL,OL l a 

I I / I L + I L « t (10) 

JL . = I L + V^ 

The quantity p in equation (9) can be obtained from a detailed knowledge 

of the events under consideration. If the events are pure L capture decays., p is 

P , the L capture probability. If the event is an internal conversion process, 

p = L./ u>tal, the rate of the L shell to total internal conversion coefficient. 

If the event is the filling of a K vacancy, p = n and so on. If (as in a singles 

spectrum study), all these processes are involved simultaneously, p is a function 

of all these above quantities. 

In the singles method, if the resolution of the L x-ray detectors is suffi

cient, the L peak can be resolved into L (corresponding to L shell) and L 
-L Li 

(corresponding to L subshell) and equation (9d) can be split up into 
^ j 

S l 
a) I_ = C p a* V 

L <r 1 1 1+S, 

-1 
S 

W l = XL 
y-

copVi(-irir)j (11) 

b) I- = C p w „ V 
S2 

L <T 2 2 1+S0 

ro 2 
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Thus we have a means of evaluating cc , if we obtain the other quantities such as 

V and S from other experiments or theory. 

2 .4 The Coincidence Method 

The coincidence method i s used to select only cer ta in kinds of events 

among all the C events present , thus choosing a specific p r imary distribution of 

L vacancies . The technique is very useful for the following reasons : It removes 

the need to re ly on calculated vacancy distributions (except for es t imates of minor 

correc t ions) , thus relat ive independence from nuclear decay schemes , conversion 

coefficients, capture probabil i t ies, e tc . i s achieved. The coincidence spect ra , 

which a r e s impler than the direct (or singles) spect ra , can be analyzed with 

g rea te r accuracy. 

Four types of coincidence experiments have been used to measure L yields: 

(1) L x - r a y - K x - r a y coincidences 

(2) L x - r a y - y - r a y coincidences 

(3) L x - r ay - conversion electron coincidences 

(4) L x - r a y - a par t ic le coincidences 

The equations applicable to any coincidence experiment a re as follows: 

Let g stand for the gate, K x - ray , conversion electron, y - r a y e tc . Then 

C i s the number of total gate counts. CT , . i s the number of L x - r a y s in coinci-
g L(g) 

dence with g as before. 

Then 
V 3 W 3 

C L = V TS" (12a) 

A,«(g) g 3 
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°L „ , -S3CL . / V ' V l + W (12b) 

n,fty(g) je,a(g) 5 

V l S l V 2
S 2 

C L Q -S3CL =VTsr+^sr (i2c) 

r?,j8(g) x,a(g) l 2 

V oi S V (0 S 
1 1 1 9 2 2 

CL - V - T S T ^ - H 1 < 1 2 d> 
y(g) 1 2 

The V's here are the specific vacancy distribution selected by the coinci

dence requirement. 

2 .4 .1 L(K ) Coincidences _a i 

When a K vacancy is filled from the L subshell, a K x-ray is emitted 
a 2 

and similarly when it is filled from the L subshell, a K x-ray is emitted. Thus, 

the K and K x-rays signal the formation of pure L„ and L. subshell vacancies. 
°k °4 ^ 2 3 

For K 
a l 

and 

Nx = 0, N2 = 0, N3 = 1, p = 1 

C L ( K a > = °K W 3 « f«c>- ; <13) 

1 " l 

S = e (14) 
3 CT (K ) v ' 

X,a l 
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Simi lar ly with K 
2 

N x = 0, N 2 = 1, N 3 = 0, p = 1 

and 

C L ( K
a > = C K v2 < e " o f e c> = ° K ( W 2 + f

2 3 W 3><^c> <15> 
2 °2 °2 

°K 
C L (K<* > tt2 

C (K ) C K 23 < 6> 
&,ct l a . 

S2 = f CL ( V ' W " "3 °L (K« ) 3 (17) 

y 2 yS 2 a 2 

Thus, by separately gating on K and K x-rays, all the L L subshell 
a 2 ttl 

values as well as the radiative branching ratios S and S are obtained. 
Z o 

The experiment could be performed by either fluorescent excitation of 

foils (10, 22 and 23) or by using radioisotopes. In the foil excitation method, a 

measurement of f (Coster-Kronig yield) is prevented by the fact that many L 
Zo o 

vacancies are directly created. 

However, this difficulty can be eliminated if one uses carrier-free radio

isotopes. Source self-excitation of L vacancies is negligible in such a case. A 
o 

large number of L(K ) coincidence experiments have been made (26-28). 
OL 

2.4.2 Gamma L X-ray Coincidences 

L x-ray-gamma-ray coincidences are possible when two nuclear transitions 

are in cascade connected by an intermediate state that is not long lived. Here the 



24 

L vacancies created in the internal conversion of one transition are in coincidence 

with the gammas from the other transition. Another case could be when orbital 

electron capture leads to an excited state that emits a prompt gamma ray. Ideally 

a pure L capture would lead to an excited state that would decay by a prompt gamma 

to the ground state. Such a case in W was used as a source of L vacancies to 

estimate L yields (28). 

The primary L vacancies produced in all the transitions in cascade with 

the gating gamma ray could be due to one or more of the processes such as elec

tron capture, internal conversion, K - x-ray emission, K - Auger emission etc. 

Accurate knowledge of these contributions is needed. When there are several 

gammas, great care is needed to exclude Compton contribution etc. from the 

higher energy y-rays. 

2.4.3 Conversion Electron - L X-ray Coincidences 

In an internally converted gamma transition, the number of conversion 

electrons emitted gives the number of vacancies in the corresponding shells. If 

L conversion electrons are used, these directly signal the creation of L vacancies. 

Ideally this nuclear transition should not be preceded or followed by nuclear events 

in which L vacancies are produced. When such vacancies are produced, however, 

(as in the formation of K vacancies by K - conversion which in turn gives rise to 

L vacancies) the contribution to L vacancies can usually be estimated. 

Very high resolution is needed to separate individual L subshell electrons 

and this in most cases is not available. In such cases, the vacancy distribution 

has to be estimated from conversion coefficient tables. 
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Thus 

°t °t ttL 
N :NQ:N = — L : — : — -

1 2 3 a T aT aT 
1 J 1 J 1 J 

where a T denotes the internal L shell conversion coefficient. If K conversion 

electrons are used instead of L conversion electrons 

CL 

N. = — n (18) 
1 OL. . , K T

 v ' 
total L. 

I 

In the low Z region, K vacancies are mostly filled by Auger transitions 

leading to double vacancy states and then K conversion electron - L x-ray coinci

dences can be used to study them. 

2.4.4 a- L Coincidences 

If the decay of an a-excited nuclear level occurs to the ground state and 

this takes place by L, M—shell converted y transitions without any K conversion, 

then L subshell yields may be measured by Of- L x-ray coincidences. The above 

requirements restrict application to high Z nuclides with low-lying levels. Of 

these, even-even nuclides give low energy E2 ground state transitions (N :N : 
j - di 

N = 0:1:1) and odd-A nuclides give El , Ml transitions (N :N :N ~ 0.9:0.1:0). 
3 ± £ o 

Thus the results from E2 transitions give information on L and L subshells and 
Z o 

the results from the El transitions give information on the L quantities. Hence 

both odd-A and even-A nuclides must be used to obtain the subshell quantities for 

a given element. The method is generally used in conjunction with L(y) coincidences, 

The method has been applied by Byrne (29), Halley (30) and Ferreira (31) 
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to determine the fluorescence yields for Ra, Th, V, Pu and Cm. Following 

Byrne, we define 

\{0L)/CQL = F ( 1 9 a ) 

(VN2 f2<J ) toJq 

~l^f~- = F3 (19b) 

N3/N2 = C3 (19c) 

and 

F(l+C *v) 
oon = 2 (aL/x+ot)(l+F') (20a) 

f 2 3 = ^ F 3 - C 3 ( 2 ° b ) 

3 

It is necessary to assume 00 , which is a serious limitation of this method. 
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CHAPTER HI 

THEORETICAL APPROACHES TO THE CALCULATION 

OF L YIELDS 

Since one of the aims of L subshell fluorescence yields measurements is 

to enable one to check the validity of atomic structure calculations, it is necessary 

to discuss these calculations in some detail. 

The basic approach of these calculations is to assume that an atom can be 

represented by a simple atomic model, assume various wave functions and solve 

the Schroedinger equation for the atom and obtain the radiative and non-radiative 

transition probabilities for the various shells which can then be compared with 

the experimental transition probabilities. 

A wide variety of wavefunctions are used in these calculations, two gene

ral approaches being (i) the hydrogenic wavefunctions with screening and (ii) 

central-field approximations with self-consistent-field techniques. 

In the first case, the electron whose transition probability we wish to 

consider is assumed to be a single electron orbiting a nucleus, as in the hydrogen 

atom. The presence of the other electrons in the atom modifies this nuclear poten

tial or "screens" it„ In the second case, the electron moves in a field contributed 

to by the nucleus and all the other electrons. We shall give here an indication of 

these methods and discuss later on calculations using these approaches. 
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3.1 Hydrogen Atom 

The simplest atomic case is that of hydrogen, with one electron orbiting 

a nucleus of unit charge Z. The time dependent Schrodinger equation for this case 

is 

/ h2 2 ze2 \ 
H*= (-2M - 4 ^ 7 7 ) * = E * <21> 

O 

where $ is the wavefunction of the electron and K is the Hamiltonian and M the 

reduced mass of the electron. In atomic units, (e = m = h = 1), this equation 
fc? 

becomes 

( | A - Z/r) tf = E * (22) 

Separating the variables, the angular part of the equation has the standard spheri

cal harmonics as solutions, and the radial equation becomes 

d2p(r) + 2 r E + z . . . ni+i) 
2 + \ h + v 2 ^ 

dr 2r 

P(r) = 0 (23) 

where P(r) = rR(r). 

The solutions for the radial part are called the "hydrogenic" class of wave-

functions and are widely used in atomic structure calculations. 

3.2 Central Field Approximation and Self Consistent 

Field Techniques 

3.2.1 Central Fields Approximation 

When we have more than one electron, the exact solution of the Schrodinger 
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equation is impossible and one has to proceed with approximations. 

First of all, one assumes that each electron (non-interacting with the 

others) moves in a spherically symmetric potential formed by the nucleus and 

the other (Z-l) electrons. This potential is called the central field and the cen

tral field theory must be modified by considering spin-orbit coupling and Coulomb 

interaction between electron pairs. The coupling can be of the LS, JJ or inter

mediate types, depending on the strength of the spin-orbit interaction. (Coupling 

schemes are important in considerations of hydrogenic wavefunctions as well.) 

Let us consider the Hamiltonian by 

K = K +K +K (24) 
o c s.o x 

1.2 „ „ 2 
/ h 2 Z e \ 

where K = f-r- A J is the hydrogenic Hamiltonian. 

2 
5C = T- e / r . . is the Coulomb interaction of electron pairs. 

C • /• 1J 

- • - • 

5C ^ = S £ ( r . )(^- ' s . ) is the spin-orbit interaction. 
s . o . ^ i i i 

I 

The different coupling schemes are given by 

K »K : LS coupling 
C S ' O 

K «K : J J coupling 
C S ' O 

K ~ K : Intermediate coupling 
C S ' O 

A) L.S. coupling: In the L.S-coupling scheme, a vacancy is characterized by the 

quantum numbers n and X,e.g. as a 2S or 2P hole or in other words an L , or 
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L vacancy. Because of the electrostatic interaction of the electrons, the 

Z) o 

electron configuration is split into terms of different energies characterized 
by L and S. 

B) J . J . coupling: There the spin-orbit interaction dominates and the vacancies 

are characterized by rj, j&, j (e.g. 21?^, 2P , , etc.) . Extreme JJ coupling 
"2 o/& 

takes into account only the spin-orbit interaction, which is a relativistic 

effect so that in relativistic theory JJ coupling is invariably used. 

C) Intermediate coupling: In this case, the number of possible transitions is 

greater. The notation and results depend upon whether intermediate coupling 

is approached from a pure LS or pure JJ coupling. 

3.2.2 Self Consistent Fields 

Following Hartree (32) the Schroedinger equation for a single electron 

mowing in the spherically symmetrical central field is solved and the solutions 

for many electrons are combined to build up the charge density of the atoms. The 

potential arising from this charge density is found making the requirement of self-

consistency: in the final potential most agree with the initial one which had been 

assumed to set up the Schroedinger equation. 

Thus, an iterative procedure is used for the calculation: one assumes an 

initial field carries out calculations and obtains final wavefunctions: These final 

functions are used as the initial function in the next step and so on, until the initial 

and final fields agree within some specified accuracy. 

The charge field of the nucleus is "screened" by the core electrons from 

the one electron under consideration and hence the nuclear charge is replaced by 
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* 
an effective charge Ze = (Z - a) where a is the so-called screening factor. The 

results obtained are very much dependent upon this screening and different authors 

have used different values. Hartree derives the screening constant from the ratio 

of the mean hydrogenic radius r to the mean radius derived from a "more 

realistic" wavefunction r . 

c r = Z - l 
rH 

* 
Another approach has been to choose an effective charge Z e such that the binding 

energy obtained for a single hydrogenic atom is the same as that observed for an 

electron in the corresponding state in the actual atom of charge Z. 

3.2.3 Hartree-Fock Method and the Exchange Term 

The second postulate of the self consistent field theory (SCF) is that of the 

spin of the electron, and the third consists of the application of the Pauli exclusion 

principle to the electron, derived from the fact that the electrons obey Fermi-

Dirac statistics. This last requirement can also be derived from the postulate 

of Pauli, namely: the wavefunction for a many electron system must change sign 

when the coordinates of the electrons are interchanged. 

Then, if U , U . . . are the spin-orbitals of individual electrons whose 
J. A 

space and spin-coordinates are characterized by U (1), U (2) . . . U (N), then the 

simplest, antisymmetric, N particle wavefunction can be expressed by the 

determinant 



32 

ux(i) U1(2) UX(N) 

u2d) °2<2> U2(N) 

uN(D UN<2> 
UN(N) 

(25) 

In the Hartree equation, the one-electron wavefunctions U (x), U (x) . . 
j . & 

are varied in such a way as to make 

U*(xx) U*(x2). . . H U ^ ) . . -UN(xN) d x ^ . . .dxN (26) 

an extremum and by requiring that the fiuiction U be normalized. This leads to 

a minimization of energy. In the Hartree-Fock method (33) instead of the product 

function, a product determinant is used and thus the quantity 

1 
u*(X l ) . . .U*(x ) 

1* n U 1 ( X 1 ) -
• U , ( x )• 

1 n 
dx 
. 1 

N! • 
u*(X l) . . .U*(x ) 

n n 
U ( x j . 

VL 1 
.U (x ) 

n n 
dx 

n 

(27) 

is made an extremum. Here the integration includes summation over spin. 

