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SUMMARY

This research involves an experimental study of the

L2- and L3-subshell fluorescence yields (m2 and m3) and the

L2-L3 Coster-Kronig transition probability (f23) in the high-
Z region and an experimental study of mean L-shell fluores-
cence yields (QL) at 72 = 47, 60, and 63. The following

experimental results are obtained:

£,5(2=80) = 0.123  0.012, £,5(2=81) = 0.109 * 0.011,
f,5(2=82) = 0.105 * 0,011, £,5(2=86) = 0.105 + 0.011,
£,,(2=88) = 0.053 * 0.052, £,5(2=92) = 0.147 *+ 0.010,
£,,(2=94) = 0.226 * 0.016,

w, (Z=86) = 0.459 * 0.025, w, (2=88) = 0.493 * 0.030,
w, (2=92) = 0.560 * 0.033, w, (2=94) = 0.513 * 0.022,
w, (2=86) = 0.384 % 0.020, wy (2=88) = 0.408 * 0.027,
wy (2=92) = 0.481 * 0.029, wy (2=94) = 0.509 % 0.029,
w_ (2=47) = 0.0425%0.0064, @ (Z=60) = 0.131 * 0,017,
w, (2=63) = 0.142 * 0.023.

A comparison of the "most reliable" experimental
values of the L2—L3 Coster-Kronig transition probability f23,
selected on the basis of rigid criteria from the present
results and from published results, with current theoretical
predictions allows the following conclusions to be drawn:

1) The experimental values of f23 are in general

agreement with theoretical results in the region 63 £ 2z £ 88.



2) The theoretical prediction of McGuire agrees
with the experimental result at Z = 96, where both L2-L3M4'5
transitions are well above threshold and contribute fully.

3) The experimental results at 2 = 92 seem to
indicate that the L2-L3M4 transition is very near threshold
and contributes only part of its full intensity to the value
of f23.

4} The disagreement of approximately 25 percent at
Z = 94 between the theoretical prediction of Chen and
Crasemann {[using the independent particle model (IPM) with
a Green-Sellin-Zachor (GSZ) potential]l and the experimental
results is attributed to the inaccuracy of the theoretical
prediction caused by the inaccuracy of the adjustable
parameters used in the Green-Sellin-Zachor potential.

5) More experimental determinations of f23 are
desirable, especially at Z = 9l.and 93, in order to completely
understand the effect of MS and M4 electron ejection on f23.

6} Further calculations of f23 above Z = 92 are
necessary, in order adequately to compare theory with
experiment.

Comparison of mean L-shell and of L2— and L3-subshell
fluorescence yields with theoretical predictions leads to
the following conclusions:

l) At Z2 = 47, the theoretical mean L-shell fluores-

cence yield predictions of Chen and Crasemann agree better

with experiment than do those of McGuire.
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2) Although there is overall good agreement between

experiment and McGuire's theory for w the available

2
experimental accuracy (limited mainly by uncertainties in
detector efficiency) is not sufficient to distinguish
between the theoretical predictions due to McGuire and those
due to Chen, Crasemann, and Kostroun, however it appears to
rule out the IPM calculation with the GSZ potential by Chen
and Crasemann.

The discrepancy between the experimental results
using the La gating coincidence technique and the KOH’2
gating coincidence techniques is studied. It is found that
these techniques are equivalent and that any discrepancy
between them is due to improperly applied corrections to the
experimentally determined guantities used to calculate f23.

The possible use of highly oriented graphite (HOG)
mosaic curved crystals for determination of x~ray fluores-
cence and Coster-Kronig yields was evaluated. It was found
that the problems arising from low efficiency makes coin-
cidence studies impossible within a reasonable time., In
addition, the problems arising from low efficiency, source
attenuation, and assumptions of quantities from other measure-
ments in the singles use of HOG crystals makes it difficult

to use them for precise measurements of fluorescence and

Coster-Kronig yields.



CHAPTER I

INTRODUCTION

1.1 Historical Background

Ever since the discovery of the radiative atomic
deexcitation process [the discovery of x rays by ROontgen in
1895 (1)] and the discoveries of the nonradiative atomic
deexcitation processes [the discoveries of the Auger effect
in 1925 (2) and the Coster-Kronig transition in 1935 (3)],
the understanding of the radiative and nonradiative
processes and their interrelation has been the object of
much experimental and theoretical work. A brief account of
the experimental and theoretical work on these processes as
they apply to L-shell fluorescence yields and Coster-Kronig
transition probabilities is given in the following sections.

A brief set of definitions is given here in order to
be able to discuss the development of the theory and the
historical background of L-shell yields. The ith subshell
fluorescence yield w, is the probability that a transition
occurs in which an Li subshell vacancy is replaced by an X
vacancy (X stands for M, N, O,...) with the concommitant

*
emission of an (Liwx) x ray . The ith subshell Coster-Kronig

* '
This is frequently expressed in a shorter way, i.e., w; 1is
the probability that a vacancy in the Li subshell is filled
through a radiative transition [(Li—X) X rayl.



yields (or transition probabilities,fij)are the probability
that a vacancy is transferred from the ith subshell to the
iﬁh subshell (i<j). The probability that an L-shell x ray
is emitted due to a primary ith subshell vacancy is called
the mean subshell flucrescence yield (vi) and the probabil-
ity that an L-shell x ray is emitted due to an L-shell
vacancy is termed the mean L-shell fluorescence yield (BL).
For a more complete and detailed set of definitions see
Sect. 1.4.

1.1.1 Development of the Theory of L-Shell Yields

A few years after the discovery of x rays, a system-
atic study of x-ray frequencies as a function of atomic
number (Z)was undertaken by Moseley (4). This study enabled
him to interpret characteristic x-ray emission on the basis
of the Bohr theory of the atom (5). The old Quantum Theory
on which this interpretation was based was not sufficiently
complete to explain transition probabilities, level widths,
or other features of x rays.

After a consistent theoretical framework of guantum
mechanics was developed (6, 7, 8), Massey and Burhop (9)
calculated radiative transition rates for the L subshells.
These relativistic calculations employed screened hydrogenic
wave functions. Subsequent to this work many other calcula-

*
tions were performed .

* A review of all radiative calculations is given by Scofield
(10).



After the Auger and Coster-Kronig transitions were
discovered, a complete description of the atomic deexcitation
process became availabkle. Shortly thereafter, crude
calculations of the nonradiative (Auger and Coster-Kronig)
transition probabilities were undertaken by Pincherle (11}
in 1935 and independently by Burhop (12) also in 1935. A
review of all the Auger and Coster-Kronig rates is given by
Burhop (13), Burhop and Asaad (14), and Bambynek et al. (15).

Owing to the apparent lack of accurate wave functions
and the lack of reliable experimental data, few attempts
were made to calculate a comprehensive set of L-shell
fluorescence and Coster-Kronig yields until very recently.
Pincherle (11) in 1935 attempted calculations employing
nonrelativistic hydrogenlike wave functions with Slater
screening. Later in 1960, crude semitheoretical values of
subshell fluorescence and Coster-Kronig yields were computed
by Listengarten (l16). The three current comprehensive
theoretical sets of calculations are due to McGuire (17, 18):
Chen, Crasemann, and Kostroun (20), and Crasemann, Chen, and
Kostroun (21) published in 1971; and Chen and Crasemann (22),
published in 1973, These 1971 to 1973 theoretical calcula-
tions were stimulated by the appearance of accurate
experimental results on the X, L, and M shells due mainly
to work carried out by the nuclear chemistry group at
Georgia Institute of Technology and the physics group at

Emory University.



1.1.2 Historical Background on Experimental L-Shell Yields

The first L-shell fluorescence vield was measured by
Auger (2) in 1925. He measured EL by photographing Auger
electron tracks in a cloud chamber. A later systematic

study of w. was undertaken by Lay (23) using a fluorescent

L
excitation technique with detection of the emitted radiation
with photographic plates.

Kistner and Arends (24) and Stephenson (25) measured
the L3—subshell fluorescence yield (w3) using a secondary
radiator to obtain x rays of energy greater than the binding

energy of the L, subshell in certain elements (selective

2

excitation of L., subshell). The ratio of fluorescent

3
radiation to the primary beam intensity was used to calculate
the fluorescence yield.

Salgueirc et al. (26) used a method combining high
resolution measurements of L x rays and o-particle-L x-ray
coincidence measurements to determine the L2-subshell
fluorescence yield (wz) and Coster-Kronig yield (f23). This
method has serious limitations, as discussed in Sect. 3.2.3.

Lazar and Lyon (27) first used the KOL x-ray—L X-ray
coincidence method to obtain a mean fluorescence yield (wKL).

Jopson et al. (28, 29) used fluorescent excitation
to create vacancies which they studied by the Ka x-ray—L x-
ray coincidence technigque. In a later paper Jopson et al.

(30) used a secondary radiator to measure the Lz-and LB—mean

subshell fluorescence yields (vz and v3).



Hohmuth, Muller, and Schintlmeister (31} and Hohmuth
and Winter (32), using radioactive sources, measured a group
of mean L-shell fluorescence yields, in the range 372Z<80.
They used the Ku x-ray-L x-ray coincidence technique and
the y-ray-1 x-ray coincidence technique (see Sect. 3.2).

Raco and Crasemann (33) used critical absorbers with
the Ka X-ray—-L X-ray coincidence technigque to measure the
Lf-and Lg-subshell fluorescence and Coster-Kronig transition
probabilities (wz, Wy, and f23). Later work by Price, Mark,
and Swift (34) exploited the development of semiconductor

detectors to isolate the L, and L, vacancies by resolving

2 3
Ka1 and Kaz x rays. The L x rays were detected with a low

resolution device [NaI(Tl) scintillator], thus only the L2—

and L_,-mean subshell fluorescence yields (v2 and v3) were

3
measured. Rao, Wood, and Palms (35) and Rac et al, (37)
used a combination of lithium drifted germanium [Ge(Li)] and

lithium drifted silicon [Si(Li)] detectors to resolve both

KO“"2 X rays and L x rays to measure mz, m3, and f23.

l.2 Applications of This Work

The study of fluorescence yields is of great interest,
since it presents an opportunity to investigate quantities
which are of fundamental physical interest as well as an
opportunity to study guantities which are of practical value.
The applications of these guantities in chemical analysis

are a good example of their practical use. The technique of



x-ray fluorescence analysis has been applied to samples
from geclogical and oceanographic exploration, samples of
heavy elements in bioclogically important molecules,
atmospheric samples of air and water pollutants, rock
samples from lunar explorations, samples for elemental
analysis in nuclear medicine, and samples for control of
industrial processes.