The Hartree-Fock equation can be written in the form 

n 2 
* TT*fv \ (-^— ] U (K \ H\ 

t^WH^ 
k=l 

W^W^ W 
12 

(28) 

- [* J w t - r )W fe
2]Vi)}=EiVi) 

tyl 12 

The H is the kinetic energy operator for the electron of coordinate x 
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2 -4 
plus its potential energy in the field of all electrons; e / r is the Coulomb energy 

iz 

of interaction of electrons 1 and 2; thus the second term is the Coulomb potential 

energy acting on the electron at position x , of all the electronic charge including 

that of the i wavefunction which is under consideration. The third term then 

corrects for the fact that the electron does not act on itself and this is called the 

exchange term. 

If we consider an electron of spin + 1/2 and assume that all positive (+ 1/2) 

spin electrons contribute a charge density p , with all negative (-1/2) spin electrons 

contributing a charge density p , the field at the electron under consideration would 

consist of that due to the whole of o , but that of p would be corrected by removing 

from the immediate vicinity of the electron whose wavefunction is under considera

tion, an exchange charge density correction whose total amount is equal to that of 

a single + 1/2 electron. Thus, the corrected charge density equals (n-1) electron 

charges and there is a sort of MholeM surrounding the electron in question consis

ting of a deficiency of charge of the same spin as the electron under consideration. 

This hole is called the Fermi or exchange hole. The exact form of the hole varies 

for different orbitals and different wavefunctions U.. 

Slater (34) showed that by forming a weighted mean of exchange charges 

(averaged and weighted over the various electronic functions at a given region of 

space) one can set up an average potential field including exchange for all the 

orbitals. Further, he replaced the average exchange charge by the corresponding 

charge in a free electron gas whose local density is equal to the density of the 

actual charge at the point in question. This is called the free electron exchange 
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approximation. The free electron exchange potential, when p 

1/3 
V(p) e x c h = - 6 [ 3 / ( 8 i r ) | p | ] 

where p is the actual charge density. 

The Slater modification greatly simplifies the application of SCF method 

as cumbersome exchange integrals need not be evaluated. The field based on 

Eq. (28) with Slater exchange correction is called the HFS field. The HFS field 

utilizing the SCF method has been the basis of the majority of atomic structure 

calculations for the determination of L-fluorescence and Coster-Kronig yields. 

We shall examine below some of the current efforts. 

3.3 Calculation of Transition Probabilities 

In order to obtain the theoretical fluorescence and Coster-Kronig yields, 

one must calculate the radiative and nonradiative transition probabilities. In such 

calculations, the wavefunctions and potentials are generally obtained from self-

consistent field (SCF) calculations mentioned above. 

3 .3.1 Radiative Transition Probability 

From time-dependent perturbation theory, the transition probability per 

unit time from an initial state i_ to a final state _f is given by 

2 
w if = ? l /VK*id r l p(Ef> (30) 

= p~ is 

(29) 

where \L, ^ are the final and initial wavefunctions, K is the interaction 
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Hamiltonian and p(Ef) the density of final states of energy Ef that satisfy con

servation of energy. This transition probability includes the radiative and non-

radiative components. It is customary to expand the radiative part in multipoles 

L according to the angular momentum carried off by the quantum. 

3.3.2 Non-Radiative Transition Probabilities 

In a non-radiative transition (Auger or Coster-Kronig) a radiation less 

transition fills the inner shell vacancy and an electron is ejected, leaving the atom 

doubly ionized. The state of such nearly closed shell configurations with two holes 

can be represented in terms of completely closed shell configurations together with 

the correlated two electron configurations (13). The initial and final states can 

therefore be given by two electron configurations related to two-hole states that 

consist initially of one inner shell vacancy and one hole in the continuum and finally 

of two inner shell vacancies. Then in equation (30) we replace the matrix element 

by 
2 

D " 11 % <*> V 2 > - T - %<1> *d<2>d T i d T2 < 3 1 ) 

r i 2 

The identification numbers (1) and (2) here pertain to the electrons. Here \I> is 

a continuum wavefunction, while ^ , ^ , and ^ , are bound-state wavefunctions. 
a' <r d 

For the sake of autosymmetry the exchange matrix corresponding to the 

indistinguishable exchange operation ( $ , -• ^ ; ^ -» $' ) must be included,. It 
Q a c D 

i s 

2 
E = ll %(2) \(1) T~ %M *d(2) d T i d r2 (32) 

12 
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and the transition probability per unit time is 

Wfi = j&- |D-E | 2 p(Ef) (33) 

The total transition rate for the radiationless decay of a given atomic state 

is the properly weighted sum of the probabilities Wfi for all possible radiation 

transitions. 

3.3.2 Theoretical Calculations of Fluorescence Fields 

One of the earliest calculations of L fluorescent yields was made by Kinsey 

(7) who deduced them by dividing theoretical radiation widths by experimental values 

of total widths. The total widths were measured by studying the shapes of the ab

sorption edges of the three L-shell levels. Richtmeyer et al. (35) measured the 

width of the three L levels by fitting the constants of a theoretical formula to suit 

the experimental curve for the shape of absorption edges. On the low energy side 

the shape of the edge corresponds to that given by the formula; on the higher energy 

side, the experimental shape is distorted by the uneven distribution of energy of 

the states of the free electron in the solid material of the target. Bearden and 

Snyder (36) and Caster and de Lang (37) also obtained experimental widths which 

were fitted to the low energy side of the Richtmeyer formula. 

The radiation and Auger widths for gold (Z=79) were calculated by Ramberg 

and Richtmeyer (38) by a non-relativistic theory with a Thomas-Fermi field for 

doubly ionized Tl (Tl ). The ionic radius was adjusted to account for the difference 

in nuclear charge of gold and thallium. The continuous wavefunctions were calcu

lated from the Kramers asymptotic formula. The predicted total L widths are too 
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large. 

Massey and Burhop (39) made relativistic calculations with better results 

screened hydrogenic wavefunction, with Slater's screening constant (equation 29). 

However, some of the weaker lines were neglected and also relative Auger elec

tron intensities are somewhat too large. 

Many of the more recent calculations of fluorescence yields start off with 

the Herman-Skillman radial wavefunction derived from the radial HFS equation. 

To begin 

A 

': ~2> ALYM + V<r> ) P„l<r> = E m Pm<r> <34> i 
dr~ r 

where P _(r) = rR (r) and R is the radial wavefunction. The potential V(r) is 

the sum of the nuclear Coulomb potential and the exchange potential. Tentatively 

V (r) = V (r) at all r and o ' or 

2 2 r C ° 1 / 3 

V J r ) = " > " T f <T(t) dt - 2 r (cj(t)/t)dt - 6[3/8,rp(r)] (35) 
o r r j j 

2 
where t is summary variable for r . p(r) = cr(r)/47rr is the spherically averaged 

total charge density. The distances are in Bohr units. The screening constant 

a is given by 

cr(r) = - E ^ n l C P n l ( r ) f (36) 
nl 

where the occupation number cc , = 2(2j', + 1) for closed shells. The P (r) are 
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normalized wavefunctions. 

The first term in (35) is the Coulomb energy. The second is the potential 

energy in field of a charge located inside a sphere of radius r (inner shielding). 

The third term arises from the charge outside the sphere of radius r (outer-

shielding) and the last term is the exchange correction. 

The free electron exchange approximation fails at large distances and the 

potential is hence modified as 

V(r) = V (r) r < r 
(37) 

= -2 (Z-N+l ) / r r > r 
O O 

where Z is the nuclear charge and N the number of electrons in the atom or ion. 

Relativistic effects and spin orbit coupling are introduced in terms of the 

perturbation theory. The radial wave equation is now written as 

lK(r)+K (r)+K (r)+K . (r)]R(r) = ER(r) (38) 

where K (r) is the non-relativistic Hamiltonian. ° 
2 

K m ( r ) = - T [ E ° - V ( r ) ] (39) 

corrects for the relativistic variation of mass, a is the fine structure constant 

and E is the nonrelativistic energy eigen value. 

The term K ,(r) corrects for the shift in orbitals with relativistic effect. 
d 

For a Coulomb potential the correction is unity for £= 0 and zero for I ^ 0. 

Finally, the spin orbit term 
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^ o M - f ^ f 3 " ' J - ' + * 

= - f (W)^- ;J = i-* (40) 

= 0 i= 0. 

McGuire (40) approximated the quantity -rV(r) by straight line segments 

where V(r) is the relativistic Herman-Skillman potential. This quantity was used 

to calculate one electron potentials. These were then applied to radial Schrodinger 

equations in a central field which are exactly solvable. Radiative and nonradiative 

transition probabilities were then calculated by this approach. 

Scofield (41) made relativistic calculations for the radiative L vacancy 

decay rates, including the effect of retardation (finite speed of propagation of 

electromagnetic radiation). The Herman-Skillman relativistic potentials were 

used and the exchange term was set as 

3 2 1 / 3 

V = - - e ( 3 p / 7 T ) 

Iterative procedures were used to find the potential arising from the occu

pation of single particle levels by the specified number of electrons. The radial 

matrix elements were then found by integrating the products of the initial and final 

wave functions and the spherical bench functions. 

Rosner and Bhalla (42) made use of the same model as Scofield but included 

the effects of finite nuclear size. 

Non-relativistic calculations for the L subshell yields were made by Chen, 
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Crasemann, et al. (43) using screened faydrogenic wavefunctions. A screened 

Coulomb wavefunction [the Gordan wavefunction (44)] was used for the continuous 

wavefunction and the screening constant used in all cases was 

a = Z - r H . / 5 (41) 

where r H is the mean hydrogenic radius and r the mean Hartree Fock radius for 

the neutral atom. The radiontionless transition widths obtained from the calcu

lations were combined with Scofield's radiative rates in order to obtain the fluores

cence yields. 

Callan (45) used non-relativistic screened wavefunctions, together with the 

Gordan wavefunctions in a manner analogous to that of Chen, Crasemann et al. (43) 

to calculate the L L M Coster-Kronig transition rates . The screening con-
1 2 , 3 4 , 5 

stants used were those of Lowdin and Appel (46). Due to the energetics of the 

transition, this transition (L L M ) is possible only in a certain Z range; 
1 2 , 3 4 , O 

these lower and higher cut-off points were found at Z = 50 and Z = 73, respectively. 

Talukdar and Chatterji (47) made a relativistic calculation for L L M 
1 2 4 , o 

Coster-Kronig transitions, using for the direct matrix D the form 

2 •„ . 2 

*12 

2 2 
|E>| = | Y J J 7 - [ e x p ( 2 n v \ \ \ 2 l / o ) ]x (p i o 2 - J 1 J 2 )d r 1 dT 2 | 2 (42) 

where p n , p 0 , j n , ]' represent relativistic wavefunctions. 
1 di J. & 

pi = - ^ u . v h - ^it^ 
(43) 
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One of the more recent calculations by Chen and Crasemann (49) used the 

analytic independent particle model of Green et al. (50) to calculate L subshell 

fluorescence yield and L -L X Coster-Eironig yield. Using the Green's analytic 
Z o 

potential (50) instead of the simple Coulomb potential used in the former calcula

tions results in a slight reduction of the discrepancy between theoretical and 

experimental results for f . 

To summarize the theoretical situation, a large number of calculations 

exist for the L yields, but all start from very similar premises. The calculations 

all assume a hydrogenic potential or central field and the difference in the calcu

lations lie in the potentials assumed, coupling rules used and in the numerical 

methods of calculation. Therefore, it is essential to have experimental results 

to compare with, and thus a choice between the various calculations can be made. 
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CHAPTER IV 

BASIS OF THE EXPERIMENTAL DETERMINATION OF L YIELDS 

BY L(K) COINCIDENCES 

The measurement of L(K) x-ray - x-ray coincidences is the method that 

has been utilized for the present set of experiments. The basic equations for the 

L(K) coincidences have been discussed in Chapter n . It now remains to look at 

some details, such as detector requirements, and corrections to be applied. 

In the study of L-sub shell fluorescent and Coster-Kronig yields, one 

measures the coincident intensity ratios for resolved groups of L x-rays. The 

present set of experiments covers the 5-12 keV region for L x-rays. Suitable 

detectors are those, such as Si(Li) having a high efficiency and a fairly flat 

efficiency-energy response curve in this region, in order to minimize errors in 

comparing intensity rates of x-ray groups of different energy. 

The "gate" in these experiments is a K x-ray or a y-ray. To detect these, 
°i 

the detectors should have great resolution and high efficiency in the 40-100 keV 

region. Cooled Ge(Li) or Ge (intrinsic)detectors satisfy this requirement. The 

Ge detectors can be used for L x-ray detection as well, but the efficiency curve in 

this case has a discontinuity at 11.1 keV (Ge K-edge) and great care is needed in 

the intensity comparisons in that vicinity. 

Thus, the high resolution semiconductor detectors available at present are 

well suited to study L x-ray yields. Their resolution (150-400 eV FWHM at 5.9 



43 

keV K x-ray lines of Mn from Fe decay) is adequate to resolve the major groups 
Ct 

-3 
of L x-rays, and efficiencies (~ 10 ) are sufficient to permit coincidences, With 

care they can be used at energies as low as 3 keV. Below 3 keV proportional counters 

can be used to measure x-rays, especially if the sources can be internally situated. 

Diffraction spectrometers (bent crystals) have extremely good resolution and can 

be used to isolate individual transitions, but their detection efficiencies are gene

rally too small for them to be used in coincidence experiments. A combination of 

crystal (diffraction) x-ray spectrometer used for isolating individual transitions, 

with solid state detectors, proportional counters and scintiallation counters for 

measuring total L x-ray spectrum or L x-ray groups can lead to measurement of 

L yields which might otherwise be inaccessible. In the present work, cooled 

Ge(Li) or Si(Li) semiconductor detectors were employed throughout to measure 

L yields by coincidence techniques. The experiment is done by using cooled Si(Li) 

detectors to see the L x-rays. This is called a "spectrum" detector. A Ge(Li) 

detector is used to see the K x-rays and this is referred to as a "gate" detector. 

Certain K x-ray lines are isolated by means of single channel analysers ( i .e . 

K , K , etc.) and these are referred to as "gating lines" or "gates ." A coinci-

dence event or coincidence count occurs when one such "gate" count arrives at the 

coincidence unit as one L x-ray "spectrum" count. 

Since the measurement of L yields involves the measurement of absolute 

L x-ray intensities in the L(K) coincident spectra, a careful estimation of the L 

x-ray detection efficiency is essential. The L x-ray detection efficiency is reduced 

by absorption in the beryllium window, in the "dead" surface layer and in the "dead" 
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annular ring around the edge of the detectors. Variations in the electric field 

distribution in the detector and incomplete charge collection in the detector can 

also impair the efficiency of the detector. These factors, which are different 

for individual detectors give rise to a certain unpredictability in the efficiency of 

each detector. For this reason, the absolute efficiency of the L detector was 

measured in each experiment separately by using calibrated (IAEA) standard 

sources, reproducing as far as possible the identical geometry and counting rate 

as in the experiment. 

An extensive investigation of the efficiencies of the detectors used in these 

experiments has been carried out by Hansen, Freund and Fink (51) as well as 

McGeorge, Schmidt-ott, Nix, Unus, and Fink (52). 