A knowledge of fluorescence and fluorescence yields
is necessary for the standardization of certain radio-
isotopes used for detector efficiency calibrations. Low-
energy y rays are highly converted; therefore, x rays are
the only moncenergetic photons available for standardization
of radiation detectors at energies below about 30 keV. The
calculation of the number of x rays emitted per disintegra-
tion reguires an accurate knowledge of fluorescence and
Coster-Kronig vyields.

Applications of fluorescence and Coster-Kronig yields
in fundamental research include their use in the interpreta-
tion of measurements in nuclear and atomic physics. Since
the only detectable emissions from orbital electron capture
are X rays and Auger electrons, a study of these emissions
frequently leads to information about the decay energy (QEC).
The multipelarity of internally converted y rays can be
deduced from x-ray intensity measurements and a knowledge of

flucrescence yields, giving information on nuclear structure.



1.3 Motivation and Cbjectives

Past efforts to study fluorescence and Coster-Kronig
yields at high atomic numbers (2) have produced experimental
results which exhibited rather serious disagreements among
each other and exhibited large uncertainties (see Sects. 3.2
and 6.3) (39-40). The high-2Z region is of special interest
since the Coster-Kronig transitions L2—L3M5 and L2~-L3M4 are
believed to be energetically possible for Z 2 90*. These
added transitions produce a large increase in f23 in this
region (see Sect. 6.3).

Recent work using the Lu gating technique (41)

(described in Sect. 3.2) to measure f has produced results

23
which are in better agreement with theory for 2 £ 88 than
older results using the Ka gating technique (see Sect. 6.3).
The apparent systematic disagreement between these two
techniques seemed worthy of investigating and in the present
work the two methods will be shown to give identical results
when proper corrections are made (see Sect. 6.3).

The availability of still higher resolution in the

detectors, more advanced electronics, and multiparameter

analyzer systems should enable one to remove the discrepancy

Any allowed nonradiative transition that is energetically

possible (i.e., E > 0 where E is the energy of the ejected
electron) will take place. For the L2—L3M5 transition one
approximation for E is given by: E = BE(LZ) - [BE(LB) +
BE(MS) where BE(LZ), BE(L3), and BE(MS) are the binding

L, and M. subshells, respectively (2).

energies of the Lyr Ly 5



between the two methods and to determine wvalues of f2 with

3
much improved accuracy.

The objectives of this work were to study high-Z
L-subshell fluorescence yields and Coster-Kronig transition

probabilities and to resolve the discrepancies in f values,

23
in order to obtain a consistent set of results with which to
test theory. 1In the course of this work, some accurate

determinations of high-Z L-subshell fluorescence yields will

have been made and compared with theoretical results.

1.4 Terminology

The complex electronic rearrangement process for
ionized atoms gives rise to an involved scheme of definitions
and notation. The construction of this scheme is based upon
two rearrangement processes consisting of radiative and non-
radiative transitions. The deexcitation process in an
ionized atom reguires the movement of an electron to a lower
level. The excess energy can be emitted in the form of a
photon (i.e., a radiative transition) or the excess energy
can be transferred to an electron {(from a higher shell or
subshell)} which is emitted (i.e., a nonradiative transition).
Table 1 gives a list of the major radiative transitions and
their classical Siegbahn notation for the K and L shell (see
Fig. 1l). The nonradiative transitions are classified accord-
ing to whether a vacancy is left in the original shell (the

Coster-Kronig process, Xi-szk) or both final vacancies are



Table 1. Identification of Major K and L Shell Character-
istic X Rays Used in This Work

X Ray or
X-Ray Group Transition
K K L *
ul . . . . . - - - . - 3
K . . . . . - - - - - -
a2 K L2

Bi
K r . . . . . e . . . K - N,
B2 ©
LE . e s e = e o s @ L3 - Ml
La . . . . - - - - - L3 - M4, MS
Lﬂ e s e s e s+ e . L2 - Ml
LB - » » - . - - M . . L2 - M4
L3 - N, ©
Ll - M
L_Y - . . . . - . . - - Ll - N2, N3
Ly =0y 03
L, =N, 0
*
The notation K, Ll' L2, L3, Ml, M2"" is an abbreviation

for 131/2’ 251/2, 2Pl/2’ 2p3/2, 351/2, 3pl/2,... levels,

respectively. This notation is valid in the jj-coupling
approximation and is used in most of the x-ray literature
on fluorescence yields and Coster-Kronig transition proba-
bilities. The notation K - L, implies that an original

vacancy in the K shell is transferred to the L, subshell

with the emission of a quantum of electromagnetic radia-
tion (Km1 X ray).



Figure 1. Siegbahn Notation for the Major K and L Shell
Radiative Transitions

10
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in a higher shell (the Auger Process, Xi-YjZk)*.

Owing to the multiple deexcitation processes present,
it is necessary to define several different transition
probabilities. Associated with a single K-shell vacancy
there are two such yields, the K-shell fluorescence yield
(wK) and the K-shell Auger yield (aK); (mK tag = 1), The
K-shell fluorescence yield is defined as the probability
that a vacancy in the K shell of a singly-ionized atom is
filled by a radiative transition (K x ray). The Auger yield
is defined as the probability that a vacancy in the K shell

of the atom is filled by a nonradiative transition {(K-Auger

transition). Thus,

(1)

=1-a

w, = I K

K x/ Pk

where IK/nK is the relative number of K x rays emitted per

K-shell vacancy, I, is the absolute number of K x rays

K

emitted, and ny is the absoclute number of K shell vacancies.

The L-subshell yields are denoted for the Ll subshell

*
The notation X.-Y.Z
1 757k

inal vacancy in the Xi subshell is transferred to the Yj

{or Xi-szk) signifies that the orig-

(or Xj) subshell with the energy difference transferred to

an ejected Z, subshell electron which is ejected leaving a

vacancy in tﬁe Zk subshell. The exchange process whereby
the original Xi vacancy is transferred to the Zk subshell
with the energy difference transferred to an ejected Yj
(or Xj) subshell electron is indistinguishable from the

above process (called the direct process).
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by w a f and f for the L, subshell by Woy Ay and

137 2
subshell by w

17 71" "12°

f and for the L

237 3 3 and ay- The ith subshell
fluorescence yield (wi) is the probability that a vacancy

in the ith subshell is filled by a radiative transition

(Li X ray). The Auger yield (ai) is the probability that a
Ly subshell vacancy is filled by a nonradiative transition
from a higher (M, N, etc.) major shell (Auger transition)
and the Coster-Kronig transition probability (fij) is the
probability for shifting a vacancy from the Li subshell to

*
the Lj subshell (i > j) . These quantities are interrelated

for an atom with a single L-shell vacancy as follows:

wy +a) + i, Fy=1 (2)
w., + a, + f23 = ] {3)
w3 + a3 = 1 (4)

In addition to these fundamental relations, several

gquantities have been defined for singly-ionized atoms that

*
The Coster-Kronig transition probability (fij) has a small
radiative component [fij(R)]. Thus,

fij = fij(NR) + fij(R) (5)

The radiative component of f23 has been demonstrated to be
neglible both experimentally and theoretically (42).



13

are useful from an experimental standpoint. These are the
mean L-subshell fluorescence yield (vi), the mean L-shell
fluorescence yield (GL), and the average L-shell fluorescence
yield following K x-ray emission (mKL).

The mean L-subshell fluorescence yield (vi) is the
total number of all L x rays emitted per Li vacancy*. The
mean L-shell fluorescence Yield (GL) is the probability
that an L X ray is emitted due to any primary L-shell

vacancy. The following equations relate the above guantities

to the fundamental gquantities:

ul = Wy + f12w2 + (f13 + f12 + f23) w4 (6)

v, = W, + f23w3 (7)

vy = ug (8)

wp = val + N2v2 + N3v3 (93)

Wpr, = Nov, + N3v3 (10)
* %

where Ni is the normalized primary vacancy distribution

*The difference between vy and W, for the ith subshell is:
w, only includes x rays that go to the Li subshell, while
vy includes all x rays that result from an initial ith
subshell vacancy (these include L, x rays that are a result

of the Li-L X or Li—LjX and Lj—L X Coster-Kronig processes).

k k
**The primary vacancy distribution for the L shell is the
vacancy distribution after reorganization of the K shells
but before reorganization within the L shell.
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(Nl + N2 + N3 = 1). In the specialized case of w

KL’
N, = 0, N, =1 JI., , and N, = I /I where I r I .
1 2 Kaa Ka 3 Ka1 Ka KOLl Kuz
and IK are the intensities of the Ka1 transition, Ku
o :
transition, and the total K, transition (I, + I, = I, ),
¢ 1 Qa Q

respectively.
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CHAPTER II
THEORETICAL BACKGROUND

Theoretical calculations of the radiative and non-
radiative (Coster-Kronig and Auger) partial level widths*
(FR, FCK' and FA’ respectively) are generally treated
separately, since they originate from basically different

interactions. The quantities W, f.., and a, are defined

iJ

in terms of the partical level widths:

w; = TR(i)/T, (i) (11)
£ = Teg W /T (D) (12)
and
a; =T, (1)/r (i) (13)

* %
where i is the particular subshell (i = 1, 2, 3) and the

total level width I =T  + T, + T,, [T = izj Teg (1)1,

*The partial level widths (actually full widths at half
maximum) are all related to the decay probability (per
unit time) by a definition based on the Heisenberg
uncertainty principle [i.e., TR =-ﬁ/TR, etc. where l/rR

is the radiative decay probability (per unit time), Ta
is the mean radiative life, and i is Planck's constant
divided by 2m].

* %

For i = 3, fij is meaningless.
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The transition probability per unit time from state
i to state f (Wfi) can be derived from elementary time-
dependent perturbation theory (43) and is given by Fermi's

"Golden Rule No. 2":

W, = (2n/n) | B, |2

fi (14)

£i Pe

where Hfi is the matrix element of the interaction Hamilton-

*
ian H' for the transition i+f (H_, = fwa'widr £ <wf[H'[wi>,

fi
where Wf and Wi are the wave functions for the final and
initial states, respectively) and Pe is the density of final
states with energy appropriate for the conservation of
energy. The appropriate matrix elements for radiative and
nonradiative transitions together with the density of final
states can be substituted into eq. (14) multiplied by f and
summed over all allowed final states to obtain the partial
level widths (e.g., T (i) =4 ; Wei). A discussion of the
recent theoretical approaches to calculate the L-subshell
vields is given in the following sections preceded by a
discussion of the transition probabilities; wave functions,

and energetics as they apply to recent L-subshell yield

calculations.

2.1 Radiative Transition Probabilities

Theoretical L-subshell yield calculations have been
performed recently using both relativistic (20-22) and non-

relativistic (17, 18) theories to calculate the radiative



17

transition probabilities, In the high-Z region relativistic
calculations should be superior to nonrelativistic calcula-
tions, but the magnitude of the relativistic effects may be
sufficiently small enough not to produce an appreciable
effect on the calculated L-subshell yields. A review of
both relativistic and nonrelativistic theories is given
below.

2,1.1 Nonrelativistic Radiative Transition Probabilities

The nonrelativistic expression for the radiative
transition probability is normally given in terms of a
multipole expansion. Terms corresponding to magnetic dipole
{(M1), electric quadrupcle (E2), magnetic gquadrupole (M2),
and higher order terms (E3, M3, etc.) contribute less than
0.1 percent to the expansion*; therefore, the radiative
transition probability for the transition (wfi) is given to

high accuracy by the electric dipole (El) term:

3.3

32 1mTv +
W.. = 2% < ¥ _ ler|y.> (15)
fi 3 A C3 f

where v is the freguency of the radiation (AE = hv), c is
the speed of light, A is Planck's constant divided by 2w, e
is the electronic charge, t is the position vector of the
electron inveolved in the transition, and Wi and ?f are the

initial and final state wave functions, respectively. The

*

The absence of terms corresponding to Ml, M2, and EZ tran-
sitions is due to the fact that the wavelength of the emit-
ted radiation is much greater than characteristic atomic

dimensions.,
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selection rule for the El1 transition is AL = *1 where £ is

*
the orbital angular momentum quantum number .

% %
2.1.2 Relativistic Radiative Transition Probabilities

Expansion of the appropriate relativistic expressions
in terms of multipoles gives the following expressions for

the spontaneous radiative transition probability (10):

® L * > 5 2
We, = dmow, § ) {|<¥|o-A  (m)[Y¥.>{"+
fi °L=l Moo, b LM i

<y la-R (o) v, > 1% (16)

where KLM(m) and KLM(e) are the vector potential of the

emitted wave for magnetic and electric multipoles (10, 48):

Ty (D) (17)

ALM(m) = i(2/w)2jL(kr)[L(L+l)] IM

and

Ayle) = (2/m% w, Tt L) 17F Ixdi kr)v,, (1) (18)

LM

and where o is the fine structure constant, w, is the
circular frequency of the photon, % is the Dirac matrix for
the electron undergoing the transition (Wi > Tf), T = —i;X§,
YLM(E)is a spherical harmonic, and JL(kr) is a spherical

Bessel function of the first kind.

* »
Discussions of radiative transitions in terms of multipole

fields can be found in Refs. (44-47).

* %
In this section atomic units are used h = ¢ =m, = 1).
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Considering only single-particle electron states in
a spherically symmetric potential and averaging over the
magnetic guantum numbers of the final state, one cobtains
the following expression:
_ 2 -1 2 -1 2
Wey = 2aw°£[w° B(~k; Kg, LIRD (m) + wo B(K; ,Ke,LIR; ()] (19)
where B is a function of the Clebsch-Gordon ccefficients

and Racah Coefficients, Ky and Ke are quantum numbers which

characterize the initial and final angular-momentum states

{r -(2 + 1) for 8 =+ 1/2; € = + {4 for S = - 1/2 or & =«
if Kk » 0 or 2 = -k -1 if €k < 0}, and the R's are the Dirac
radial matrix elements. Expressions for the Dirac radial

matrix elements can be found in Refs. (10, 15}.

2.2 Nonradiative Transition Probabilities

An outline of the theory of the nonrelativistic
radiationless transition probability, first formulated by
Wentzel (49), is given below, since all of the current L-
subshell yield calculations are based on nonrelativistic
theory. Clear discussions of relativistic nonradiative
transition probabilities, first formulated by Mpglier (50},
are given in Bambynek et al. (15), Burhop and Asaad (14),
and Rose (48).

Wentzel (49) showed that the Auger and Coster-Kronig

transitions arise from the electrostatic interaction between
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N- 2 e .

two electrons (H' = } e“/r.. where r,. = |r.-r.|) in an
i>5 ij ij 1* 3

atom in an initial state of single ionization to give a

1

doubly ionized final state of egual energy.

Substituting the interaction potential into eq. (14),
one gets an expression for the probability of the radiation-
less transition from state i to state f:

*

z-1
fl z ez/r

i>j

W_, = 2m A<y

2
fi jlwi>| pf (20)

i
where Wi are the Z-1 electron wave functions, given by the
Slater determinant of the initial atomic state and Wf are
the Z-1 electron wave functions of the final state, an atom
with two vacancies and the ejected Auger electron. The
orthogonality and normalization properties of initial and
final single-particle wave functions of which Wi and Wf are
composed enable one to reduce eqg. (20) to an eguation

containing a matrix element of two-electron configurations:

Wg, = 2m A M <v (1,2) |e¥/x 1,2)>| %, (21)

£i 121¥; ¢

where

¥e(1,2) = 1/V2 [, (1) (2) - ¥, (2)y (1)] (22)

*The condition of being initially singly ionized is not a
general condition imposed by the definition of the Auger
transition, Coster-Kronig transition, or the interaction,
but is required by the present definition of L-subshell
yields.
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¥,(1,2) = 1//7 [V (1)yg(2) - ¥ (2)4(1)] (23)

wb is the continuum wave function and wa' wc, and wd are the
bound-state wave functions. Introduction of the anti-
symmetric wave functions into eg. (21) gives an eguation of

the form:

_ “lin _ o2
We, = 2m & |D - E| Pe (24)

where

* * 2
D = <y (1Y (2)|e/r v (L)yg(2) > (25)

is the direct matrix element corresponding to the transition

wc -+ wa and wd - wb and where

B = <y, (29, (1) [e/r v (Vg (2) > (26)

is the exchange matrix element corresponding to the transi-
tion wd -+ wa and wc + wb. Normalization of the bound-state
wave functions to unity and normalization of the continuum

wave function to yield one electron per unit time (51, 52)

yields an expression for the density of the final states

-1

(b, = h"). Substituting h™% for pe into eq. (24) yields

an equation for the transition probability:

NR _ 572|p - E|? (27)

Wes

which is used in the current calculations.
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The total transition rate for the nonradiative process

NR
fi

allowed radiationless transitions. In the nonrelativistic

(T;; = FNR/h) is a properly weighted sum of ¥ for all the
limit, transitions are allowed that have identical initial
and final state symmetries, L, S, J, and parity m. These
results can be stated in the form of the following selection

rules

AL = AS = AJ = O, L (yes) {28)

2.3 Wave Functions

The present discussion is intended to give merely an
outline of the wave functions used in the various recent
approached (17, 18, 20-22) to calculating L-subshell yields.

2.3.1 Screened Nonrelativistic Hydrogenic Wave Functions

The screened nonrelativistic hydrogenic bound-state
wave functions are found by solving the familiar Schrodinger
equation for an electron in the field of a nucleus of charge

Z*e and of infinite mass:
v2p + 2m /A2 (E + z%e/r)y = 0 (29)
or in atomic units:
V3p 4+ 2(E + 2*/1r)y = 0 (30)

After eg. (30) has been transformed into spherical
polar coordinates, a separation of variables is possible.

The solution is given by:
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¥ (r,8,¢9) = an(r) ng(e;(p) (31)

nim

where n, £, and m are the principal, orbital angular
momentum, and magnetic quantum numbers, respectively, RnR(r)
is the radial eigenfunction, and Yﬁm(e'¢) is a Legendre
spherical harmonic.

The radial eigenfunctions and spherical harmonics are
tabulated in standard texts on quantum mechanics. A
thorough treatment of hydrogenic wave functions has been
given by Bethe and Salpeter (53).

The results obtained using screened hydrogenic wave
functions are critically dependent upon the choice of the
screening constant ¢ (Z* = Z - o). The Hartree recipe is
generally used. In this approach ¢ is derived from the
ratio of the mean hydrogenic radius r, to the mean radius

H
computed from self-consistent field (SCF) wave

Iscr

functions:

- ry/Tyop (32)

Since the screening constant o depends on the quantum
numbers n and &, the screened hydrogenic wave functions are
not necessarily orthogonal. The single-electron wave
function always has this inherent difficulty. The use of a

single effective charge* Z' has given better results (54,15).

fThe quantity 2' is a geometric mean of charges appropriate
to contribution of various electron shells that enter into
the problem,
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The Gordon wave function (55, 52) is generally used
as the continuum wave function along with the screened
hydrogenic wave functions in calculations of nonradiative
transition probabilities (56, 57, 20, 21). This wave
function is a solution of the Schrodinger equation in a
Coulomb potential of an effective point charge Z*e with
proper normalization (one electron per unit time). A selec-
tion of the appropriate effective charge is difficult and
critical (see Kostroun, Chen, and Crasemann (57) for a
discussion of this point).