The following corrections have to be applied to the results of the L(K) 

coincidence experiment: 

1. Standard corrections: The counting rates have to be corrected for the photo-

peak detection efficiency and fractional solid angle subtended by the active 

volume of the detector at the source,, source self absorption (exceedingly 

small with carrier-free radioactive sources), attenuation of the L x-rays 

between source and detector (by air absorption in the intervening distance, 

absorption in the Be window of the detector, etc.) and any possible summa

tion effects. 

2. Coincidence efficiency: The system used may not register all the coincident 

events and hence the coincidence efficiency has to be measured in each case. 

This is generally done by taking a time spectrum, i . e . the coincidence 



45 

resolving time is varied and the number of coincident events is registered, 

and it is verified that the entire prompt coincidence peak is observed in the 

coincidence period used for the experiment. In general, the coincidence 

efficiency is very close to unity. 

3. Gate composition: (Fig. 2) Due to the fact that the gate detector is of finite 

resolution, the K and K x-rays are not completely separated from each 

other. Further, if these are higher energy y-rays or the source is a j3 

emitter, the K x-rays ride on a fairly large continuum. Thus the typical gat

ing pluse, say K , contains, in addition to true K events, background plus 
a2 a2 

continuum counts and K events due to overlap of K and K x-rays. This 
«1 «x «2 

overlap is resolved by super-imposing a single line taken in the same detec

tor under the same conditions on the K line and estimating the fraction that 
a i 

falls under the K gate. 
«2 

4. Chance coincidences: Due to the finite resolving time of the coincidence cir

cuit, a certain number of the coincidence events are due to chance. These can 

be estimated by a separate chance coincidence run, in which a delay of several 

microseconds is inserted in one of the branches (K or L) so that no true events 

are possible and taking an L(K) coincidence run as before. Alternately, the 

chance rate may be estimated as in (5) below. 

5. Nuclear cascading: When nuclear decay involves a cascade of two or more 

transitions which give rise to K and L vacancies, the coincident spectrum con

tains in addition to true events and chance coincidences, x-ray coincidences 

arising out of nuclear cascading, L vacancies created directly by nuclear 
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events such as internal conversion of L capture. These can be accounted for 

by setting a gate on the K# line and taking L(K£) coincidences (27 ) since 

K j3 lines arise out of K-M or K-N transitions, any L x-rays found in coinci

dence with K/3must be due to chance and a nuclear cascade. Thus L(K 0) 

coincidence spectra (normalized to account for the difference in Ka and Kj3 

counting rates) can be used to correct for chance and nuclear cascade in 

L(Ka) coincidences. The equations pertinent to the correction are given by 

McGeorge and Fink (27). 

6. Angular correlation: The suggestion that true x-rays emitted in succession 

as an atom de-excites should be angularly correlated was made by Moellering 

and Jensen in 1956 (53) and by Beste in 1968 (54). Such an angular correlation 

follows the same rules as in nuclear y angular correlation and the correlation 

function is described by 

W(9) = 1 + £ a^ (Yl) &i(y2) P^cos 6) (44) 

where the angular correlation function W(9) is defined as the probability of 

y (K or L x-ray) being emitted into a unit solid angle at an angle Q with 

respect to a line y . The quantity P. (cos B) are Legendre polynomials of 

degree A and the coefficients a are functions of the angular momentum, of 

the states and the jnultipolarity of the transitions between these states. 

For the correlation of a K-L x-ray cascade, the spin of the intermediate 

level (L or L ) is < 3/2 and terms of higher than second order are zero (55). 
Z o 

Katz and Coryell (56) and Wood (25) have measured the angular correlation 
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in K-L x-ray coincidences. Katz showed (57) that magnetic quadrupole (M ) 

admixtures in E transitions must be taken into account and that the angular 

correlation function is sensitive to even small mixing ratios. Scofield (41) cal

culated the relative contributions in x-ray transitions using HFS wavefunctions. 

Using the results of the above workers, the angular correlation contribution in 

each experiment can be calculated and the results corrected for this contribution. 
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CHAPTER V 

APPARATUS AND EXPERIMENTAL MEASUREMENTS 

The experiments were done by the standard fast-slow coincidence method; 

i . e . , the energy and time information are treated separately so as to reduce the 

overall resolving time. This has the effect of reducing the chance coincidence 

rate without in any way affecting the coincidence efficiency. Multiple routing 

(double or quadruple) facilitates the simultaneous running of many coincidence 

170,171 
spectra. A typical circuit (used for Tm ) is given in Figure 3. 

The K x-rays are observed in the Ge(Li) detector A. The amplified detec

tor output is taken through a biased amplifier (TC-250) in order to set the K x-ray 

gates by means of single-channel analyzers (Ortec Model 406). The total output 

of the gate detector is taken through a fast amplifier. The L x-ray spectrum from 

detector B is similarly taken through a fast amplifier and a triple coincidence was 

achieved in the coincidence units (Ortec Model 418) ( i .e . coincidence between the 

fast output of the L x-ray detector, the fast output of the K x-ray detector and the 

output of the single-channel analyzers). The output of the coincidence circuit was 

taken through a mixer (Ortex Model 433) to the multi-channel analyzer (Nuclear 

Data ND-2200 or ND-180) in the multigroup mode, where it met the suitabty ampli

fied pulses from the L x-ray detector. The routing information was carried to the 

multichannel analyzer from separate outputs of the coincidence unit. Linear delays 

were inserted in all branches to adjust carefully the timing requirements. The 
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pulser (Tennelec Model 800) enables the setting of the coincidence leading edge 

pulses, and thus permits the satisfaction of timing requirements in the true spec

trum. The prompt resolution of the true pulses was measured by taking a time-

to-pulse height conversion spectrum. This showed that essentially all coincidences 

were obtained with a resolving time of only 100-200 ns. The resolving time of 

the Ortec Model 418 units was set at above 1/js, and hence the coincidence spectra 

were fully enveloped. The coincidence resolving time was taken very large com

pared to the prompt resolution of the time coincidence pulses, in order to include 

all the "degraded" pulses which are shower and result in a small "tail" in the 

time-to-pulse-height converter. This permits the application of the same degra

dation correction, if any, to both singles and coincidence spectra. 

In all cases, coincidence spectra are taken with differing resolving times. 

The coincidence efficiency was checked in all cases and found to be very close 

to unity. The chance coincidences were either taken separately by inserting an 

appropriate delay in one branch or by gating on K .l ines, as discussed in Chapter 
P 

IV. The following corrections and errors were taken into consideration in all 

cases (whenever appropriate). Details of these corrections will be given when 

discussing measurements on individual nuclides. 

5.1 Corrections 

1. Detector efficiency and geometry. 

2. Background under Gaussian peaks. 

3. Chance coincidences. 

4. Nuclear cascade coincidences. 
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5. Coincidence efficiency. 

6. Gate analysis: separating the true gate counts from contributions 

due to continuum of other x-ray or y-ray peaks, Compton humps, 

escape peaks, etc. 

7. Summing effects (at high counting rates). 

8. Radioactive decay. 

9. Counting statistics and standard deviation. 

10. Directional correlation effects. 

In addition, errors can result from the following causes and checks must 

be made. 

1. Degraded pulses. 

2. Count rate effects such as pulse pile-up and dead times. 

3. Shifts of the single-channel window and geometry. The outputs of the 

single-channels were monitored through printing scalars whenever 

possible, and the total gate counts are collected in scalars. 

4. "Jitter" and shape distortion of pulses were checked occasionally. 

5. "Leakage" in gates ( i .e . pulses beyond the single channel window). 

6. Source effects such as self absorption, backscattering, etc. 

In some cases, a time-to-pulse height converter (TAC) served as the 

main coincidence unit, the coincidence gate (of adjustable revolving time) being 

opened by the fast gate pulse and stopped by the fast (L) spectrum pulse (Fig. 5). 

This "fast" information is combined with the "slow" information from the single 

channel analysers to give output information in the normal manner, i . e . the peak 
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of the time distribution is selected with a timing single-channel analyzer (Tennelec 

Model TC 445) and its extended output carries the time information to the coinci

dence unit. In these units, slow coincidences taken with gate pulses from the gate 

detector (amplified and biased off pulses) are selected with single channel analy

sers . The stretched output of the timing SCA Te445 are mixed with output pulses 

from the coincidence unit 418 (coincidence beta slow K-gates and fast pulses from 

the TAC) in a summing amplifier (Ortec Model 433) and its output triggers the gate 

of the multichannel analyzer. The gate information is carried by routing pulses 

from the coincidence units to the multichannel analyzer. A variable delay in the 

linear L x-ray branch matches the timing of this signal to the associated gate in 

195 20*3 192 
1he analyzer. The above set up was used in Au , Hg and Ir experiments. 

In all cases, the singles L- and K- x-ray gates were checked at the beginning and 

end of each run. Counting rate shifts due to possible slight geometry changes, 

drift of single-channel windows, "leakage" in gates, etc. could be corrected for 

in this manner. 

5.2 Experimental Details 

170 171 
5.2 .1 Subshell Yields in Yb(Z=70) from the Decay of Tm and Tm 

The L(K) x-ray coincidence technique was used in this experiment to mea

sure L subshell yields for the first time with radioactive sources of L-vacancies. 

Jopson et al. (22) had measured the L and L subshell fluorescence yields by 
£ o 

coincidence methods, using NaI(Tl) detectors and Yb foil targets in which K and 

57 
L vacancies were produced by 122 keV y-rays from a Co source. Two different 

sources leading to daughter products of the same Z would enable the results to be 
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verified. 

170 171 
The decay schemes of the Tm and Tm decays a r e given in F ig s . 6 

and 7. 

A) Source preparation: Thin, uniform sources of about 2 mm dia. were prepared 

by evaporating the active salt from dilute HC1 solution on to a plexiglas holder. 

170 
The Tm source was of high specific activity and was determined to be l e s s 

2 171 
than 1 0 ^ g / c m thickness; the Tm source was c a r r i e r - f r e e . The sources 

exhibited an activity of approximately lOjuCi each. 

B) Singles spectral studies; Contamination checks: The singles K and y spectra 

170 171 
of the Tm and Tm sources a r e shown in Figures 6 and 7 . The spectra 

were taken with a Si(Li) detector of 290 eV FWHM resolution at 6.4 keV. Er 

170 

and Yb K x - r a y s a r e seen to be separated in Figure 6 (decay of Tm ). Spec

t r a taken with a 16 cc coaxial Ge(Li) detector showed the presence of y - r a y s 

with energies of 66.7 and 443 keV. These a re attributed to t r ace contamination 

168 171 170 168 
of Tm and Tm in the Tm source . The Tm contributes Er K 

171 
x - r a y s from i ts electron capture decay, and Tm contributes Yb K x - r a y s 

171 
from the conversion of the 66.4 keV transi t ion in Yb . The contributions 

were calculated from known values of the intensity ra t ios of Er K x - r a y s to 

168 
443 keV y - r a y s in Tm decay (58) and from the rat io of Yb K x - r a y s to the 

171 

66.7 keV y in Tm decay in the present experiment (Appendix A). The r e 

sults indicated that 5. 01% of the Yb K x - r a y s a rose from the contribution from 

171 
a Tm contamination and this factor was taken into consideration in the gate 

168 
analysis and chance coincidence s tudies . The contamination by Tm was 
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too small to be significant. A trace of Bi was identified, but this ag;ain 

had no influence on the present experiment. No Tm K x-rays were noticed, 

indicating that the source thickness was small enough for source self exci

tation to be negligible. 

171 
In the decay of Tm , no significant amount of contaminants could be 

170 
found. Contamination by Tm was estimated to contribute less than 0.37 

171 
to the total Yb K x-ray intensity in the Tm decay. 

C) Coincidence studies: Two Ge(Li) detectors (8 mm dia. x 5 mm depth; 0. 005" 

thick Be window; 400 eV FWHM at 6.4 keV) were used at 180 for the coinci

dence studies. 

A close geometry (source-to-window distance j< 3 mm) was made with 

j3- x-ray coincidences, and proved that production of j8-excited K x-rays was 

negligible (< 0.8%). 

Two complete sets of runs were made in both cases, with coincidence 

resolving times of 600 ms and 1200 ms respectively, with double routing 

(simultaneous runs of L(KaJ and L(Ka9) coincidences). The coincidence 
JL & 

efficiency was found to be unity, as verified by the independence of the results 

on coincidence resolving times, and by a time-to-pulse-height converter spec

trum, which showed that complete enveloping of the prompt coincidence peak 

could be achieved in only 290 ns, whereas the resolving times were twice and 

four times as long in the actual runs. A separate set of chance coincidence 

runs was made in both cases, introducing a 5 \x, sec. delay in the gating chan

nel. The bremsstrahlung contribution was found to be small. Table 2 gives 
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Table 2. Gate Composition in Tm , Tm Measurements 

Fraction Falling 
Under Gated Peak 
Of (%) 

Gated Peaks 

Tm 
170 

K 
ot. 

Tm 
171 

K. 
a. 

K 
a, 

K 
a. 

High energy continuum 
(background) 

9.60% 6.01% 4.25% 

Overlap from IT 
*1 

True Peak (%) 

5.11% - 5.25% Overlap from IT 
*1 

True Peak (%) 86.71 93.99% 90.5% 

3.0% 

97.0% 

Table 3. True and Chance Contributions in Tm" , Tm Coincidences 
Composition of Coincidence Spectra. 

im170 Tm171 

L V L (v L % > L ( V 
coincidence coincidence coincidence coincidence 

Chance Coincidences 6.68% 7.30% 7.75% 7.00% 

True Coincidences 93.32% 92,70% 92.25% 93% 
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the gate composition in both ca ses , and Table 3 gives the count r a t e s in the 

t rue and chance runs . 

5 .2 .2 Measurements on Tungsten-181 

181 
The decay scheme of W is given in Figure 9. The source was prepared 

from high specific activity solution (2.62 Ci /g of W i n 0.1 NHF) with droplet evapo-

. 2 
ration onto 1.5 m g / c m myla r . Two sources were prepared, of 5 and 10/i Ci, 

respectively, with d iameters of about 2 m m . 

The L x - r a y spectra were observed with a Si(Li) detector of 2 .5 mm deple

tion depth fitted with a 0. 002" Be window and having a resolution of 260 eV FWHH 

at 6.4 keV. The Ta K x - r ays were detected by a Ge(Li) detector (470 eV FWHH 

3 

at 6.4 keV) and the 153 keV y s were seen by a 4 cm Ge(Li) detector . No signifi

cant source contamination of any kind was observed. 

The coincidences were made in the TAC arrangement described before, 

(Figure 5) with double routing and a resolving t ime of 80 ns with a coincidence 

efficiency of 0.96. The gate composition is given in Table 4 . The data were taken 

at the different geometr ies . 

195 
5 . 2 . 3 Platinum L Yields from Au Decay 

The electron capture decay of Au into _QPt was utilized to measure 
78 

195 
the L subshell yields of platinum. The decay scheme of the 183-day Au decay 

i s given in Figure 11. The sources were made by droplet evaporation on thin 

mylar and a source of approximately 5 /iCi was used in the coincidence runs . 

The gates were set on Ka , KCL, K/i and the continuum above the K spectra . 

The four-fold coincidence setup using the t r iple coincidences made in the Or tec 418 
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181 
Table 4. Gate Composition in W Measurements. 

Fraction Falling K K 
Under Gated 1 a2 
Peak of (%) Gate Gate 

Continuum from 
higher energy 1.35% 2„06% 

Overlap from K - 5.01% 

True Peak 98.65% 92.93% 

w 1 8 1 
Table 5. True and Chance Contributions in w Measurements 

Composition of Coincidence Spectra. 

L(K ) L(K ) L(Y 153 keV) 
1 2 

Coincidences Coincidences Coincidences 

Chance Coincidences 2.95% 2.627o negligible 

Coincidence with 
Higher Energy negligible negligible negligible 
Continuum 

True Coincidences 97.05% 97,.38% 100% 
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195 
Table 6. Gate Composition in An Measurements. 

Fraction Falling Under 
Gated Peak of (%) 

K Gate 
Qt 

1 

K Gate 
a2 

1.28% 

3.30% 

95.42% 

Higher Energy Continuum 

Overlap from K 
#, 

True Peak 

0.91% 

99.09% 

195 
Table 7. True and Chance Contributions in Au Measurements. 

Composition of Coincidence Spectra. 

L(K ) L(K ) 
a 
2 

Coincidences Coincidences 

Chance and Nuclear Cascade 
Coincidences 28.7% 25.4% 

Coincidences with the Higher 
Energy Continuum 

True Coincidences 

4.05% 

67.25% 

5.75% 

68.85% 
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coincidence boxes was used. The Si(Li) detector used for the L x - r ay detection 

had resolution adequate to resolve the Itq t ransit ion from the L/3and La l ines 

(Fig. 12), and hence the LJVL transi t ion giving r i s e to the I n l i n e could be ex

cluded from the ha l ine, whereas in previous measurement it has perforce 

been included. The reduction of this contribution reduces the value of co0 as 

compared with previous measurements when 1^ could not be excluded. 

203 
5 .2 .4 Thallium L Yields from Hg Decay 

203 
The L yields of Z = 81 (Ta) were measured from the decay of Hg 

mainly to investigate the effect of the Itr) subtraction on the r e su l t s , as this i so 

tope had been previously investigated (25). The TAC mode was used with four

fold routing and the total resolving t ime was l e s s than 200 m s . The decay of 

2 03 

Hg is given in Figure 13. The source was prepared as usual by droplet evapo

ration on thin mylar and was about 5 \x Ci s t rong. 

192 
5 .2 .5 Os and P t L Yields from Ir Decay 

192 - 192 192 
I r decays by 0~ decay into Pt ' and by electron capture into Os 

192 

Hence, the investigation of the decay of Ir enables one to determine s imultane

ously the L subshell yields in two closely spaced Z, namely Os and Pt , i . e . Z = 

76 and Z = 78, respect ively. 

191 193 
Approximately 5 mg of natural ir idium (38.5% Ir and 61.5% Ir ) was 

12 
i r radia ted in the reac to r at 8 x 10 nvt for 100 h r s . The source was then cooled 

for five months to let the short- l ived activities die out and the source was p r e 

pared by droplet evaporation from the solution on thin mylar . Two sources of 

approximately 5 and 10 JU Ci were prepared . 
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203 
Table 8. Gate Composition in Hg Measurements. 

Fraction Falling 
Under Gated 
Peak of (%) 

K Gate K Gate 
°<2 

5.83% 10.34% 

- 2.59% 

4.17% 87o07% 

Continuum from Higher Energy 

Overlap from K 
a. 

True Peak 

203 
Table 9. True and Chance Contributions in Hg Measurements 

Composition of Coincidence Spectra.. 

L % > L(K ) 
a2 

Coincidences Coincidences 

Chance and Nuclear Cascade 
Coincidences 11.35% 9o40% 

Coincidences with Higher 
Energy Continuum 

True Coincidences 

1.14% 

87.51% 

2o02% 

88,58% 
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Figure 15. K X-ray Gates in Ir Measurements. 
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192 
Table 10. Gate Composition in Ir Measurements. 

F r a c t ] Lon f a l l i n g 
g a t e d peak 

) 

Gated Peak s 
u n d e r 
of (%; 

Lon f a l l i n g 
g a t e d peak 

) 
K of 0s 

0/2 
K , of 0s K 0 of 

a2 
Pt K , of P t 

Ofl 

Kal of 0s 4 . 0 7 

K«2 
of P t 2 . 9 0 3 . 8 1 

K * l 
of Pt 4 . 4 0 4 . 7 8 3 . 4 1 

*Pl of 0s 0 .92 0 .70 0 . 6 1 0 . 2 5 

KP2 of 0s 0 .17 0„28 0„22 0 . 1 3 

^ 1 
of Pt 0 . 6 1 1.30 0 . 9 7 0 . 5 9 

^ 2 
of Pt 0 .25 0 . 1 9 0 .14 0 .13 

Continuum 15 .05 11 .30 9 .65 8 .29 

TRUE PEAK (%) 71 .63 77 .64 8 5 . 0 0 9 0 . 6 1 

3 92 Table 11. True and Chance Contributions in Ir ' Measurements 
Composition of Coincidence Spectra , 

Coincidence KK a 2) 

of 0s 

L(Kal) L(Ka2) L(Kal) 

of 0s of Pt of Pt 

Contamination from 
other Z (%) 5.40 6.31 negligible negligible 

Nuclear Cascade and 
Chance Coincidence (70) 23995 28.56 19.75 22.59 

Coincidences with 
the Continuum (%) 5.33 3.98 1.66 0.99 

True Coincidences 
(% of total) 65.32 61.15 78.59 76.42 
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The decay scheme is given in Figure 14. The branching ratios are 95.5% 

and 4.5% for the j3 and electron capture decays, respectively (59, 60). "P/l? 
K. total 

for EC is 0.811 + . 05 (59) and hence an adequate number of K x-rays of Os are 

generated. 

The coincidences were made on the standard TAC type with four-fold rout

ing and the coincidence efficiency was very close to unity as shown from separate 

time-spectrum study. 

In order to reduce unwanted events the L detector was covered by 94 mg/ 

2 2 
cm of Be and the K-detector was covered by 380 mg/cm of Al to stop the /3 

particles. The gates were set up on the Ka , Ka of Os and Pt, KjSof Os and Pt 
<-i l 

and the continuum above the K x-rays. The L coincident spectra have to be strip

ped of contamination by the peaks of the other Z, and the usual cascade and chance 

corrections have to be made. 
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CHAPTER VI 

RESULTS AND DISCUSSION 

170 171 
6.1 Tm and Tm Decays 

6.1.1 L9 and L Subshell Fluorescence Yields and Coster-Kronig 

Transition Probability f in Yb (Z = 70) 

111 
Figure 8 gives the singles and L(Ka 0) coincident spectra of Tm decay, 

1> ^ 
1 7 0 

with a detector resolution of 400 eV FWHM at 6.4 keV. The L-spectra from Tm 

decay are similar, except for somewhat higher background and bremsstrahlung 

continuum. Table 12 gives the results obtained from this experiment apart from 

oo , co , and f , the quantities v0> i . e . the average number of L x-rays emitted 

per L_ vacancy, and the relative intensity S = ~L^/la+ I and S = L r / L , ^ a r e 
Z <:> Z P ^ l 

also measured. The effects of angular correlation are taken into account in the 

L(KcO coincidences leading to the value of a; ; this correction does not amount 
1 «J 

to more than 2%. There is general agreement with the work of Jopson, et al„ 

(22), but the present values are lower, as might be expected, since his method 

involved foil excitation. Foil excitation methods lead to higher results than radio

active decay methods due to source self excitation. A value of 6JQ = 0.19 + G. 05 

was obtained by Z = 71 by Giz 

175 
in the decay of Hf , in good 

on, et al. (61), from a study of the L-auger spectrum 

agreement with the present value. The present 

values S = 0.165 + 0. 009 and S = 0.192 + 0. 010 may be compared with Scofield's 

theoretical estimates (41) of 0.175 and 0.181, respectively. 



Table 12. L and L Subshell Yields a t Z = 70. 

Coinc. Quanti ty Decay of 

Tm 
170 

Tm 
171 

Average Jopson* Scofie ld** 
( e x p t . ) ( t h e o r . ) 

L (K a l ) 

L » a 2 > 

CO 

V. 

CO 

23 

0.1851011 

0.170+009 

0.218+013 

0.187+011 

0.185+311 

0.174+009 

0o180+011 

0.161+009 

0.210+013 

0.196+011 

0„179+011 

0.165+009 

0.183+011 

0.165+009 

0.214+013 

0.196+010 

0.182+011 

0.170+309 

0.20+0.02 

0.34+05 

0.192+310 

0.175 

0.181 

* See Reference (22). 

** See Reference (41). 

-a 
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6.1.2 K-Conversion Coefficient of 86.3 keV Transition 

m x70 Trl_170 ^ 
Tm -» Yb Decay 

170 
The K-shell conversion coefficient OL of the 84.3 keV E2 transition in. Yb 

170 
following 0 decay of Tm has been often investigated, because this transition 

was one of the first leading to the discovery of anomalies in the experimental E2 

conversion coefficients in the deformed region. Accurate measurement of con

version coefficients is of importance in view of their use in the determination of 

multipolarities and mixing ratios. The main methods for measurement of a are 

(1) measurement of the intensity ratio of the k-x-ray to the y-ray intensities 

(XPG method), (2) the internal-external conversion method, and (3) Coulomb 

excitation and lifetime measurements. In the present work, the XPG method was 

used (utilizing semiconductor detectors) to measure a of the 84.3 keV transition. 

Previous measurements (see Appendix A) of this transition by the XPG method 

employed NAI(Tl) spectro-meters, even the best of which could not clearly resolve 

the 84.3 keV y- ray from the Yb K-x-rays. In addition, Er X x-rays from the EC 

170 
decay of Tm (discussed below) and the iodine k-x--ray escape peak complicate 

the problem in the NAI(Tl) measurements. In the present case the resolution was 

170 , 170 
adequate to clearly resolve the 84.3 keV Yb y-ray, the 78. 6 keV Er y-ray, 

the Yb K x-rays and the Er K-x-rays. Hence, no correction was needed for the 

170 
EC decay branch in estimating the a, of the 84.3 keV Yb transition. 

The value of OL for the 84.3 keV transition is obtained from the relationship 

" ' \ \ \-i ¥ <45> 



79 

and a value of 0.937 for co, is used (62). The ratio of the relative intensities of 

Yb K-x-rays and the 84.3 keV y-ray (after corrections for the detection efficiency, 

alternation in the 3.2 mm plexiglas /? absorber. Be window of detector, etc. was 

obtained as 1.304 +_ 0. 039. With the assumed value of ai , this gives a value for 
170 

the K-conversion coefficient of the 84.3 keV E2 transition in Yb as a, = 1.39 

+ 0.04. 

In tables I and II of Appendix A a survey of the existing measurements of 

a of the 84.3 keV transition are given. To facilitate comparison, the L /I, 

intensity ratios given by the various authors have been corrected for the Er K 

170 
x-rays arising from the EC decay of Tm , and CO = 0.937 was used to recal-

K. 

culate the result. The spread in values is attributed to the low resolution of the 

Nal(Te) spectrometers used. Nelson and Hatch (63) used a curved crystal spec

trometer and their value (1.43 + 0. 04) is in fair agreement with the present r e 

sults for the most recent XPG results (including the present work) and the con

version electron method results. There is good agreement with theoretical 

estimates (Table n in Appendix A) for pure E2 multipolarity. The accuracy of 

the experiments was not adequate to distinguish among the various theoretical 

estimates. 

171 
6.1.3 K-Conversion Coefficient of the 66.7 keV Transition in Yb 

The intensity ratio of the Yb K x-ray and the 66.7 keV y-ray following 

171 
Tm 8 decay was found to be (after corrections) 6.98 jf 0.34 (see Appendix A). 

With co = 0.937, this gives OL = 7.45 +_ 0.36. Two previous measurements of 

this transition give OL = 7.4 + 1.0 (64) and 6.9 +_ 1.0 (65), which agree with the 
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present work. Using the theoretical es t imates of Hager and Seltzer (71) for the 

171 171 
mixing ra t io , the 66.6 keV transi t ion in Tm -+ Yb decay i s est imated to be 

74% M and 26% E„. 
J. u 

170 
6 .1 .4 The Electron Capture Decay of Tm 

170 
A detailed investigation of the EC branching of Tm was attempted in 

the present investigation for the f i rs t t ime (see Appendix A). Graham et a l . (66) 

let an upper l imi t of 0.3% for K-capture and 0. 01% for 0 emission from Tm 

Day (67) used a bent crys ta l spec t rometer to measure the relat ive intensity of 

170 
Er K x - r ays and the 86.3 keV Yb y - r a y and obtained a K-capture branching of 

0.15%. Nelson and Hatch (63) est imated the EC branching to be 0.19 ± 0. 04%. 

All these es t imates a r e based on the assumption that all the EC capture 

170 
decays lead to the ground state of Er . However, from Coulomb excitation 

170 
studies (68), the part ial level s t ructure of Er is known and a f i rs t excited 

state i s expected at 79 keV. Since the decay energy i s adequate ( Q F r ~ 460 keV) 

(69) the feeding of both the fround state and the f i rs t excited state i s possible . 

Hansen and Hellstrom (70) used a Si(Li) detector (1.5 keV FWHM at 86 keV) to 

170 
study the singular spectrum from Tm decay, and by unfolding the unresolved 

K x - r a y photo-peaks, est imated the EC including to be 0.25% and reported a y 

170 
transi t ion in Er at 78.7 keV. 

In the present work, a y-ray was observed at 78.6 + 0.4 keV, thus con-

170 
firming that EC in Tm feeds both ground and excited s t a tes . F rom data in 

-2 
Table TV in Appendix A a value of 2.64 + 0. 60 x 10 i s obtained for the ra t io of 

Er K x - rays to Yb K x - r a y s . The Er K x - rays a r i se from internal conversion of 
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170 
the 78. 6 keV y-ray and from k-captive to the ground and excited states in Er 

Assuming a theoretical conversion coefficient OL = 1.77 (71) and oi = 0.933 at 

Z = 68 (Er) (62), we can estimate the total number of k-conversion x-ray from 

the intensity of the 78.6 keV transition. The fraction of total Er K x-rays due to 

this K-conversion is 0. 059. The EC branching can be calculated using theoretical 

EC ratios (21) to the ground and first excited states. Taking the value of Q = 
EL 

460 keV (69) P , the theoretical k-capture ratios to the ground and first excited 
K. 

170 
states in Er are 0.800 and 0.837, respectively. Using the relative intensities 

presented in Table IV in Appendix A we get an EC branching ratio of 0. 04% to the 

170 
78.6 keV level and 0.10% to the ground state in Er 

6.2 The L and L Subshell Yields in Tantalum 

181 
As pointed out in Chapter n and V, the decay of W gives a convenient 

source of L-subshel l vacancies. Approximately 0.2% of the decays lead to the 

136 and 159 keV levels (see Figure 10 and Appendix B). The transition energy avail

able for the decay is 187 + 10 keV (72), which permits no K-capture to the levels 

at 136 and 159 keV. 