Crasemann and coworkers (20, 21, 22) used the non-
relativistic screened hydrogenic bound state wave functions
and Gordon (Coulomb continuum function with an effective 2)
continuum wave functions to calculate the Coster-Kronig and
Auger partial level widths. These nonradiative widths were
combined with the radiative level width calculations of
Scofield (10, 58) (see Sects. 2.1.2 and 2.3.2) to derive the
L-subshell yields. The nonradiative matrix elements were
computed using jj-coupling (see Sect. 2.4 for more details).
The energy of the ejected electron E (Vi - Xj - Yk) was

approximated by the formula:

E(Vi—Xij) = BE(Vi,Z) - BE(Xj,Z) - BE(Yk,Z + 1) (33)

where Z is the atomic number of the atom undergoing re-
organization, BE(Vi,Z) and BE(Xj,Z) are the binding energies

of the Vi and Xj subshells of element Z, and BE(Yk,Z + 1) 1is
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the binding energy of the Y, subshell of element Z+1. The

k
binding energies were taken from the tabulation of Bearden
and Burr (59). Further discussion of ejected-electron

energies is given in Sect. 2.5,

2.3.2 Numerical Wave Functions

The calculations of McGuire (17,18), Chen and
Crasemann (22), and Scofield (10, 58) are based on the
Hartree-Fock-Slater (HFS) apprcach using the central field
approximation. The radial HFS one-electron wave function
for orbitals of principal quantum number n and orbital
angular momentum guantum number £ are written in the form

(atomic units are used):

[a%/ar? - 2(a+1)/r% - V() + E_JP_,(r) = 0 (34)

where Pnl(r) = r Rnk(r), an(r) is the radial wave function,

¥ is the magnitude of the radial vector, E_ g is the energy
eigenvalue, and V(r) is the central atomic potential.

The above works differ in their selection of the
central atomic potential. Chen and Crasemann (22) used an
analytical independent-particle model potential given by
Green, Sellin, and Zachor (GS2) (60). McGuire {17, 18)
used a nonrelativistic Herman-Skillman (HS) potential (61),
and Scofield {10, 58) chose a relativistic HS potential.

The GSZ potential is given by:

Vir) = 2r T(NT - 2) (35)
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where

1

=1 - (/% 1)8 + 17 (36)

where 2 is the atomic number, N = Z - 1 is the number of

core electrons, and d and H = daoNo'4

are adjustable
parameters. Values of 4 and a, are found by a least-squares
fit of GSZ potential eigenvalues to the Hartree-Fock (HF)
eigenvalues. The quantity d is adjusted for each element
and is tabulated by Green, Sellin, and Zachor (60). A value
of a, = 1.00 is found for HF models.

In the approach used by Chen and Crasemann, the
continuum wave functions were determined by numerically
solving the HFS radial wave equation using the GSZ potential.
The energy of the ejected electron was estimated by the
AZ = 1 approximation (i.e., eg. 33) using binding energies
from electron spectroscopy for chemical analysis (ESCA)
tables (62). The calculations were carried out in jj-
coupling (see Sect. 2.4). The values of the nonradiative
level widths calculated for the L, subshell were combined

2

with the L, -~subshell radiative level widths calculated by

2

Scofield (10, 58) to derive the L,-subshell yields w. and

2 2

f23.

The nonrelativistic HS potential is given by:

V(r)

Vo{r) for r < r,
(37)

V(r) -2(Z-N+1) /r for r 2 r,
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where Z is the atomic number, N is the number of electrons,
r is the magnitude of the radial vector, and r, is defined
by the relation V,(r,) = -2(Z2 - N + 1)/r,. The quantity

Vo (r) is given by:

r a0
Volr) = - 22/r - (2/xr) [ o(t) dt - 2 [ o(t) dt/t -
0 r
61~ 3/(8m) p(r)1t/3 (38)
where t is the summation parameter, and p(r) = (4ﬂr2)-10(r)'

is the spherically averaged total electronic charge density.
The guantity o(r) is given by:
olr) = - § w_ [P, ()17 (39)
nd nf " n&
where wop is the occupation number for the orbital nf [given
by 2 (28 + 1) for closed shells], and Pnl(r) are the
normalized radial wave functions.

The four terms in the expression for Vv, (r) (eqg. 38}
are due to the nuclear Coulomb potential (first term); the
total electronic Coulomb potential, inner shielding (second
term) , outer shielding (third term); and the exchange
potential (fourth term).

The form of eq. (37) is due to Latter (63). In the
initial form of this equation, V{(r) was set equal to V,(r)
for all r. This approximation is known as the free-electron

approximation, but it breaks down at large distances from
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the nucleus due to the cancellation of the nuclear Coulomb
potential by the total electronic Coulomb potential. Then
the potential reduces to the free-electron exchange potential
which approaches zero at large r. Instead of a zero
potential at large , the'electron moves effectively in the
field of a singly-charged positive ion; thus the potential
must approach - 2/r at large values of r.

McGuire (17, 18) has calculated both radiative and
nonradiative partial level widths using seven straight lines
(64, 17) to approximate the gquantity -rV(r) for the HS
potential., Auger partial level widths were calculated
using LS-coupling. The ejected electron energies for the
Auger transitions were taken from the energy eigenvalues
obtained from the approximated HS potential. For the Coster-
Kronig transition ViKY, the energy of the ejected electron

J
E (Vi—Xin) is given by:

E(Vi-Xin) = BE(Vi,Z) —l/Z[BE(Xi,Z) + BE(Xi,Z+l) +

BE(Yj,Z) + BE(Yj,Z+l)] (40)
where the terms are previously defined.
Herman and Skillman (61) used perturbation methods
&

to obtain relativistic and spin-orbit coupling corrections

to order a2. The Schrédinger radial wave equation is given

by:

* 0]
The quantity az is the perturbation parameter; o = 1/137
is fine structure constant.
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[Ho () + Hm(r) + Hd(r) + Hso(r)]R(r) = ER(r) (41)

where R(r) and E are two-component radial wave functions and
energy values, respectively, and H,(r) is the nonrelativistic

Hamiltonian operator given by:
_ 2 2 2
H, (r} = -1/r°(d/4r) (r"d/dr} + V{(r) + 2(2+1)/r (42)

The quantities Hm(r), the relativistic variation of mass
with velocity; Hd(r), the relativistic Darwin (65) correc-

tion and Hso(r), the spin-orbit energy are given by:

H () = ~(a%/a) [E° - v(r)]? (43)
Hy(r) = - (a?/4) [aV (r) /dr] (d/dr) (44)
Hoo(r) = =(a?/8) I£(L)] (1/4) [aV(x) /dr] (45)

=]
where E is the zero order (nonrelativistic) energy eigen-

value, f(2) = [0 for £ = 0; -2 for j = 2 + 1/2 and & > 0;
2 +1 for j =4 - 1/2 and & > 0]. The Darwin correction is
positive for orbitals with £ = 0 and zero for all orbitals
with & > 0 when V(r) = -2Z/r (Coulomb potential).

The relativistic version of the HS potential was
used by Scofield (10,58) to calculate the radiative partial
level widths. This same model with the inclusion of the
effects of finite nuclear size was used by Rosner and Bhalla

{(66) to calculate K-shell radiative partial level widths.
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These agreed with Scofield's work to approximately 0.1

percent for all Z.

2,4 Coupling

The nonrelativistic Hamiltonian for an atom is given

by:

H = H, + Hy + Hgg (46)
where H, corresponds to the hydrogenic Hamiltonian, HC is
the Coulomb interaction of electron pairs, and H is the

S0

spin orbit interaction. The coupling scheme depends on the

relative magnitudes of H, and H (HC >> H__.:LS-Coupling;

C S0 1)

HC >> HSO:JJ-coupllng; and HC b Hsozlntermedlate coupling).

The quantum numbers n and & characterise a vacancy in

the LS-coupling scheme (e.g. 2p or L In LS-coupling

2,3
the electrostatic interaction splits the final two hole

configurations into terms of different energies characterized

by L and 8. These terms are given by the notation 25+lL

(e.qg. 1

P). The quantum numbers n, &, and j characterize a
vacancy in jj-coupling. Terms for jj-coupling are given by
nEj (e.qg. 2Pl/2 or L2). In intermediate coupling a double-
vacancy state is characterized by L, S, and J. The notation
1L2,3(1Pl) if the coupling is approached from
pure LS-coupling, or the notation is given by K-LlL2 (lPl)

is given by K-L

is it is approached from pure jj-coupling.
Much experimental and theoretical work has been done

to investigate the various coupling schemes. Most of this
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work has been confined to the K-series Auger lines at low-
and intermediate-2 values. Little work has been done on the
L series at medium to high atomic¢ numbers (Z > 60). The
experimental and theoretical work on L-Auger spectra has been
summarized by Haynes (67). He found that the theoretical
work of McGuire (68) using jj-coupling was in reasonable
agreement with experiment at high-Z values, but a tendency
toward intermediate coupling was found at medium-2 values.

All of the present work on Coster-Kronig yields has
used the jj-coupling approximation.

It should be noted that the fluorescence yields are
independent of the coupling scheme used, since the total
nonradiative transition rates in the various schemes are

related by unitary matrix transformations (69).

2.5 Energetics

Calculations of the Auger and Coster-Kronig rates
are fairly insensitive to the ejected-electron energy (70,

* * *
71) except very near thresholds . Near threshold it is

*Callan (72) concluded that Coster-Kronig transition rates
are sensitive to the ejected-electron energy but he did
not give any information to prove this. The work of Yin
et al. at Z = 30 (71) showed that the LZ—L3M4 5 Coster-

r

Kronig transitions are insensitive to ejected-electron
energy except very near thresholds.

**
Here, the term "threshold" means the energy region (deter-
mined by Z) in which a transition becomes energetically

allowed {(i.e., the transition L,-L3Mg becomes energetically

allowed near Z = 91).
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possible to estimate that a transition is energetically
forbidden {i.e., the estimate of the ejected electron energy
is less than or equal to zero) when it is actually allowed.
Such a mistake can cause a large error in theoretical

calculations of £ since the theoretical calculations of

237

f23 do not include all of the allowed transition probabil-

ities. McGuire (18) predicted that the L2—L3M4 transition
is not allowed at Z = 94 while experiments indicate that this
transition is, in fact, allowed (73).