The L x-ray spectrum was gated by the 153 keV y-ray and the coincidence 

rate is 

C L W = C y "L P L ( 4 6 ) 

where C is the number of 153 keV y-rays gating the coincidence system, P is 
y L 

the probability of L electron capture feeding the 159 keV level and a*T is the mean 
.Li 
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L fluorescence yield at Z = 73. The average number of L x-rays per L vacancy, 

v, is obtained from 

l ' l = [ N 2 < W 2 + f 2 3 W 3 > - ' : i L ] / N l <47) 

where N and N are the primary L and L subshell vacancies. In the present 
x. A 1 A 

case, no L vacancies are created, according to the present theory of electron 
o 

capture decay. The distribution of L subshell primary vacancies are estimated 

to be N :N :N = 0.96:0. 06:0 from Zyrynova and Suslov (21). The L captive prob-
1 £i «J 

ability,P = 0.76 to the 159 keV level, is available from theoretical results as 

described by Wood et al. (73). 

With the use of Equation (9a-d) in Chapter H, the L(153y) coincidences 

yield f + f19fOQ = 0.36 + 0. 02 at Z = 73 and u + f to = 0.14 + 0.02 at Z == 73. 
I d LZ Zo 1 l Z £i 

These set upper limits of f • < 0.36 and a: < 0.14. The results are presented 
lo l 

in Table 13 below. 

195 
6.3 Platinum Yields from Au Decay (75) 

195 195 
In the decay of Au -» Pt decay most of the decays lead to the first 

two excited states at 98.8 and 129.6 keV (58% and 41% respectively)(Fig. 11). 

K x-rays are produced by k-conversion of these transitions and hence the nuclear 

cascade terms are considerable, as could be found from Table 7. The nuclear 

cascade terms are removed by gating on the k £ x-rays, as explained in Chapter II. 

The detector resolution in this case was adequate to separate the Lateral 

(L -M transition) from the La term. The effect of this is to decrease the final 
Z _L 

value of f _ somewhat. 
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181 
Table 13. L Yields in Ta from W Decay. 

Expt. Ouantity Previous 
Present Work Work (62,72.,74) 

L(Kal) Coinc. W = 0.228 + .013 0.27 + 0.01 

0.23 + 0.02 

0.25 + 0.03 

0.234 + 0.024 

S3 = 0.205 + .010 0.183 (Theory)(41) 

L(Ka2) Coinc. W = 0.250 +013* 0.25 + 02 

0.23 + 04 

0.37 + 06 

f = 0.180 + 007* 0.20 + 04 

L(K 0 ) Coinc. V = 0291 + 013 0.303 + 030 
oil 2 • — — 

S2 = 0 . 2 1 5 + 0 1 3 0.191 (Theory)(41) 

L(x)ay - 153 KeV V^ = 0.218 + 018 0.22 + 01 

Y Coinc. 
f13 + £12 f23 == °'36 ± °2 

Wl + f12 W2 = 0 # 1 4 - °2 

* Not Corrected for the L Contribution. 
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The results of the experiments are given in Table 14, Z = 78. 

203 
6.4 L Yields in Tl from the Decay of Hg 

203 
From the decay of Hg , the L yields of Tl were measured mainly in 

order to exploit the superior resolution of the L x-ray detector in separating the 

Lr? transition from the others. This decay has been investigated earlier by Rao 

et al. (25). The results of Rao et al. (25) are consistently lower than the present 

work and this could be possibly ascribed to an error in their detector efficiency 

calibration. Sujkowski and Melin (76) determined L yields in thallium from the 

293 
decay of Pb , using a double focusing (3 spectrometer. Price et al. (23) used 

foil excitation methods to measure the L yields of Tl. 

The high values of Price et al. are due to self-excitation in the Tl foil used. 

Suykowski assigned a value of 0.32 for oo in order to calculate the other quantities. 
o 

192 
6.5 L Yields in Os and Pt from lr Decay 

192 

The simultaneous beta and electron capture decay of lr was used to deter

mine simultaneously the L yields of „«Os and _0Pt. Fairly large nuclear cascade 
7o 78 

contributions exist and in the case of Os L x-rays, the partial overlap of Pt L 

x-rays contributes significant number of extra coincidences. Nonetheless, the 

results are consistent with other results in this region, and with previous measure

ments (23, 75). They are presented in Table 16. 

6. 6 Errors and Accuracy 

The errors quoted are all 2g errors , with statistical errors added quad-

ratically and instrume nt errors linearly. The main contribution to the latter comes 
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195 
Table 14. L2 and L^ Yields in Platinum (Z = 78) from Au. Decay. 

Coincidence Present Work Previous Work Reference 

L « * i > 
W3 = 0.291+018 0.317+029 23 

0o262 4 

0.31 22 

L / ] y 2 0 . 0 + 2 . 8 

f2 3=0.114+020 

20.4 41 

L » > 2 > 
^ 2

 s 0.367 + 021 0.382 + -028 23 

^ 2 = 0.336 + 021 0 .341+ .028 23 

S2 = 0.232 + 0 2 9 0.216 41 

S„ = 0.189 + 028 0.206 41 

L« /Ln = 0-028 + 006 0.027 41 
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203 
Table 15, L Yie lds in TJ£ (Z = 81) from H g Decay 

Experiment Quanti ty Present Work Previous 
Work 

Reference 

L(K -) Coinc. 
Q f l ^ 

0.330+ 021 0.306+010 

0.32 

0o386+053 

(25) 

(76) 

(23) 

S 3 
0.225+025 0.228+012 (25) 

VL* 22c2+3.7 19.2 (41) 

L(K 2) Coinc. U) 
2 0.373+025 0.319+010 

0.32+025 

0.400+079 

(25) 

(76) 

(23) 

£ 
r 2 3 

0. 130+007 0.169+010 

0.25+0.13 

(25) 

(76) 

V2 
0.423+024 0.371+010 

0o 450+061 

(25) 

(23) 

Y 0.246+020 0.238+012 (25) 

Lr/ / L g 0.032+006 0.027 (41) 
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192 
Table 16. L Yields of Os and Pt from I r Decay. 

Quant i ty This Work Previous Work Referemce 

W 0.301 + 020 0.290 + 030 23 

Z = 76 % 0.300 + 022 0.328 + 054 23 

f23 0.106 + 023 

(x) 0.309 + 020 0.317 + 029 23 

0.291 + 018 75 

Z = 78 CO 0o318 + 022 0.341 + 058 23 

0.336 + 021 75 

f23 0 . 1 2 6 + 0 2 1 0 . 1 1 4 + 0 2 0 75 
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from the efficiency of the L detector, for which 4- 4% has been added linearly in 

most cases. 

Secondly, the efficiency curve is not strictly flat in all cases, and this 

affects the statistical error . The statistical error for the three quantities co9, 

co and f are obtained from the following equations-. 
O CiO 

C L „ G L . , _ 2 . . .2 

±jQ Li J \ 

^ y « 2 

2 A C L „ A C L 2 

l-\ (. 1 + —X) 
C K ' V e L „ €L 

C C , 2 2 
/ 1 (_J + _ ^ ,c_i_2 yA c ^ | (48) 

Lfl L K a . 
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V °L CL 
- 3 - { [ ( ^ + r^^)ef) 

+ 
• 2 A C L i C L A C L 2 

/ i _ ) f L + —CL+ ft ) 

ot1 i a 8 

C , C T C T 2 2 2 1 
Li J_l J_l 

+ ee'z^r*)^)^)} .. w 4 a 8 a , l 

and 

^ . - [ ( • s ) W + e.)(* 
2 2 

B 
DB^ ' ^" 

+ ^ - ) 2 ( A C ) a + ( 5 ) ( A D ^ * 
131) 

where 

(50) 

A = C L . ( K ) , " B = C L ( K ) f C = CK andD = C K 

a . 2 a l ot1 ot2 

Here CL , C,„ etc. stand for the total number of counts collected in L . K 
L K o? a n 

"l V 
gate, etc. during the experiment. e etc. are the absolute efficiencies of the 

XJ 

a 
detector at energies of L etc. An estimated error is added in linearly to account 
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for any errors associated with the corrections quoted in Chapter IV. 

6.7 Comparison with Theory 

Only two completed sets of theoretical L yields have been reported: these 

are due to,Chen et al. (43,49) and McGuire (40). Details of their respective theo

retical approaches have been given in Chapter m . 

In Figures 16, 17, 18, w^ ^ and f are plotted according 

to the theoretical results of Chen et a l . , and McGuire. The points collected in 

the course of this work are shown. 

The data for a)0 and as are in reasonable agreement with the curves of 
Ci O 

Chen et al. and McGuire. The data are also in agreement with the values derived 

from Scofield (41). The values of Price et al. (23) are less reliable. 

The Coster-Kronig yield f deviates from theory somewhat. Table 18 
Zo 

gives the f values as calculated recently by Chen et al (49) with an independent 

particle model as also with the hydrogenic wavefunctions used in their previous 

calculations. This reduces the discrepancy. 

As can be seen, there is reasonable agreement of f values with the 
Zo 

revised theory. 

The energetics of the C-K process are such that the L - L M transition 

in the region 30 < Z < 90 and the L - L M transition in the region 30 < Z < 92 

are not possible. The exact location of these discontinuities is somewhat uncertain, 

because of the difficulty of calculating the exact energies. 

The Coster-Kronig yield f should increase significantly when the extra 
Zo 

M ejection modes are available. The "jump" in the value of f at Z = 91-95 and 
Zo 

the corresponding drop in to are both borne out experimentally. 
z 
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Table 17. Effect of L 
V 

Orig ina l Corrected 
for L~ 

65 27 0.160+018 0 .165+018 

70 77 0.187+011 0.188+011 

73 28 0.250+013 0.257+013 

80 26 0.316+010 0.319+010 

c t ion on f and 00, 

f 2 3 
Or ig ina l Corrected 

f o r L-n 
Z2 

0.090+014 0.066+014 

0.1701-009 0.142+0.009 

0.180+007 0.150+007 

0.190HHD10 0.188+010 
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Table 18. Experimental Values of f_~ Compared with Theoretical Values. 

z Exptl Chen Chen McGuire (40) 
Resul t s IPM (49) Hydrogenic (43) 

60 0.161 0.142 0.141 

61 

62 

63 

64 

65 0.066+014 0.131 

66 

67 0.147 0.138 

68 0.106+023 

69 

70 0.142 +009* 0.141 

71 

72 

73 0.150- +010* 

74 0.138 0.117 0.123 

75 

76 0e106+0.023 

77 

78 0.126+0.020 

79 0.132 

80 0.130 0.108 

81 0.130+007 

82 0.129+013 

83 0.101 

84 

85 0.115 0.100 

^Corrected for the presence of L~ x-rays. This correction makes a 
considerable difference (see Appendix C). 
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A somewhat surprising result is the influence of the L77 transition on the 

value of f (see Appendix C). In the previous measurements of f , the Inl ine 

could not be resolved from the Lax-rays. Although the 1/q [L - M ] x-ray is 

only Z 3% of the L -M4 line, its intensity relative to the L&x-ray intensity is 

given by 

CT JKaJ 
ISLJL = [(-*&)<„ 6 1/7—V « € 

C l ^ ( K a 2 ) ^ \ ) s I*--/ ' ^ L
3 ' 2 3 3 la J (51) 

where 1>/L is the intensity ratio of the Lr? component to all L x-ray transitions, 

and lct/L3 is similarly the intensity ratio of the La component to all L x-ray 
o 

transitions. It is apparent that in experiments where the Lr;x-ray line is not 

resolved, a significant correction in the value of f will be required and will 

reduce its value. At the same time, the value of cof) goes up but only slightly. 

6.8 Conclusions 

The following conclusions can be drawn from, the above experiments: 

First , the experimental radiative yields co0 and coQ are in reasonable agree-

ment with the available theory and other experiments. The accuracy of the available 

experiments is not adequate to choose conclusively between the two theories of 

Chen and McGuire. Despite the highly different approaches used by Chen and 

McGuire, the results approach closely. 

Secondly, some discrepancy between the measured f values and 

the theoretical values persists. The experiments and theories both bear out the 

expected increase in the Coster-Kronig yield due to the availability of the 
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L - L M transition above Z = 92. The sharp rise at this point, together with 
Z o 4 , o 

a similar jump at Z = 32 indicate the sensitive nature of the process. 

The necessity for more high resolution experiments on f below Z = 80 
Zo 

is indicated by the sharp reduction in the values of f when the liqx-rays are 
23 

subtracted out. This reduction brings the f results in closer agreement with 
Zo 

the values obtained from the assumption of the independent particle model (49). 

The discrepancy between experiment and theory in the values of f must 
23 

be attributed to the fact that the Coster-Kronig decay rates are extremely sensi

tive to the energy of the outgoing electron. The exact electron binding energies 

in atoms with an inner shell vacancy cannot be calculated very accurately. Fur

ther work on Auger-electron spectra can be expected to clarify this point. 

6.9 Suggestions for Further Work 

Apart from investigating additional nuclides to collect further data points, 

which are urgently needed in order to provide comparison with theory and to 

enable, a choice between the various theoretical results to be made, two new 

directions for expanded research on fluorescence and Coster-Kronig yields appear 

to be promising. 

A) Multiple vacancy effects: All of the preceding work has been concerned with 

the fate of a single vacancy. All of the f measurements rely on the 
Zo 

assumption that co = a;' where co1 is the L subshell fluorescence yield in the 
3 3 3 3 

presence of an outer shell vacancy. Very recent experiments (Veluri et al. 

(79)) have indicated that this assumption is justified, but that the mean L 

fluorescence yield in the presence of another vacancy increases dramatically 
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(-30%). 

It is therefore incorrect to employ single vacancy yields in ion-atom collision. 

One means of measuring fluorescence yields with multiple vacancies is from 

a triple coincidence between K x-ray, L x-ray, and fission fragments in a 

time of flight arrangement. 

B) Chemical effects: Because of the extremely low energy of the ejected C-K 

electrons, it is possible that the C-K processes may be affected by the matrix 

of the radioactive material. Tolea (78) has investigated this in the case of 

2 03 
Hg and found essentially no difference (< 5%) in the value of f when the 

203 
Hg is in different chemical environments. If there is a chemical effect on 

f , this might be found at the rare earth region. 
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Decays of Tm170 and Tin171: I 2 and Lt Subshell-Fluorescence 
Yields, Coster-Kronig Transition Probabilities, and 

X-Shell Conversion Coefficients in Yb| 
S. MOH.UJ, H. U. FREUND, AND R. W. FINT: 

School of CliemLlry, Georgia Institute of Technology, Atlanta, Georgia 30332 

AND 

P. VENUGOPALA RAO 

Department of Physics, Emory University, Atlanta, Georgia 

(Received 1 August 1969) 

High-resolution Ge(Li) and Si(Li) x-ray detectors [404- and 29C-cV full -width at half-maximum (FWHM) 
at 6.4 keV, respectively j wer-j sniployed to study ;ne singles and coincidence spectra of x rays and y rays 
from the decay.: of Tni17" and Tin1"1. '.Measurements of the rates of L„. Ls, a n d ' i , x-ray emission in 
coinci lence with A'„; end K„~ > rays y.-Mded the following values for L, and £j subshell-tiuorcsccnce yields 
(«;, « i ) . lyfLiX C'o.iter-Kroni;; transition |--roha>ii)itv ( /•„). and relative L x-ray intensity ratios (st, s3): 
w3-=0.1S2±C.0U, «, = 0.Ii"3±0.011, ./..=lt.l70ii:l!.(«)9. "ij = 0.192d=0.i.U0, and J.=0.165*0.009. The K-
convcrsion coeilicient of the 84.3-keV El transition in \ b ' ° is found to be I.39:fci.i.<14 by the measurement 
of the intensity ratio for tbe A'-x-ray and -,- transitions i.Xl'G moth .id). The A'-conversion coeilicient of 
the 66.7-keV transition in Yb' ; l is found to be <".45±0.36. .vhicli leads to a value of 0.34 lor the mixing 
ratio of E1'M\. The orbital-electron-ctiru'iie oranchinps o; Tm'"0 lo the rirst excited state (78.6 keV) 
and to the ground state in Ei1"0 are determined to be 0.04 a id 0.1091. respectively. 

I. INTRODUCTION 

THE present investigation was carried out par
ticularly to exploit the new hi^h-resolution tech

niques developed during recent years in low-energy 
photon spectrometry. Detectors of Si'Li) and Ge(Li) 
with sufficient resolution to separate clearly the full-
energy peaks above /J=t(>5 of the A"„i, A'„:, A"-;/, and 
KM' components of A' x rays and the '.;, A„. A-;, and Ly 

components of the A x rays of interest are available. 
Coincidence method?1 are employed to measure tlie !.-• 
and Z,i subsheU-fluorcsceuce yields and the Aj-A.i.Y 
Coster-Kronig transition probability in Yb from decay 
of Tin170 and Tm171. No prior measurements on Yb exist 

• Wcrk supported in part by the t ' .S, Ator.iic Energy Cora-
zrdsaion at Gco'cia Tech. 

'• P. Venujropai.i Ran. K. l'.. Wood, J. M. I'^lms, and R. W. 
Fink, Phys. Ka-. 173, 199? ;'196<>i. 

in which a radioactive source of L subshell vacancies is 
used. Jopson et air measured Z,j and Z,j subshell-fluores
cence yields by coincidence methods with NaT. (Til 
detection and Yb foil targets in which AC and L ioniza
tion was produced by an incident beam of 7 rays from 
a Co''7 source. 

The A'-sheil conversion coefficient of the 84.3-keV 
El transition in Yb170 following the0 decay of Tm170 has 
Leon of considerable interest and has been the subject of 
many investigations since 1952. This transitir.v. was one 
of the lirst leading to a suspicion at ;one time that 
anomalies existed in experimental E2 conversion 
cocuiciants in the deformed region. Essentially three 
diiicrent techniques were employed to measure ax-
(1) Measurement of the intensity ratio of the K-x-rzy 

• R. C. fop.v.n. J. M. Khan. Hans Mark, C. D. Swift, and M. 
A. Wiliianison. Phys. Rev. 13J, .US1 (1964). 
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TABLE I. A'-shell conversion coefficient for the 84.3-keV £2 transition in YD** as aus&sured by the X P G method. 

*•* Correction for /*//, ax 
Author Ref. Year W / T assumed at EC applied (recak)' (recalc)* 

Graham et al. 3 1952 1.47 0.92 1.60±0.02 no 1.433 1.53. 
McGowan 4 1952 1.5±0.2 
Liden and Starfelt 5 1954 1.56±0.15 
McGowan and Stetson 6 1957 1.535 0.930 1.65±0.12 no 1.497 1.60 
Houtermanns 7 1957 1.246 0.930 1.34±0.07 no 1.215 1.30 
fiisi et at. 8 1956 -1.571 0.93 1.69±0.02 no 1.532 1.64 

1.497 0.93- 1.61 not necessary 1.499 1.60 
Hooten 9 1964 1.357 0.93 1.46±0.05 no 1.321 1.41 
Thosar 10 1964 1.212 0.93 1.31 not necessary 1.213 1.29 
Croft et at. 11 1965 1.555 0.937 1.66±0.11 yes, 6% 1.614 1.72 

1.424 0.937 1.52±0.007 yes, 6% 1.478 1.58 
Dingus etal. 12 1966 1.377 0.937 1.47±0.05 yes, 3.3% 1.389 1.48 
Jansen et al. 13 1966 1.237 0.937 1.32±0.005 yes, 3.4% 1.247 1.33 
Nelson and Hatch 14 1969 1.340 0.937 1.43±0.04 not necessary 1.340 1.43 
Present work 1969 0.937 not necessary 1.304±0.039 1.39±0.04 

• The values are corrected by using the correction for Er K x ray* from the present work and a value of 0.937 for wg. 

transition to the y transition (XPG),3~14 (2) internal-
conversioh-external-conversion method (IEC),15-17 and 
(3) Coulomb-excitation and lifetime measurements.181* 
Almost all measurements of method 1 employed 
Nal(Tl) spectrometers, even the best of which have 
not clearly resolved the 84.3-keV y from the Yb K 
x rays. In addition, the Er A" x rays from the EC decay 
of Tm"0 and the unresolved iodine K-x-rtxy escape 
peaks complicated the anal) sis. Tables I and II present 
a survey of the existing measurements of the a* of the 
84.3-keV transition in Yb170. The theoretical esti-

*R. L. Graham, J. L. Wolfson, and R. E. Bell, Can. J. Phys. 
30 ,459(1952) . 

• F. K. McGowan, Phvs. Rev. 85, 142 (1952). 
• K. Liden and N. Starfelt, Arkiv Fvsik 7, 109 (1954). 
«F. K. McGowan and P. H. Stetson, Phvs. Kcv. 107, 1674 

(1957). 
' H . Houtermans, Z. Physik 149. 215 (1957). 
• A. Bisi, E. Germagnoli, and L. Zappa, Nuovo Cimcnto 3 , 

1007 U956>. 
• B. \V. Hooten, Nucl. Phvs. 59, 341 (1964). 
» B . V. Thosar, M. C. Joshi, R. P. Sharma, and K. G. Prasad, 

Nucl. Phvs. 50, 305 (1964). 
1 1W. L. Croft. H. G. Pctterson, and J. H. Hamilton, Nucl. 

Phvs. 70, 273 (1965). 
» R . S. Dingus, W. L. Talbcrt, Jr., and M. G. Stewart, Nucl. 

Phys. 83, 545 (1966). 
" J . F. VV. Jansen and A. H. W'apstra. in Intermit Conversion 

Processes, edited bv J. H. Hamilton (Academic Press Inc., New 
York, 1966), p. 237. 

14 G. C. Nelson and E. N. Hatch. Nucl. Phvs. A127, 560 
(1969). 

" J . F. \V. Jansen, S. Hultbcrc. P. F. A. Goudsmit, and A. H. 
W'apstra. Nucl. Phys. 38, 121 •1962). 

" P . F.rman and S. Hultbcrg, in Internal Conversion Processes, 
edited hv J. M. Hamilton t Academic Press Inc., New Vork, 
1966\p."249. 

» F.. N. Hatch, G. W'. Eakins, G. C. Nelson, and K. K. 
Mc.Vlanis, in Internal Conversion Processes, edited !•>• J. M. 
Hamilton (Academic Press Inc., New Yurk, 1966 , p. 183. 

" E. M. Bernstein, Phvs. Rev. Letters 8. 100 . 1962 i. 
' • D . U. Fossan and B.' Herskind, Phys. Letters 2, 155 (1962). 

mates20-23 of aK show a spread of 10%, thus making it 
difficult to discuss meaningfully the deviations from 
theory of existing experimental values. 

In the case of the 66.7-keV transition in Yb171 fed from 
Tmm, very little effort has been made to obtain 
accurate information on aK. The transition is of mixed 
E2-MI type (§--+i"~) and an accurate measurement 
of ax is of value in estimating the E2/MI mixing ratio. 
Hansen54 measured a value of 7.4±1.0 for <*& from the 
relative intensities of Yb K x rays and 66.7-keV y. 
Dingus et al.u measured a value of 6.9:±:1.0. 

A detailed investigation of the EC branching of 
Tm170 has not been made. Graham el al? set an upper 
limit of 0.3% for K capture and 0.01% for fP emission. 
Day" used a bent-crystal spectrometer to measure the 
relative intensities of Er A' x rays and 84.3-keV 7 rays 
and obtained an estimate of A-capture branching of 
0.15%. Recently, Nelson and Hatch14 estimated the 
A'-capture branching to be 0.19±0.04%, These esti
mates were based on the assumption that all the EC 
leads to the ground state of Er170. The level structure 
of the even-even nucleus Er170 is partially known from 
Coulomb excitation,28 and the first excited state is at 
about 79keV. Since ( )EC»500 keV * feeding of both 

» R. S. Hager and E. C. Seltzer, Nucl. Data A4, 1 1968). 
» C. P. Bhalla. Ph>s. Rev. 157, 1136 U967). 
B L. A. Sliv and I. M. Band, in Alpha-. Beta-, and Gamma-

Rav Spectroscopy, edited bv K. Scigbahn (Nnrtu-Ilullaiid 
Publishing Co., Amsterdam. 1965). 

B M. i;. Rose, Internal Conversion Coefficients (North-Holland 
Publishing Co., Amsterdam, 1958). 

* P. G. Hansen, Danish Atomic Energy Commission Risii 
Report No. 92, P>64 (unpublished). 

» P . P. Day, Phys. Rev. 102. 1572 (1956). 
" Nuclear Data Sheets, Nuclear Data Group. Oak Ridge 

National Laboratory, Oak Ridge, Tenn. (unpublished). 
" J . H. E. Mattauch, W. Thiele, and A. H. W'apstra, Nucl. 

Phys. 67, 1 11965). 
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T A B U n . JT<onversion coefficient of the 84.3-keV transition in TO* from methods other than XPG and from theory. 

Authors Ref. Year Method 

1 1 , ,• • — J — a i 

Bernstein 18 1962 Coulomb excitation 1.5244.11 
Fossan and Hersiund 19 1962 Coulomb excitation 1.41*0.11 
Jansen tl al. 15 1966 IEC 1.36±0 10 
Erman and Hultberg 16 1966 IEC 1.37±0.07 
Hatch IT 1966 Magnetic and bent-crysital 

spectrometers 
1.47*0.10 

Hager and Seltter 20 Theory (pure £2) 1.42 
Bhalla 21 Theory (pure £2) 1.36 
Sliv and Band 22 Theory (pure £2) 1.36 
Rose 23 Theory (pure £2) 1.33 

the ground and first excited states by EC is possible. 
Hansen and Hellstrom28 used a Si(Li) detector with a 
resolution of only 1.5-keV FWHM at 84 keV to study 
the singles photon spectrum from the decay of Tm"0. 
By unfolding the unresolved photopeaks of KB and 
Kfi% rays, they measured the intensity of Er K x rays 
and estimated the total EC branching to be 0.25%. 
They observed the y transition in Er170 at 78.7 keV. 

H. EXPERIMENTAL 

A. Source Preparation 

Thin, uniform sources of radioactive Tm170 and Tm171 

were obtained by evaporating from dilute HC1 solution 
the activity on a Plexiglas holder. The Tm170 source was 
of high specific activity and of approximately 10 Mg/cms 

thickness; the Tmi;i source was carrier free. 

B.. Singles-Spectrum Studies 

A Si (Li) x-ray detector having a resolution of 290-
eV FWHM at 6.4 keV was employed to study the 
singles iC-x-ray and y spectra of Tm170. A typical spec
trum is shown in Fig. 1. A detailed description of the 
detector and the determination of its photopeak 
efficiency are given elsewhere.29 K x rays of Er from the 
EC decay of Tm170 are clearly separated from Yb K 
x rays, y spectra from Tm170 taken with a 16-cm3 

coaxial Ge(Li) detector indicated the presence of 
y rays with energies of 66.7 and 443 keV. These are 
attributed to the presence of Tin171 and Tm1M in trace 
amounts in the Tm17" source. The latter contributes 
Er K x rays from its EC decay, anil the former con
tributes Yb K x rays from conversion of the 66.7-keY 
transition in Yb'71. These contributions were calculated 
from the known values of the ratio of the intensities of 

« II, H. Hansen and S. Hellstrom, Z. Physik 223, l.i9 (!%<^. 
f " J . M. Palms, K. K. Wood, and P. Vcnugopata Rao (to be 
published). 

Er K x rays to 443-keV 7 rays in Tm"8 decays,*"** 
and from the ratio of intensities of Yb K x rays to the 
66.7-keV*7 in Tm171 decay measured in the present 
work. A trace of Bi807 also was identified but had no 
complicating influence on the present studies. No Tm 
K x rays were observed (Fig. i ) , indicating that source 
thickness was sufficiently small that self-excitation of 
K x rays was negligible. The Ge(Li)-Ge(Li) coin
cidence system described below was used in a fi-y 
coincidence arrangement at close geometry to search 
for /8-excited K x rays, which were negligible. 

In Fig. 2 is shown the spectrum of Yb K x rays and 
the 66.7-keV y from Tm1" decay. No disturbing im-
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TIG. I. The photon spectrum from Tm170 decay taken with 
the Sia.i l deiector in the region 50--85 keV <resolution 290-eV 
FWHM at 6.4 ke \ ' i . A PieMiilas absorber oi J.J nun thickness 
was used to stop J ruys. The inset shows the revised decay scheme 
of 'I'm'7", based on the present work. Energies are in keV. 

» J. J. Reidv, E. G. Funk, and J. \V. Mihelich, Phvs. Rev. 133, 
B556 (1964). 

11 P. F. Kenealv, E. G. Funk, and J. VV. Mihelich, Xucl. Phys. 
A110, 561 M%»i. 

" G. E. Keller, ll. F. Zganjar, and J. J. Pinajian, .Vucl. Phys. 
129.481 (1969,!. 

Sia.il
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purities were found, and contamination from Tm178 

contributed less than 0.3% to the total intensity of 
Yb-Kxrays. 

C. Coincidence Measurements 

Two Ge(Li) x-ray spectrometers (8 mm diam X 5 
mm depth with 0.005-in.-thick Be window) were used 
at 180° to observe La, L$, and L1 x rays in coincidence 
with A',i or AT0j x rays. The energy resolution was of the 
order of 404-eV FWHM at 6.4 keV. A complete descrip
tion of the coincidence arrangement has been given 
previously." The determination of the efficiency of 
these detectors was discussed by Freund, Hansen, 
Karttunen, and Fink.34 Vb L x rays in coincidence with 
Kai or K„t x rays were observed with Tm170 and with 
Tm171 sources. Typical singles and coincidence L x-ray 
spectra are presented in Fig, 3. The L x-ray coincidence 
rates, corrected for the efficiency and solid angle of the 
detector and the attenuation due to materials between 
source and detector, are related to wj, the L% subshell-
fluorescence yield; a>2, the Z,s subshell-fluorescence 
yield; fa, the LJ-Z-JA' Coster-Kronig transition prob
ability; JS, the ratio of L-, to Z^., x rays from the £» 
subsheli; and s3, the ratio of L& to La+i x rays from the 
Lt subsheli. The derivation of the necessary relation
ships and a detailed account of the basis of the coin
cidence method was given in Ref. 1. 