The ejected-electron energy is given by different
expressions in different coupling schemes. Much work has
been done on the energetics of the K-LL transitions using
the 1LS-, intermediate-, and jj-coupling schemes (14, 74).
Most of the work on the L-series nonradiative transitions
has used the jj—coupling-approximation. Since the energy
formulas are only critically important near threshold, and
since the present work is primarily concerned with the
Lz-L3M4 and L2—L3M5 thresholds at high Z, use of the jj-
coupling approximation in this work is valid.

In the jj-coupling approximation the energy of the

ejected Auger or Coster-Kronig electron E (Vi-Xij) is given

by:

E (Vi—Xij) = BE(Vi,Z) - BE(Xj,Z) - BE(Yk,Z)

ABE (ijk,z) (47)
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where BE(Vi,Z), BE(Xj,Z), and BE(Yk,Z) are the binding

energies of the Vi’ Xj, and Y, subshells of atomic number 2,

k
respectively; Z is the atomic¢ number of the atom in which

the transition takes place; and ABE(X.Y ,Z) can be considered

17k

as a measure of the increase in the Xj and/or Y, binding

k
energies caused by the doubly ionized final state.
A crude estimate of the ejected-electron energy is

given by:

E (vi—ijk) = BE(Vi,z) - BE(Xj,Z) - BE(Yk,Z+l) (48)

where BE(Vk,Z+l) is the Yk subshell binding energy of atomic
number Z+1 and all other terms are as defined previously.
Other estimates of the ejected-electron energy have

been given:

E (vi—ijk) = BE(V,,Z) - BE(Xj,Z) - (1-A2)
BE(Y) ,2) - AZBE(Y, ,Z+1) (49)
or
E (vi—xjyk) = BE(V,,2) - BE (X4,2+1) - BE(Y,2) (50)

where AZ is a fitted constant which can be derived from
measured values of ejected-electron energies. This constant
(AZ) is associated with the change in the charge state of
the atom due to the ejection of the electron. Eg. (49) is

due to Bergstrdm and Hill (75) while eqg. (50) is due to
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McGuire (76, 18).
It is evident that egs. (48-50) are unrealistic,
since the direct V.-X.Y X. processes are
1 7jk k]
equivalent, and these equations give different values of

and exchange Vi—Y

ejected-electron energies for the equivalent processes.
Albridge and Hollander (77) rectified this mistake by using

the formula:

E (Vi-Xij) = BE(Vi,Z) - (l-AZ')[BE(Xj,Z) +
BE(Yk,Z)] - AZ'[BE(Xj,Z+1) + BE(Yk,Z+1)] (51)

where AZ' is an adjustable parameter detérmined from
measured ejected-electron energies. McGuire (17, 18) used
eqg. {(51) with Z' = 1/2, while Crasemann and coworkers (20,
21, 22) used eq. (48).

A discussion of these equations as they apply to

this experimental work will be given in Sect, 6.3.

2,6 Concluding Remark on the Theoretical Background

Owing to the diversity of the previous sections a
summary of the principal theoretical L-subshell yield
calculations would be useful.

McGuire (17, 18) calculated L-subshell yields for

the L and L., subshells; used an approximate non-

17 b 3
relativistic Herman-Skillman potential with jj-coupling to

obtain numerical wave functions; and used eg. {(51) with
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AZ' = 0.5 to predict the Coster-Kronig ejected-electron
energies.

Crasemann and coworkers (20, 21) calculated L-

27 and L3 subshells; used non-

relativistic screened hydrogenic wave functions with

subshell yields for the Ll' L

jj-coupling to calculate the Auger and Coster-Kronig tran-
sition probabilities; used the radiative transition
probabilities calculated by Scofield; and used eq. (48) to
predict the Coster-Kronig ejected-~electron energies.
Scofield (10, 58) calculated radiative transition
probabilities using a relativistic Herman-Skillman potential.

Chen and Crasemann (22) calculated L-subshell yields

using the IPM with a GSZ potential and jj-coupling to obtain
numerical wave functions to calculate Auger and Coster-
Kronig transition probabilities, used the radiative tran-
sition probabilities calculated by Scofield, and used eq.
{48) to predict the Coster-Kronig ejected-electron energies.
How well these various theoretical approaches agree
with each other is discussed in Sects. 6.2 and 6.3 below,

together with comparisons with experiment.
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CHAPTER III

VACANCY CREATION PROCESSES AND CHOICE OF EXPERIMENTAL

METHODS

In order to discuss L-subshell yields, it is
necessary to understand the various methods of measurement
and processes by which electron vacancies are created, and

to select the most appropriate process,

3.1 Summary of Vacancy Creation Processes

Since the choice of a particular vacancy creation
process greatly influences the accuracy and selectivity of
an experiment, the various processes of vacancy creation
should be carefully considered. Subsegquent to initial
vacancy creation by one of the three ionization processes,
i.e., fluorescent excitation, charged particle bombardment,
or radiocactive decay, the initial vacancies are shifted by
radiative x-ray transitions and, in addition, are multiplied
by the nonradiative processes (Auger and Coster-Kronig tran-
sitions). Since this vacancy reorganization is a function
of Z for a given initial single vacancy, the only control
over the final vacancy distribution lies in the choice of
the initial vacancy creation process. These processes and
their relationship to the L shell are considered in detail

below.
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3.1.1 Fluorescent Excitation

The direct fluorescent excitation (photoiocnization)
method is of great interest historically, since the first
fluorescence yield measurement (2) and the first systematic

W measurements (23} were performed using this method. In
photeoionization, conly single vacancies are created by
exposing a thin target to x rays or y rays. The primary

L-subshell vacancy distribution (nl, n n3) can be deter-

27
mined by observing the ejected L-shell photoelectrons, or
by observing KOH’2 X rays in a Ku Xx-ray-L X-ray coincidence
experiment [e.g. Jopson et al., (28, 29}]1. In principle

the vacancy distribution can be calculated from the relative
photoionization cross sections, which requires an accurate
knowledge of the subshell photoelectric cross sections,
which are not currently available., All published data on
photoelectric cross sections consist either of total cross
sections (78-80) or major-shell (8l) cross sections, rather
than subshell cross sections.

Uncertainties in the measured L-subshell yields are
introduced in methods using fluorescent excitation due to
the compromise in choice of target thickness. The target
must be of sufficient thickness to produce an appreciable
number of observable events, but such a thickness will
seriously attenuate the L x-ray intensity, corrections for

which introduce a large uncertainty in the result,

Additional uncertainties are introduced by self-excitation
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of the foil and by scattering of the incident and emitted
radiation.
In the photoelectric process, vacancies can be formed

predominantly in the L_ subshell without ionizing the L, or

3 1

L2 subshells by a proper selection of the excitation energy.

3.1.2 Charged Particle Excitation

Inner-shell vacancies can be created by electron,
proton, or heavy-ion beams. The use of energetic electrons
is severely limited by bremsstrahlung which obscures the
emitted L x rays. The use of protons or heavy ions to create
vacancies is complicated by the creation of multiply ionized
species (82). In addition, reliable calculations of the
primary vacancy distribution are limited by inaccuracies in
the knowledge of ionization cross sections for heavy ions.
For this reason, this process is rarely employed for the

present type of experiment.

3.1.3 Radioactive Decay

Atomic vacancies are produced in radioactive decay
processes, such as electron capture and internal conversion,
In the electron capture process, the initial wvacancy
distribution is dictated by the decay energy (QEC) and the
transition selection rules. When QEC is sufficiently greater
than the K shell binding energy (BK), most (approximately 90
percent) of the vacancies are produced in the K shell. These
primary K-shell single vacancies subsequently shift to the

three L-subshells (see Sect. 3.1.4). In the case of pure L
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capture, when BL < QEC < BK' primary vacancies are created

*
predominantly in the L., subshell . Accurate values of the

1
electron capture probabilities for the various shells and

subshells (PK’ P P and P ) can be calculated using

L’ "Lz’ Total
the tables given by Behrens and Bilthring (83), Zyryanova and
Suslov (84), or Martin and Bilchert-Toft (85).

Vacancies produced by internal conversion can be
calculated using experimental internal conversion coeffi-
cients*786) or theoretical internal conversion coefficients
(87, 88). These coefficients are a function of atomic number,
transition energy, and multipolarity of the transition.

Low energy (E = 50 keV) E2 y-ray transitions fed by
even-even alpha-emitting heavy nuclei are of interest, since
they provide a source of primary Lz- and L3—subshell

vacancies. The normalized primary vacancy distribution

(Nl:N :N3) is approximately 0.02:0.52:0.46. These transi-

2

tions have been studied to find wvalues of w2 and f23 or m2

and w3 (26, 38, 89-94).

The ratio P_ /P is less than 0.15 if Q is sufficiently
Lz L EC

greater than the L. binding energy, while the ratio

3
PL /PL is neglible, thus pure L capture can be a source
3 1

of Ll subshell vacancies.

* %

The internal conversion coefficient (¢, ) is defined as

X

i
the number of y rays emitted in a nuclear transition
divided by the number of Xi subshell conversion electrons

emitted.
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3.1.4 Indirect Vacancy Creation

In addition to the three methods of direct vacancy
production above, one or more vacancies can be created in
the L shell due to shifts of an initial vacancy from the
K shell. These shifts coccur either by x-ray or Auger
transitions.

The radiative shift occurs predominantly by the Kuz
(K—Lz) or KaI(KﬂL3) transitions, since the (Kle) radiative
transition is forbidden by the electric dipole selection
rule, AL = £ 1*. The nonradiative shifts occur by means of
the Auger transitions K-—LiLj and K—Lix, where X refers to an
outer shell electron (M, N, ...), and result in a doubly-
ionized atom.

The very useful guantity, , the number of Li

"KL,
subshell vacancies produced in the filling of a K-shell

vacancy, is given by the following relations:

ZI(K-L1L1)+I(K-L1L2)+I(K-L1L3)+I(K—L1X) (52)

n = (l-w,)
KL K { I (K-LL)+I (K-LX)+I (K~XY)

_ wKI(Kaz)
Nyn, S T +
2 I(K)

ZI(K-L2L2

I(K~LL)+I (K-LX)+I(K-XY)}

Y+I(K-L. L. )+I(K-L.L.)+I (K-L.X)
(1-ug) 12 23 2 ] (53)

* * . . »
The radiative K—Ll transition intensity is finite due to

magnetic dipole admixture but is of neglible intensity(10).
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w I(K )
nKL =~ ————L-K o +
3 I(K)

2I(K-L3L3)+I(K*L1L3)+I(K-L2L3)+I(K-L3X)

(1~w,) (54)

I(K-LL)+I (K-LX)+I(K~-XY)

where I(..) represents the intensity of the x-ray or Auger
transition shown in parenthesis; X and ¥ refer to shells
higher than the L shell (M, N,...) and I(K) refers to the
total intensity of all of the K x rays (Ka + KB)' Calcula-
tions of N, can be found in Rao et al., (95) and Bambynek
et al. (15).l

3.1.5 Vacancy Creation as Presently Used

Creation of atomic vacancies by radioactive decay
processes is chosen for the present work. The L-subshell
vacancies are produced indirectly from radiative vacancy
shifts, i.e., the Km2 and Ka1 radiative transitions. This
method provides an adequate number of vacancies without the
problems of scattering and self-absorption which are inherent
in the fluorescent excitation method. In addition, the fate
of individual subshell vacancies can be studied. The Ka

1

and K X rays effectively "tag" L3— and L2—subshell
2

vacancies, resgpectively.

3.2 Summary of Experimental Methods of Measuring

L-Subshell Yields

The methods used for measuring L-shell yields fall
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into two basic techniques: Singles-spectrum methods and
coincidence methods. In addition to this distinction, the
methods can be classified into high or low resolution

*

techniques .

3.2.1 Singles Methods

The singles method relies on the ability to measure
the intensity of a designated x-ray emission. With low
resolution, mean L-shell flucorescence yields (GL) are

measured by relating the total number of L x rays (I.,) or

LX
the total number of L-Auger electrons (ILA) to some other
event that can be normalized to a known primary vacancy

distribution. Such normalizing events are frequently K x

rays (31, 96-100), although other possibilities exist (e.g.

High resolution in the present context means that for K x
rays the Kal and Kaz lines are resolved, and that for L x
rays the principal x-ray transitions feeding vacancies in
the Ll' L2, and L3 subshells are resolved, i.e., the La,
LB' and LY x rays. Common high resolution x-ray detectors
include modern Ge(Li), Ge (HP)} (i.e., high purity germanium),
Si(Li), and crystal diffraction spectrometers. Low
resolution in the present context means for K x rays that
only Ka and KB are resolved while the major L x-ray
transitions are not resolved (i.e., La' LB, and LY X rays
are an unresolved multiplet). Common low resolution x-ray
detectors include NaI (Tl) (i.e., thallium activated sodium
iodide) scintillators and older Ge(Li) and Si(Li) semi-

conductor detectors.
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*
L-shell conversion electrons or y rays) .

It is also possible to count both the L-Auger
electrons and the L x rays to obtain the total number of L-

shell vacancies (101-103), w. = ).

L ILX/ (ILX+ILA

With high resolution it is possible to determine L-
shell fluorescence yields and/or Coster-Kronig transition
probabilities. In each measurement it is freguently
necessary to assume critical parameters which are not
measured with the same apparatus (26, 38, 39, 89-92, 104).
For details and equations, see Bambynek et al. (15). Singles
methods have been applied to the low-energy E2 transition
fed by even-even alpha-emitting heavy nuclei (38, 93, 94).
Since this technique is a modification of the general oa-
particle—L, x-ray coincidence technique, it is treated in
Sect. 3.2.2.3.

In addition to the above singles methods, Auger-

electron and photoelectron spectroscopy have been used to

obtain gualitative information concerning the L,-Lg Coster-

* -
When the K x rays are used as the normalizing events, W
is given by:

By = (T /Te) Wy gy /NL oy ] (55)

and NL(T) are the total number of K and L shell

is the intensity of the K x rays, and all

where NK(T)

o .
vacancies, I,y

other guantities are as previously defined. The quantities
NK(T) and NL(T) can be calculated using equations given by

Nix, McGeorge, and Fink (99).
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Kronig transition probability (f23) at low atomic numbers
(Z = 30) (71, 105). Since those techniques are only
qualitative and the results are not directly applicable to
this study, they will not be discussed in detail.

3.2.2 Coincidence Technigues

A Kal x-ray signals the direct transfer of an initial

K-shell vacancy to the L, subshell. When the L x-rays

3

resulting from the radiative filling of this secondary L3-

subshell vacancy are detected in coincidence with the Ka
1

X ray, it is possible to examine the K-L, transition

3

separately from other transitions leading to L x-ray emission.
Similarly, a Ka x-ray—L x-ray coincidence separates events
2
relating to the L, subshell, since the Ka X ray represents
2

the K—L2 vacancy transfer. Because the electromagnetic

radiative transition probability is essentially zero for
K-Ll(ls + 2s) transitions, there is no K x ray emitted which

can serve as a signal for creation of an L. subshell vacancy.

1
In this case, one may, in the radicactive gamma decay of

certain nuclides, use the L,-conversion electron to signal

1

creation of L.,-subshell vacancies, and examine in coincidence

1
the resulting L x rays. Thus, by appropriate coincidence

L,
is possible with present detector resolution to separate

gating {involving Ku1 or Ku X rays on Ce electrons), it

2
from the total emission of L x rays those arising from each
of the three L subshells and to investigate them individually.

The coincidence technigque was first used to isolate
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L-shell vacancies by Lazar and Lyon in 1958 (27). Since
that time many advances in technique and equipment (30, 33,
37, 106) have permitted the study of individual subshell
vacancies and thus to measure directly L-subshell guantities.
In the following sections each coincidence technigue is
discussed in detail.

3.2.2.1 K, X-Ray—L X-Ray Coincidences. The informa-

tion on the L shells that can be obtained depends on the
resolution of the detectors used. If low-resolution detectors
are used to observe both K and L x rays, only a mean yield

(i.e., mKL) can be determined:

I =C! w (56)
L(Ka) Ka KL
where IL(K ) is the intensity of L x rays in coincidence
o
with Ka X rays per unit time and Cﬁ is the counting rate of

o
Ku Xx-ray gating events.

*
When Ka and K are resolved , but L x rays are not
1 2

resolved, w3 and v2 can be measured:

I =C} © {57)
L(Kal) Ka 3

(58)

* [}
The Ka Xx-ray—L x-ray coincidence technique in which Ka1 and

Ku are resolved will be denoted as the Ka1 , X-ray—L X-ray
2 ’

coincidence technique. -
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Experiments which resolve Ka ' Ka , and the L x rays
1 2

into groups which correspond to transitions to the Ll' Lz'
and L3 subshells are capable of determining Wyr Wqy and f23.
The appropriate egquations are:
I = C/! w {59)
Lo X(Kaz) 4y 2
I, =C. w (60)
L X(Kal) Kal 3
and
I /I = (C! '
L3-X(K - /Cy, )f
3=X(K, )" "Ls X(Ky ) Ky, Ky ' t23 (61)
or
T /I _ = (c, /C )£ {62}
Kaz(L3 X) Kal(L3 X) Kaz Km1 23

where CK ’ CK ; etc., are the singles counting rates;
o asz

other symbols are as previously defined,

3.2.2.2 Conversion-Electron—L X-Ray Coincidence.

The detection of conversion electrons (Ce ) can be used to
signal vacancies in the L shell or Li subshell if the
resolution of the instrument is sufficient. The Li—subshell

*
conversion electron energy (ECe— ) 1is characteristic of the

Ly

Li subshell.

* [ [
ECeL' EY BLi where EY is the nuclear transition energy
i
(i.e., y-ray enerqgy) and B,
enerqgy. i

is the Li—subshell binding
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This technique was used by Boyer and Barat (107) to
*
obtain a mean L-shell fluorescence yield for Z = 91 . The

results were given by the relation:

Tnice]) ™ Ce] B (63

Wood et al. (108) and Rao et al. (37) performed additional
measurements using a cooled Si(Li) x-ray spectrometer to
detect the L-shell conversion electrons. Results for the

L subshell were obtained using L2— and L3—subshell informa-

tion derived from Ka x-ray-L x-ray coincidences.
1 2

r

Recently, Campbell et al. (106) used this method to

obtain L2— and L3— subshell results for Z = 88 and 94. A

mv/2 B spectrometer was used to select the individual L,-

and L3— subshell conversion electrons from low-energy E2
transitions (the parents were high-Z even-even a emitters).

Egs. (59-61) apply in this case except that the Km1 and Kaz

L and CeL2 gates, respectively.

This method has wide applicability in the high-Z region and

gates are replaced by Ce

is potentially very precise. It is a vastly superior
alternate to the g-particle—L x-ray coincidence technique

(39) (see Sect. 3.2.2.3).

*
No reliable subshell yields were obtained since the L-
conversion electron spectrum was not resolved by their

electrostatic spectrometer. (The guantities w, and wy were

calculated using the erroneous assumption that f23 = 0 and

assuming a ratio of aLz/aLa).
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3.2.2.3 a-Particle-L X-Ray Coincidences. Much work

has been done using L x-ray spectra gated by an o particle
which feeds a converted E2 gamma transition in the daughter
atom (26, 89-92), or the singles adaptation of this

technique (38, 93, 94), at high atomic numbers. This
technique is based on the fact that many even-even a-emitting
nuclei with Z 2 86 decay predominantly to the first excited
state (2+) of the daughter. This state is approximately 50
keV above the ground state and cannot convert in the K shell,
since K-shell binding energy is approximately 100 keVv. Such
nuclear transitions are classified as electric guadrupole

(2+ + 0+) transitions (E2) and have a ratio of conversion

coefficients (ulea :aLa) of approximately 3:104:96, and

L2
thus these transitions provide a source of essentially pure

L2 and L3 vacancies. Owing to the high atomic numbers of

the radioactive nuclides (2 2 86) used, semiconductor
detectors can resolve the L x-ray groups filling the L, or

L., subshells.