Two complete sets of coincidence runs were made 

J 

W- l.tT 

^r 

=S5 

""t 

CHANNEL NUMBER 

Fir.. 2. The photon spectrum from Tin17' drcav taken with 
the Si(Li) detector in the region uf ^0 -70 keV. '1'he inset. shows 
the decay scheme of Tin171 from the literature. l imbics are in 
keV. 

" K. Karttunen. H. U. Freund, and K. \V. Fink, Xucl. Phys. 
A131.34.* 1<)6'; . 

" II. U. I-'reuml. J. S. Hansen. I'.. Karttunen. and K. \\ . link, 
in Proceedings of lite Conference on AVi/i.'v.'/;//•,• in S ucle.ir 
Spectroscopy Xlislr/ille, Tennessee, 1W> ainrdon ami lireai.li 
Science Publishers., New York, to lie published!. 
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FIG. 3. L x-ray spectra from Tm"1 decay taken with a Get Li) 
detector having resolution of 404-eV FWHM at 6.4 keV. Top: 
the singles spectrum, middle: L x rays in coincidence with A„i 
x raj-s, bottom: L x rays in coincidence with KM x rays. 

with each source and coincidence resolving times of 600 
and 1200 nsec, respectively. The multichannel analyzer 
stored Kai-L and Kai-L coincidence spectra simul
taneously, one in each half of the memory, the two 
coincidence units being run with equal resolving times. 
The coincidence efficiency was found to be unity, as 
verified by the independence of the results on the 
resolving time and further confirmed by a time-to-
pulse-height-converter spectral analysis. The minimum 
resolving time for 100% coincidence efficiency was only 
290 nsec. Chance coincidences were observed separately 
by introducing 5-/isec delay in the gating channel. 
Bremsstrahlung due to the /3 continuum in the coin
cidence spectra is negligible, as seen in Fig. 3. 

in . RESULTS AND DISCUSSION 

Results of the present work are summarized in 
Tables III and IV, and are discussed below. The errors 
quoted are standard errors and include contributions 
from all experimental origins. Xo attempt has been 
made to include errors in quantities obtained from 
theory. 

A. L•: and L Subshell-Fluorescence Yields and LrLzX 
Coster-Kronig Transition Probability in Yb 

Table III presents the values of 0)2, «i, and fa ob
tained from La,a.i-Kni.t,i coincidence measurements 
using both Tm17" and Tm,Tl decays as sources of K and 
L vacancies. The average number of L x rays emitted 
per Li vacancy, fj, is also included in Table III. The 
effects of angular correlation in the L< x-rav-A.'„i x-ray 

lireai.li
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TABLE III. Results on the L% and It subshells in Yb. 

Coincidence 
method 

Quantity 
measured 

Present 
Tm>™ decay 

work 
Tmm decay Average Jopsen et al.m 

ScofieId» 
(theory) 

Lm.f.y~Kmi 

*i 

H 
ut 
/• 
H 

0.185 ±0.011 
0.170±0.009 

0.218±0.013 
0.185±0.011 
0.174±0.009 
0.187±0.011 

0.180=0.011 
0.161±0.0G9 

0.210=0.013 
0.179±0.011 
0.165=0.009 
0.196=0.010 

0.183=0.011 
0.165=0.009 

0.214=0.013 
0.182=0.011 
0.170=0.009 
0.192=0.010 

0.20±0.02 

0.34±0.0S 

0.175 

0.181 

• Reference 2. b Reference 41. 

coincidence measurement are taken into account5*-*1 

in obtaining the value of w». This correction amounts to 
2%. There is agreement with the previous work of 
Jopson et al? in the case of wj, but the present value of 
vj seems to be considerably lower, as is generally found 
in comparisons of radioactive source methods with 
methods based on fluorescent excitation of foils. A 
recent study39 of the L Auger-electron spectrum in the 
EC decay of Hf17S gave a value of wj = 0.19=fc0.05 for 
Z=7l, in good agreement with the present result for 
Z=70. The present work also confirms the earlier 
results1-*7,40 that a considerable number of Z,2 vacancies 
are filled by nonradiative Coster-Kronig transitions of 
the LrLtX type (/K?e 0). 

The relative intensities of the resolved groups of L 
x rays from the Li and i j subshells also are obtained 
from the present coincidence experiment and are com
pared with theoretical values derived from the recent 
work of Scorield.11 The ratio of L$ x rays to La+i x rays, 
s%, is determined to be 0.165±0.009 (Table III) and 
compares well with Scolield's estimate41 of 0.175. 
Similarly, the ratio of L7 to L^., x rays from the I5 

subshell Si is determined to be 0.192±0.010 (Table III) 
and compares well with Scolield's estimate41 of 0.181. 

B. ^-Conversion Coefficient of 84.3-keV 
Transition in Yb170 

Table IV contains the relative intensities of the Yb 
K x rays and the y rays observed from the decay of 
Tm"°, after correction for detector efficiency and 
attenuation of the 3.2-mm Plexiglas J absorber. The 
ratio of intensities of Yb A' x rays and 84.3-keV y rays 
( W / T ) is calculated to be 1.304±0.039. The value'is 
compared with the results oi earlier work in Table I, 

» H. W. Btsie, /.. l 'lusik 213. 333 I 10«>S>. 
» R . E. Price, Hans .Mark, and C. U. Suift, I'hvs. Rev. 176. 3 

(1968). 
17 R. E. Won,!. J. M. Palms, and P. VenuRopala Rao, l'hvs. 

Rev. 187, 1497 (1%'K 
* . \ . I.. Cat.* and C. I>. Coryell, Bull. Am. Plus . Soc. 14. 85 

(1969). 
" J . Gizon, A. Gizon, and J. Valentin, N'ucl. F'hvs. A120, 321 

(1968). 
*• P. Venugopala Rao and B. Crascmann, Plus . Rev. 139, 1926 

(1965). 
•' J. II. ScofieM, Phys. Rev. 179, 9 (1969). 

which contains the intensity ratios and. the values of 
WK, the /C-shell-fluorescence yield of Yb, used to obtain 
the reported values of an. To facilitate comparison 
with the present value of IKX/I-,, the intensity ratio 
from the various authors has been recalculated by using 
the correctfon for Er K x rays arising from orbital 
electron capture as found in the present work (Sec. 
HID) . The spread in the recalculated values ap
parently is due to the low resolution of the Nal(Tl) 
spectrometers used. The most recent measurement by 
Nelson and Hatch,14 in which a bent-crystal spectrom
eter was employed to obtain the monoenergetic response 
function of an Nal(Tl) spectrometer, is in fair agree
ment with the present result. 

The present value of OK of the 84.3-keV transition 
was obtained from the relationship 

OJt-(l/«lc) (/!&//,), CD 
where a value of 0.93" for WR is used.45 For comparison 
we have listed the literature values of ax, determined 
by the XPG method, which are recalculated using 
WA = 0.937 and recalculated values of the intensity 
ratio. Taking into account only the recent XPG results 
(Ref. 13, 14, and the present work) and the other 
conversion-electron methods, the agreement with 
theoretical estimates (Table II) for pure El muki-
jrolarity is good. On the other hand, the accuracy of any 
of the experimental methods is insufficient to distin
guish among the various theoretical estimates. 

C. ^-Conversion Coefficient of the 66.7-keV 
Transition in Yb1Tl 

The ratio of intensities of Yb A' x rays and 66.7-keV 
7 'rays following 0 decay of TmITl was measured to be 
6.9c-±0.34. With oiK = i)M7, a value of aK= 7.45±0.36 
is obtained. The two previous measurements of this 
value arc «/,= 7.4± 1.0 -1 and 6.9± 1.0 12 ant! these are in 
agreement with the present work. The mixi:^ ratio is 
calculated to be 0.34 using the theoretical estimates of 
Hai:cr and Seltzer,20 so that the transition is a mixture 
of 74V?: Ml and 2dc/c l'-l multipolarity. 
~ « 4 ~ \ v T f i n k , R. C. lop«.m. Hans Mark, and ('. U. Swift. 
Rev. Mod. T'hv*. 38, 513 ll;<>6>; \V. Hambvnek, B. Cra-emann, 
R. W. Fink, II. I.'. I'r.-und. Hans Mark, R.K. Price, P. Venugopaia 
Rao, and C. I). Swift, it>;.t. (to bo published). 
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D. Electron-Capture Decay of TmIT0 

In Table IV are presented the intensities of Er A' x 
rays and 78.6-keV 7 rays from the EC decay of Tm170. 
The 78.6-keV y is attributed to the first excited state in 
Er170. This energy state has not been previously estab
lished conclusively, although a value of 79.3 keV has 
been quoted.24 Chupp et al.,a who investigated the 
first excited states by Coulomb excitation of natural 
Er targets, identified two 7 rays at 78.59 and 79.31 
keV, and assigned them to Er187 or Er170. They were 
unable to determine which 7 is associated with each 
Er isotope. In the present work, the 79.3-keV 7 was not 
found, but 7 rays at 78.6±0.4 keV were observed, 
leading to the conclusion that EC in Tm170 decay leads 
to both the ground and the first excited states in Er170. 

From data in Table IV, a value of 2.6-4^0.40X10-* 
is obtained for the ratio of intensities of Er A' x rays 
to Yb K x rays in Tm170 decay. The former arise from 
internal conversion of the 78.6-keV transiiion and from 
K capture to the ground and first excited states in 
Er170. Taking the theoretical conversion coefficient 
ax=1.77 from Hager and Seltzer20 and a value of 
wK = 0.933 for Z=68,42 the total number of K x rays 
arising from the A' conversion of the 78.6-keV transition 
can be estimated. The fraction of total Er K x rays due 

« E. L. Chupp, J. W. DuMond, F. J. Gordon, R. C. Jopson, 
and Hans Mark, Vhys. Rev. 112, 518 (1058). 

Er A' x rays 3.44±0.14 
Yb K x rays 130.4±3.9 
78.6-keV7 0.122±0.024 
84.3-keV? 100 

Yb K x rays 698±34 
66.7-keV7 100 

TABLE IV. Relative intensities of K x rays and y rays from the 
decay of Tm170 and Tm m from the present work. 

Source Photon emission Relative intensity 

Tm170 

Tm"' 

to K conversion of this transition is 0.059. The EC 
branching can be calculated using theoretical EC 
ratios**-46 to the ground and first excited states. Taking 
the value of QEC = 460 keV,27 the theoretical values of 
the probability of A' capture, PK, to the ground and 
first excited states in Er170 are 0.800 and 0.837, respec
tively. These values, together with the relative inten
sities presented in Table IV, yield 0.04% EC decay to 
the 78.6-keV level and 0.10% to the ground state in 
Er170, if one assumes that 76% of the Tm170 0 emission 
leads to the ground state of Yb!T0. 

** L. N. Zyryanova and Yu. P. Suslov, in Proceedings of the 
International Conference on Electron Capture and Higher-Order 
Processes in Nuclear Decay, Debrecen, Hungary, 1<>68 (KotviVs 
Lorand Phvsical Sociotv, Budapest, Hunitarv. lVtoj\ p. 45. 

46 H. Behrens and U''. Blihring, Kef. 44, p. 61. 
" B. L. Robinson, Xucl. Phys. 64, 197 (1965). 
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The Ta L x-ray spectrum from the 140 d electron capture decay of 1S1W was 
studied with high resolution semiconductor detectors and fast coincidence techniques. 
Measurement of L x-ray—A' x-ray and L x-ray— y-ray coincidence rates yielded the 
following L shell fluorescence and Coster-Kronig yields and radiative decay branching 
ratios: ej-, = 0.250 + 0.013, M3=0.228+ 0.013 (corrected for angular correlation 
effects), /Vj=0.180 + 0.007, Vis0.218i0.016, J3=0.205±'0.010, i2 = 0.215±0.010, 
/ t3-r-/[2/23=0.36+ 0.02, and 0}-^ +fl2co2 = 0.14±0.02, from which upper limits were 
obtained of/J3<0.36 and coi<0.\4. 

1. Introduction 

The electron capture decay of 1 8 1 W was investigated earlier by many 
authors 1 - 1 0 , and a detailed knowledge of the decay scheme is available. 
Almost all of the decay leads to the ground state and the first excited 
state at 6.25 keV, while only 0.2% of the decay leads to the pair of levels 
at 136 and 159 keV (see Fig. 1). The transition energy available for the 
decay is IS7± 10 keV, which permits no A'capture to the levels at 136 
and 159 keV10. These features have interesting consequences which are 

* Supported in part by the U.S. Atomic Energy Commission. 
** Supported in part by a USAROD basic research grant. 

1 Hist, A.. Terrani, S.. Zappa. L.: Nuovo Ci;-i;.;cnv 4. 651 (1955). 
2 Muir, A. 11., Jr., Hochm, P.: Phys. Rev. 122, 1564 (I"61). 
3 J Y ' - ' I I . R . C M.irk. IT., Swift, C. D.. Zciver. J. H.: Phys. Rev. 124. 157 (1961). 
4 Ye:v.:-;o'ri!a Rao, P., Crasemann, B.: Pins. Ke\. 139, A Ivju JvG5). 
5 LViYunncr. P., Heer, E., Kimdig, W., Riieischi, R.: Helv. Pins. Acta 29, 235 

(1956). 
6 Clark, M. A.: Can. J. Phys. 39, 1090 (1961). 
7 ILutser. I'.: Nuel. Plus. 24, 488 (1961). 
8 Muir. A. H., Jr.: Nucl. Phys. 68, 305 (1965). 
v> Blumberu. 11.. Ila-er. R. S.. Selt/er, E. C : Nuel I'hys. A 136. 624 (1969). 

10 Venugopala Rao, P., Crasemann, li.: Phys. Rev. 142. 768 (191)0). 

Vis0.218i0.016
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9/2+ 140d 

6.8A$-£/2-

Fig. J. The decay scheme of 140 d 18lW 

190 keV 

exploited in the present work to measure the L subshell yields for tan
talum (Z=73). The L x-rays observed in coincidence with 153 keV 
gammas deexciting the 159 keV level arise mainly from the filling of L{ 

subshell vacancies, while those in coincidence with Kai and K3] x-rays 
come only from the filling of L2 and L3 subshell vacancies, respectively, 
with no complications due .to cascading nuclear transitions. In effect 
the decay of m W is an ideal source of Ll,L2, and L3 subshell vacancies 
which can be studied individually. 

Earlier work on L shell fluorescence yields of Ta was performed 
with the use of scintillation and proportional counters11. The present 
work is an attempt to obtain accurate information on the decay of L 
subshell vacancies in Ta by using high resolution semiconductor x-ray 
detectors. The basic principles of the methods have been given pre
viously12. 

2. Experimental 

2.1. Radioactive Source 

The source was prepared from a high specific activity solution 
(2.62 C/g of W in 0.1 N HF) by droplet evaporation onto a 1.5 mg/cm2 

mylar foil. Two sources of approximately 5 and 10 uC were prepared. 