3

The subshell yields f and w., are given by the

23 2

following equations (assuming that Ll vacancies are

negligible):

f23 = (wz/w3) Fé - Cé (64)

w, = F(l+Cg)/{[uL/(l+aT)][l+F3]} (65)

where:
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Cé = N3/N2 = u3/u2 (66)

F = IL(a)/C& = m2N2 + w3(N3+f23N2) (67)
1 — —

F3 = ILa/ILz = w3(N3+f23N2)/(w2N2) (68)

The above notation is that given by Ross et al. (109) as
modified by Salguero et al. (26).
This technigue has the severe limitation that a wvalue

for w3 must be assumed in order to calculate f23 and w2.

The attainable accuracy in f23 is limited, since f23 is the
small difference of two large terms [i.e.,(wz/w3)Fé ~ 1.05;

c3 T 0.901%).

A modification of this technique can be used to derive

Wy s mz, and w. if values for fij are assumed (93, 94), In

3
this technigue, the singles intensities of the L x rays and
the E2 y rays are measured at high resolution, and absolute
Ly’ and aLa) as

well as fi' values are taken from the literature in order to

L-subshell conversion coefficients (uLl, o

derive Wyr Wy and Wy The equations which relate these

guantities are:

wy = ILl/nl (69)
w, =I_ /n (70)

and
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w3 = ILa/n3 (71)
where
n, = IY aLl {72)
n, = I (uL2+f12aLl) {(73)
and

ny = I loag tEyz0p +E g4 550 ep ] (74)

The limitation of this method lies in its dependence
on absolute L-subshell conversion coefficients and, to a
lesser degree, on its dependence on the Coster-Kronig yields,
since the results are not strongly dependent on the latter.

3.2.2.4 vy-Ray-IL X-Ray Coincidence. A y-ray gated L

X~-ray spectrum can yield atomic information (mi's and fij's)
when the gating y ray is preceded or followed by a nuclear
transition creating K- or L-shell vacancies. It should be
noted that the primary L-shell vacancy distribution will be
the weighted sum of the primary L-shell vacancy distributions
of all the prompt nuclear events preceding and following the
Yy transition (nuclear cascading). Thus useful L-subshell
information is usually derived from y rays which are preceded
only by a single, prompt nuclear event (frequently electron
capture) (110-111), or followed only by a single, prompt

nuclear event (frequently, a y ray) (108). The coincidence
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intensity per unit time IL(y) is related to the mean L-shell

fluorescence yield (QL) as follows:

I = C' w 75
Y o (75)

where C+ is the counting rate in the y-ray gate and Py, = PL+

Dy, PK, (PL and PK are the L and K capture probabilities,

respectively) for the case of electron capture and Py, =

aL/(1+aT) + n /(l+aT) for y transitions. Useful L-

KL %K
subshell information can be derived when the vacancies are
predominantly confined to a single subshell. This condition
is fulfilled for certain classes of pure L capture and

certain classes of pure L-shell conversion,

3.2.2,5 M X-Ray-L X-Ray Coincidence. 1In this

technique the ratio of M x rays in coincidence with the L2—

M, transition to the M x rays in coincidence with the L3~M4 5
!

transitions are observed. From that ratio, f23 is calculated

*
using the following relation :

c! n,f.,(1-R,) - M
) L2NL5 2723 2 4
c! n_ f..+n v

I
M(Lz-M4) L,7M, 2723 73 4

I
L.-N
MMy (76)

where

*
It should be noted that eg. (76) is the only one which

contains M-shell quantities (i.e., G4M5 and u4M); all other

r

guantities are L-shell quantities.
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n, = aLz/{l+aT) (77)

n3 = uLa/(l+aT) {78)

R, = I _. /(I __ +I. __ ) (79)
2 L,~L;X L,~L,X "L,~L3M

M - M
and v4 and v4'5 are the mean M4

and a weighted average of mean M4 and mean M5 subshell

fluorescence yields, respectively. For further definitions

subshell fluorescence yield

of M-shell guantities, see Bambynek et al. (15).
From eg. (76) one can see that it is necessary to

assume a value of R, from theory, since the energy of the

2
L.,~-L.M Coster-Kronig transition is very low, and it has not

273
been observed at high 2. This assumption introduces a
large uncertainty into the value of f23 using this method.
In addition, this method is not applicable when the L2-L3M
transitions are energetically forbidden, since the term
(l—Rz) is then zero. It should be noted that the primary
purpose of this type of experiment is not to determine the
value of f23(112), but to investigate the "jump in f23" at
z 2 90",

3.2.2.6 X-Auger Electron—L X-Ray Coincidences. L x-

ray spectra gated by K-Auger electrons gives information

*This increase in f23("jump in f23") is due to the onset of

LZ_L3M4 5 Coster-Kronig transitions which are forbidden for
I

30 £ 2 £ 91 (it should be noted that the limits are not
exact).
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about fluorescence yields of doubly ionized atomic states.
Results of this type of work indicate that L-subshell
fluorescence yields are not much influenced by a single
vacancy in the M shell or higher shells, whereas double
vacancies within the L shell increase the fluorescence yield

appreciably (41, 113, 114).

3.3 Outline of the Present Experimental Method

Of the previously considered experimental technigques

the K
a1 2

r

L x-ray coincidence technigque are capable of the highest

x-ray-L X-ray coincidence technique and the Ce£—

accuracy in determining L2— and L3- subshell yields. Applica-
tion of the Ceg—L Xx-ray coincidence technique is limited by
the number of appropriate radiocactive scurces and by the
availability of the electron spectrometer to detect the
conversion electrons. The Ka1, x~ray-L x-ray coincidence
technigue was chosen to take advantage of the availability

of appropriate radioactive sources and of high resolution
Si(Li) and Ge (HP) detectors (see Sect. 4.2).

In the presently used Kal, x-ray—L XxX-ray coincidence
technique, the K x rays are detected using a Ge (HP) x-ray
detector while the L x rays are detected in a Si(Li) x-ray
detector (see Sect. 4.2). The Ge(HP)} detector is used to
detect K x rays since these detectors have a high efficiency
and good resolution in the K x-ray region pertinent to this

work (i.e., 60 - 100 keV). A Si(Li) detector was chosen as

the L x-ray detector since such detectors have a fairly
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slowly varying efficiency energy response in the L x-ray
region studied in this work (i.e., 9 - 22 keV),

All events which are detected in the Ge (HP) detector
and correspond to the energy of a Kal X ray or a Ku2 X ray
are individually recorded. Such events are termed gate
counts or gate events (see Fig. 2). The gate counts yield

the quantities C;  and Cp [see egs. (57-62)], after
1 %) (V8]

corrections for spurious events (see Sects. 3,2,2.1, 3.3.1,
and 3.3.3). The L x-ray events which are detected in the
8i(ILi) detector in coincidence with a Ka1 or Kuz event are
recorded. Events following a Ka1 pulse are recorded
separately from events following a Km2 pulse. The L x-ray
events are recorded as a spectrum., The L x-ray spectrum

thus recorded is termed the coincidence spectrum (see Fig. 3).
These spectra are analyzed to obtain the intensity of the L

x rays which fill a particular L subshell (i.e., the

and I

guantities I see Sect. 3.2,2.1).

L2-X (K, ) La—X(Kal);
corrections for spurious events in the coincidence spectrum

must be made before the guantities I and I

Lz—X(Kaz) Ls—X(Kul)
are determined (see Sect. 3.3.2). In summary, egs. {59 - 62)
have been used to calculate the results after corrections
have been made for spurious events in the gate and in the
coincidence spectrum; for angular correlation effects; and

for efficiency. The principles of these corrections are

given in Sects. 3.3.1 and 3.3.2.
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the gate settings and energies are given in keV., This figure is from
Ref. (73) based on the present work.]
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by L(Kal) and L (Kaz)' respectively.]
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3.3.1 Spurious Events in the Gate Counting Rate

The experimental gate counting rate Cé(E) is due to
"true" events Cé and spurious events Cé(I), [Cé(E) = Cé +
Cé(I)]. The latter are due to escape peaks, Compton
scattering, degraded pulses from higher energy events
("tailing"), and unresolved lines. Such spurious events
may be corrected for by fitting a single line of similar
photon energy to each line which interfers with the gate and
estimating its contribution to the gate. 1In the present
experiments, the tailing of Ka1 into Kaz' of LB into L, the
incomplete resolution of Ln and La’ of La and LB' and of KOL1
and Kag’ and the escape of silicon Ka and KB X rays* {this
is a negligible effect} (l115) are the major sources of
impurities in the gates.

The correction for incomplete resolution of La and
Ln X-ray groups is not generally made by line fitting

techniques, but when La is used for the gate the correction

is made by using the following equation:

C
Kaz(La+kLn)

= Cp /Gy ) IE,ytk(wy/u) (8 /8,01 (80)

C
KO‘.l (LO'.+kLT]) s X} o1

where Sn is the radiative branching ratio of the LZ-Ml X-ray

* ' .
If in the interaction of a LY Xx ray (at 2 * 60) a silicon
Ka or K8 X ray escapes, the event will be observed along

with the La X rays.
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transition (Sn = IL /1 ); S is the radiative branching

-X o
n bs

ratio of the L3“M4’5 xX-ray transition (SOL = ILa/ILs—X);

are the coincidence counting

C and CK

Kaz(La+kLn) 0h(.‘1'..Ot+]'c1'..],])

rates; CK and CK are the singles counting rates; and k is

(/) )
the fraction of Ln x-ray events which are included in the
La gate. Values of Sn and Su can be obtained from the work
of Scofield (10, 58}.

3.3.2 Spurious Events in the Coincidence Spectrum

The spurious events in the coincidence spectrum are
%* * %

a result of chance coincidences , of nuclear cascading ,
and of coincidences from spurious events in the gate. The
spurious events in the gate fall into two classes: (i) those
which are coincident with lines in the coincidence spectrum
(spurious coincidences) and (ii) those which are not in
coincidence with lines in the coincidence spectrum (these
can be considered as a part of the chance coincidence rate).