2.2. Detectors 

The L x-ray specwa were obsersed with a Si (Li) detector of 2.5 mm 
depth, fitted with a 2 mil (0.051 nun) Be window and having a resolution 

11 Fink, R.W., Jopsoti, R. C , Mark, H., Swift. C D . : Rev. Mod. Phys. 38, 513 
(1966). - Bambynck. \Y\, Crasemann. B.. Fink. R. W., Freund, H. U., Mark, H., 
Price, R. Li., Vcruigopula Rao, P., S^ifi, C. D.: To bo published. 

12 Vcnuiiopala Rao. P., Wood, R. II., Palms. J. M.. Fink,R.W.: Phys. Rev. 178. 
1997 (1969). 
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Channel number 

Fig. 2. (a) Singles L x-ray spectrum t'rom IM\V Jcjay. (b)Ta /.x-rays in coincidence 
with K3i x-rays, (c) Ta /. x-rays in coincidence with A':I, x-rays 

of 260 e\ ' FWMM at 6.4 keV. The photopenic efficiency of the detector 

was measured using calibrated IAEA sources of low energy x-rays and 

gamma ra \s . The calibration procedure is described elsewhere ] i . 

13 Palms, J. M., Wood, R. 1:., Venugopala Rao, P.: To be published. 
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The Ta K x-rays were detected by a Ge(Li) x-ray spectrometer having 
a resolution of 470 eV FWHM at 6.4 keV, and the 153 keV gammas 
were observed with a 4 cm3 Ge(Li) detector. 

The fast coincidence arrangement used for measuring the coincidence 
rates was described previously12, and the present measurements were 
made with a coincidence resolving time of It ta 80 nsec with a coincidence 
efficiency ec = 0.96. The coincidence system is provided with a single-
channel analyser to set windows on Aai, KX2 x-rays, or 153 keV y-rays, 
respectively. Careful analysis of the gates admitted through these windows 
was performed according to procedures outlined earlier12. In a typical 
A'a2 x-ray window, 93% of the admitted events are due to A3, x-rays; 
5%, to the low energy continuum following the photopeak of the Ar

ai 

x-rays; and 2%, to higher energy components. In the determination of 
the true coincidence rates, account was taken of the contributions to 
the gate counting rate from each of the above categories. Chance coin
cidences were measured separately and corrected for. Typical coincident 
L x-ray spectra are shown in Fig. 2. 

The measured L x-ray coincidence rates C'Liix) in each resolved peak 
were corrected for attenuation due to air and mylar covering on the 
source (/), photopeak efficiency (e), fractional solid angle (£>), and 
coincidence efficiency ec, to obtain the number of coincidences CLi{x) 

in coincidence with the gates Cx by means of the relationship 

CLl{x) = C'Ll(x)lEQfEc. (1) 

Data taken with two different geometries were averaged. 

3. Results and Discussion 

The L x-ray-A" x-ray coincidence rates are related to L2 and L3 

subshell yields co2, w3, a n d / 2 3 through the relationships summarized 
previously12, , 4 . The results are presented in the Table, which also 
includes the radiative decay branching ratios s2 and s3, as defined in 
Ref.12. The present experimental values of s2 (0.215±0.010) and s3 

(0.205±0.010) should be compared with the theoretical calculations of 
Scofield, 0.10] lMkl 0.183. respectively16. The transfer of L2 subshell 
vacancies to the /., subshell is apparent from the value of 0. U-i0± 0.007 
for/23 a , u ' ' s m agreement with recent work in this Z region. The angular 
correlation effects m.L x-ray-A'^ x-ray coincidences were taken into 
account in evaluaiiny. <M,. as described previously14,15. 

14 Wood, R. r-:., P.ihvK, J. M.. \cnii-opal.i Rao, P.: Phys. Rev. 1H7, 1407 (1969). 
15 McC'icorgc. J. C , i ;eun,i. II. I '., l ink. R. \V.: Nucl. Plus, (in p:v.v»). 
16 Scofield. J. H.: Phys. Rev. 179, 9 (1969). 

file:///cnii-opal.i
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Table. L SubsheU Fluorescence and Coster-Kronig Yields for Z— 73 

Experiment Quantities measured 
Present work 

Previous work 
(Refs.10'11.17) 

L x-ray-/ifai coincidences 

L x-ray-A'aj coincidences 

L x-ray-153 keV y coincidences 

w3= 0.228 ±0.013 

s3=0.205 ±0.010 

« , = 0.250+ 0.013 

/ 2 3 = 0.180 ±0.007 
v, = 0.291 ±0.013 
J2 = 0 . 2 1 5 ± 0.010 

Vi=0.218±0.018 
/i3+/i2 /23=0-36±0.02 
o , + / l 2 « 2 = 0.14 ±0.02 

0.27 ±0.01 
0.23 ±0.02 
0.25 ±0.03 
0.234 ±0.025 

0.25 ±0.02 
0.23 ±0.04 
0.37 ±0.06 
0.20 ±0.04 
0.303 ±0.030 

0.22 ±0.01 

The coincidence rate CL(y) is related, to Lx subshell yields through 
the relationship 

CL(y) = CywLPL (2) 

where C. is the number of 153 keV gammas gating the coincidence 
system, PL is the probability of L electron capture feeding the 159 keV 
level (IPi=l). and coL is the mean I shell fluorescence yield11 . The 
average number of L x-rays per Lx subshell vacancy V! is obtained from 
the relationship11 

ioL = Ntvl+ N2 (o) 2 +/, 3 w3) (3) 

where A7, and N2 are the relative number of primary L, and L2 subshell 
vacancies, respectively. No L3 vacancies are created in the allowed and 
first-forbiciden EC transitions of present interest, according to present 
theory of orbital electron capture decay. The distribution of L subshell 
primary vacancies are estimated to be A', :A : - 0 .94 :0 .06 from the 
tables of Zyiyanova and Suslov18 . The L capture probability PL is cal-

17 Venmvpala Rao, \\: in: Pav. Ir.l. CVnC en Electron Capture and Higher Order 
l'roccvcs in Nuclear Decav, Debrecen. Iluiu'.ny, Il>68 (Eotvbs Lorand Phys. Soc, 
Hi.d:-;\^n: p . : : : . 

IS Z>:..,:;,.>N.I. I.. N.. SIN'.OV, Yu. I'.: in: I'roc. Int. Conf. on Electron Capture and 
Hi;:.:ier Order Processes in Nuclear Decay, Debrecen, Hungary, 1968 (Eotvos 
1 o:-;i;u.l Phw SOC, P.Lulapcsi). p.-IS. 

M Z. I'hysik, lid. 239 



428 S. Mohan et a/.: Electron Capture Decay of 181W 

culated to be 0.76 to the 159 keV level from available theoretical data, 
as described in Ref.19. 

The high resolution of the L x-ray detector permits the L x-ray 
components to be resolved, and this is further exploited by measuring 
the coincidence rates of La and Lfiy x-rays separately. Employing the 
relationships developed earlier12, it is found that/13+/12/23=0.36 ±0.02 
and col+f12 cu2=0.14+0.02. These results set upper limits of/13<0.36 
and ©! <0.14, but it is significant to note that a large number of vacancies 
are transferred from the L{ subshell to the Lz and Z.3 subshells by Coster-
Kronig transitions, in spite of the fact that Lx -L3 M transitions are 
energetically forbidden. 
19 Wood, R. E., Palms, J. M., Vcnugopala Rao, P.: in: Proc. Int. Conf. on Radio

activity in Nuclear Spectroscopy, Nashville, Tennessee, 1969. New York: Gordon 
and Breach, Publishers 1970 (in press). 

Dr. Richard W. Fink 
School of Chemistry 
Ga. Institute of Technology 
Atlanta, Georgia USA 30318 



113 

APPENDIX C 



114 

PHYSICAL REVIEW A VOLUME 4, NUMBER 3 SEPTEMBER 1971 

Reevaluation of Z.;-Subshell Coster-Kronig Transition Probability and 
Fluorescence Yield below Z = 81* 

J . C. McGeorge, S. Mohan, and R. W. Fink 
School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia 30332 

(Received 8 March 1971) 

Recently published experimental values of the L2~L% total Coster-Kronig and Lj-subshell 
fluorescence yields for Z~=65, 70, 73, and 80 have been corrected for the presence of the un
resolved Z.,[L2-,v/,l x-ray line in the La [X,3-A7lj5] x-ray group. It Is shown that this appre
ciable correction does not explain the discrepancy between experiment and theory. 

As pointed out in a recent paper by Chen et al.,l 

the value of the Lz-L% total Coster-Kronig yield/2 3 

calculated theoretically disagrees with experimen
tal values by about 35^. Although the theoretical 
calculations by McGuire2 and Chen et al.i are based 
on quite different wave functions, their results are 
in rather close agreement with each other. This, 
together with the fact that six of the seven published 
experimental values of / a J are greater than theory 
predicts, and that all were measured by the same 
coincidence method suggests that there may be a 
systematic er ror in the experiments. 

The experimental technique used1-8 has been out
lined by Rao et al.3 and by Wood et al.4 and consists 
of taking L x-ray spectra in coincidence with Kat 

and Kaz x rays individually. The L x rays were 
observed in Si(Li) detectors which enable only the 
L,, La, LJ, and Ly x-ray groups to be resolved 
in the middle-.? region, while above Z - 80, the Ln, 
[Lz-Mx] component also can be resolved. 

Table I lists the energies of the Lv, La, and L$ 
x-ray groups taken from the tables ' f Ikwrd.cn9 for 
2=65 , 70, 73, and 80. It is clear that Ln cannot 
be resolved from La x rays at 7 = 65, 70, and 73 
with the detectors used in the reported experiments 
(Table II), since the resolution was not belter than 
260 eV full width at half-maximum (FWIIM) (at 6.4 
keV), and /.„ may be only partially resolved at Z = 80. 
In none of the published coincidence spectra is the 
Ln x-ray line clearly visible. A small "bulge" on 

the high-energy side of the La peak can just be dis
cerned in the L x-ray spectrum given7 for Z = 73. 

In the notation of Rao et al.3 and Wood et al., * 
the values of / 2 3 were derived from the expression 

/.3 =
 C*«<*«a>/c*«« f (D 

/cKa, 
which is based on the assumption that the La x-ray 
group contains only L x rays emitted in transitions 
to the Li subshell. 

Although the Ln [L2-Mil x-ray line is only =3% 
of the intensity of the LZ-MK line, its intensity 
relative to the La x-ray intensity in spectra taken 
in coincidence with Kaz x rays is given by 

^•[te)-«J/[(^--]-« 
where Ln/Lz is the intensity ratio of the L, compo
nent: to all x rays emitted in transitions to the Lz 

TABLE r. L x-ray energies in keV at Z ---H5, 70, 73, 
and 80 (from Ref. 9). 

Z.a,[Lj-Af5] Z^lLj-Mjl LPX\L2-MA\ 

6.284 6.978 
7. 580 8. 402 
8.428 9.343 

10.651 11.823 

65 6.273 
70 7.416 
73 8. 146 
80 9.989 

4 1317 

Ikwrd.cn9
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TABLE II. Revision of/23 and w2 values and 
comparison of/23 with theory. 

Theoretical x-ray 
intensi ty ratios 

Original values (from Ref. 10) 
Z u), / a Reference LJL, La/L, 

65 0 . 1 6 0 * 0 . 0 1 8 0 . 0 9 0 * 0 . 0 1 4 5 0 .0223 0 .818 
70 0 . 1 8 2 * 0 . 0 1 1 0. 1 7 0 * 0 . 0 0 9 6 0 .0221 0.815 
73 0 . 2 5 0 * 0 . 0 1 3 0 . 1 8 0 * 0 . 0 0 7 7 0 .0220 0 .807 
80 0 . 3 1 6 * 0 . 0 1 0 0. 1 9 0 * 0 . 0 1 0 8 0 .0215 0 .785 
81 0 . 3 1 9 * 0 . 0 1 0 0. 1 6 9 * 0 . 0 1 0 4 
82 0 . 3 6 3 * 0 . 0 1 5 0 . 1 6 4 * 0 , 0 1 6 3 

Theoretical 
Revised values * values o f / , j 

Z w, / 2 J (Eq. 3) Rcf. 1 Rcf. 2 a 

65 0 . 1 6 3 * 0 . 0 1 * 0 . 0 6 6 * 0 .014 1.000 0. 131 0. 133 
70 0 . 1 8 8 * 0 . 0 1 1 0. 1 4 2 * 0 . 0 0 9 0. 984 0 .124* 0. 130 
73 0 . 2 5 7 * 0 .013 0 .150 + 0 .007 0 .979 0 .120* 0.12<i 
.SO 0. 319 < 0 .010 0 188* 0.010 0 .065 c 0.108 0. 124 
SI 0 . 3 1 9 * 0 . 0 1 0 0. 1«9* 0 .010 0 .000 0. 106* 0. 11B 
82 0. 3 6 3 * 0 . 0 1 Ti 0. 161* 0.016 0. 000 0. 104* 0. 110 

*Linear interpolation between values given for 2 = 6 5 , 
74, 79, and 85. 

bLinear interpolation between values given for Z = 60, 
67, 74, 79, and 83. 

'Reference 12. 

subshell, and La/L% is the intensity ratio of the 
La component to all x rays emitted in transitions 
to the Lj subshell. From Eq. (2) it is apparent that 
In experiments where the £„ x-ray line is not r e 
solved, a significant correction in f23 will be r e 
quired and will reduce its value. 

Assuming that the x-ray efficiencies eLa~eL , 
the correct value of/23 may be calculated from the 
formula 

ft 
., ((LjLz)Wz/uJ\ 

=f"'\ {La/L,) ) (3) 

where /2'3 is the uncorrected published value and * 
is the fraction oE L x rays included in the La x-ray 
peak. 

Since the reported values of the L2-subshell 
fluorescence yield u>2 were determined essentially 
from the relationship 

k>2 = V2 -hi WS t (4) 

they depend slightly on/2 3 . An iterative procedure 
starting with the published values of ti<2 was there
fore used on Eqs. (3) and (4) to reevaluate /2 3 and 
u>2. (see Table II). Theoretical values of the ratios 
L,,/Lz and La/L% were taken from Scofield,10 as 
recent experimental work on relative L x-ray in
tensities shows reasonably good agreement11 with 
the theory in this region of Z. 

The value of k in Eq. (3) depends on the detector 
resolution, the energy separation between the Ln 

and the La x-ray peaks (increasing with Z), and 
the method used to evaluate the La x-ray intensity. 
Except for Z = 80,1 2 *» 1 (see Table H). 

It is apparent that while these corrections bring 
the experimental value of / 2 J at Z = 70 and 73 into 
closer agreement with theory, some discrepancy 
still exists. At Z = 80, the small correction does 
not significantly improve the agreement with the 
results at Z = 81 and 82 (which probably do not r e 
quire revision, since L„ was apparently resolved 
from La), and all three values still lie about 30% 
higher than theory. The result at Z = 65 is pushed 
even further from theory by this correction. 

The small corrections to the L2-subshell fluo
rescence yield a<z are barely significant, and agree
ment with theory1 remains satisfactory. 
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