Correction for spurious coincidences requires a knowledge of

the intensity of the L x rays in coincidence with the

Coincidence events which are due to the decay of two
separate atoms are termed chance events., The probability
of such an event being recorded is proportional to the
counting rates (Nl’NZ) and resolving time of the system
(i.e., to 2TN1N2).
**Cascading is a term applied to the process in which the
gate pulse due to one nuclear event (e.g. an L x ray from
electron capture) and the coincident spectral pulse due to
another nuclear event (e.g. an L X ray from internal
conversion) are in coincidence (cascade).



59

spuriocus event., This may necessitate the setting of another
gate. The spurious spectrum is subtracted from the observed
total gate spectrum with a proper normalizing factor (Cé/Ci),
where Cé and Ci are the counting rates of the gating events
in the gate of interest and of the gate set on the spurious
event, respectively.
Corrections for chance and cascading events are made

subtraction method (116). The K, subtraction

B B
method is based on the fact that only cascade and chance

by using the K

events are in coincidence with KB (K-MN...) x rays. With
this method a gate is set on K8 (usually Ké1)' and all events

in coincidence with KB are recorded. When the Ka

1,2

coincidence technique is employed, the KB coincidence

spectrum is subtracted from the KOll and Kuz coincidence

spectra (i.e., L(Ku } and L(Ka )}, respectively) using normal-
1 2

izing factors of C/ /CR and Cﬁ /C% , respectively. When

K
s3] 3] a2 B
the La group is used as the gate, the chance and cascade
. . C c .
intensities IK (L) and IK (L) are given by:
[L X o [+ 3] o
IE w) = % Tk, @) % (81)
ay o o1 B ' a B
and
Ig ) = %k Tk, ) % (82)
s ) o (s %) 3] o 3

where IK (L ) is the intensity of KB events in coincidence
o



60

with La X rays, and CKul, CKaz, and CKB are the Kal’ Kaz'
and KB singles counting rates, respectively.

When Km1 and Kaz x rays are used as gates and La and

Ln X~ray groups are incompletely resolved, the following

equation applies, from which f is evaluated:

23

T
Lu+kLn(Kaz)

= (C /O ) LEygtkluy/ug) (8,/5)1  (83)

I o> 1

L _+kL_(K_ )
o nood;

3.3.3 Angular Correlation Corrections

Moellering and Jensen (117) first suggested that x-
ray cascades should be angularly correlated. The theory was
outlined by Mcellering and Jensen (117) and Bambuskin (118).
This correlation was experimentally verified by Beste (119)
and Konstantinov and Sazonova (120).

Since this correction is small (15), only those
factors directly applicable to K x-ray-L x-ray coincidences
are given here; for a complete discussion of x-ray angular
correlations, see Bambynek et al. (15).

Vacancy cascades of the type Ik + I ~+ If are isotropic
(where i refers to initial and f refers to final spin states,
respectively) when I = 1/2; therefore, all Kal(lsl/2+2p3/2+
If) x~ray—-L x-ray coincidences result in anisotropic
directional correlations and require correction. When the

detectors are oriented at 1B0° to each other, this correction

is given by:
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U

I, _ = I° _ J[1+A, £(8)] (84)
L, X(Kml) L, X(Kal) 22

3]

and I
L; X(Kal)

where I are the corrected and

Li—X(Kal)
uncorrected Li—x rays in coincidence with Ka1 X rays,
respectively; A,y is a function of the angular momenta and
of the multipolarities of the emitted radiations; A22 is
also a product of AK(l) that depends on the first transition
of the cascade and of AK(Z) that depends on the second
transition; and £(8) is the finite solid angle correction
{(15). Values of A22 can be taken from experiment (15) or

from theoretical values (58).
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CHAPTER IV

SOURCES AND APPARATUS

4,1 Choice and Description of Radicactive Sources

The GL measurements were made in the 47 £ Z2 £ 63

region, since the K and K lines and the L , L,, and L
e G o B8 Y

lines are difficult to resolve in this region. Therefore,
any results (i.e., L-subshell yields) which reguire these
lines to be resolved are subject to large uncertainties.

The f23 measurements were made at 2 = 80, 81, and 82,
in order to investigate the apparent discrepancy between the
results obtained by the Ku1,2 gating method and the La
gating method (see Sect. 6.3). In this Z region problems

associated with resolving the K and L x-ray lines are minimal,

Nuclides for the 86 £ Z £ 94 region were chosen in

order to investigate the "jump in f23" and also to measure
L,- and L3-subshell yields in this region.
The individual nuclides chosen for the w  or f,,

and/or w, and m3 measurements have half-lives in range of
several days to several years. These nuclides decay by
electron capture and/or y transitions which are appreciably
converted. The energy of either of these processes is

sufficient to produce K-shell vacancies. The nuclides had

to be available either by loan from some other laboratory,
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by direct purchase from a vendor, or by production in the
Georgia Tech Research Reactor. In addition, the nuclides
used for the L-subshell measurements must have decay schemes
which produce a minimal amount of cascading. In certain
cases, especially in the high-Z region, this requirement is
relaxed, since few suitable radicactive sources exist and
are difficult to obtain. Descriptions of the individual
radioactive sources and their preparation are given below.

Thin uniform sources of Pml45, Gd153, 9203, Aulgs,

207

H
and Bi were prepared by insulin spreading of radio-
chemically pure, high specific acitivity solutions*. The
solutions were drop evaporated onto 0.025 mm thick Mylar
films. A drop of 1:20 insulin water provided a low-surface-
tension substrate of area approximately equal teo 0.25 cmz.
The radioactive solutions were deposited with a micropipet
directly onto the dilute-insulin-covered area and allowed to
dry under a heat lamp. Typical source strengths were in the
range of 1-5 microcuries (uCi).

The Cdlog

source {15 uCi) was prepared by electro-
plated onto a thin backing in a spot of 5 mm diameter. The
thickness of this source was not negligible and a correction
for self-absorption of the L x rays was determined from

conversion electron spectroscopy (100} (see Sect. 5.1).

*
Obtained from New England Nuclear Corporation, Boston,
Massachusetts.
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*
An Am243-Np239 solution (luCi) was electroplated

onto a thin sheet of aluminized Mylar in a spot of 7 mm
diameter. A singles photon spectrum of this source showed

the absence of Np K x rays (Fig. 2). The absence of Np K

X rays is due to the lack of K shell conversion in Am243

decay.

235

A 410 day Np source was prepared from material

produced at the Lawrence Livermore Laboratory by J. H.

Landrum by a high intensity deuteron irradiation of highly

235

purified, isotopically enriched U (121). The neptunium

fraction was isolated at the Livermore Laboratory from the
uranium target and fission and spallation products removed

by a series of co-precipitations with LaF. and La(OH)3,

3
followed by anion exchange in an HCl medium. The final

purification step entailed a solvent extraction using mono-
octyl phosphate in toluene, thenoyltrifluoroacetone (TTA)
in benzene, and diethyl ether as the extracting agent (122).

235

The Np source was prepared by evaporation of a 10 uCi

solution on a thin Mylar film.
233

The 27 day Pa sources were prepared in the present
work by irradiating 30 mg of Th232(N03)4°4H20 in the Georgia
Tech Research Reactor for two hours at a flux of 1.3 x 10l3

233

thermal neutrons-cm—z-sec—l. The 22 minute Th was allowed

233

to decay to Pa for approximately one hour. The sample

*
Purchased from the Transuranium Research Laboratory, Oak
Ridge National Laboratory, Oak Ridge, Tennessee.
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233

was dissolved in 1.5 ml of 4 M HNO., solution, and Pa was

3
iscolated by solvent extraction with 1.5 ml of 0.5 M TTA in

benzene (123, 124). A singles spectrum showed the absence

233

of the 29.3 keV ¥ ray emitted in the decay of Th (125,

126) as a test of complete separation from thorium. Sources

233

of Pa approximately 30 uCi in strength, were prepared by

233

drop evaporation of the Pa activity in the TTA-benzene

solution onto thin mylar film.

Radiocactive sources for the 2 = 88 and 86 work,

sources of 18 day Th227 and 11 day Ra223, respectively, were

isolated by Dr. F. Tolea in our laboratory by solvent

extraction with tributyl phosphate (127) from a solution of
*

21 year Ac227 which contained an equilibrium mixture of
daughter products.

Owing to the growth of the Ra223 decay product during

the course of each run (approximately 2 days), Rn K x rays

and the y rays emitted in the decay of Ra223 also were

present in the Ge (HP) spectra (Fig. 4), but the resolution
was good enough to prevént the appearance of any appreciable
unwanted contribution to the Ra K x-ray gate pulses from

this source.
The solution remaining after extraction of Th227 was

used to make sources for study of the K and L x rays

characteristic of Rn. Since the A0227 was not removed from

the solution, the Th227 grew in (Fig. 5) during the runs,

*Obtained from New England Nuclear Corporation.
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Figure 4, The Photon Spectrum in the K X-Ray Region of the

Th227 Source. [Spectrum A was taken before a

typical run and spectrum B, after the run,

indicating growth (Rn K x rays) of the Ra223
daughter during the run. The shaded areas
indicate the gates. This figure is from Ref.
(73), based on the present work.]
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The Photon Spectrum in the K X-Ray Region of the
Ac227 Source. [The Th227 daughter has been
radiochemically extracted leaving Ra223 and its
daughters in the source. Spectrum A is before
and spectrum B is after a typical run for 2 = 86
measurements. The shaded areas indicate the
gates., This figure is from Ref, (73), based on
the present work.]
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but even after the run, the intensity of the Rn K x rays
was greater than 15 times that of the Ra K x rays, and the
presence of the latter did not disturb the measurement at

2 = 86,

4.2 Detectors and Their Efficiencies

Three different detectors were used in the present
work (Table 2). These detectors were selected for their
high resclution and high detection efficiency.

Detector S1 was used in measurements of GL and in

237 Wor and Wy at Z = 86, 88, 92 and 94.

Detectors 81 and §2 were used in f23 measurements at Z = 80,

measurements of £

81, 82, and 92. Detector Gl was used in conjunction with
detectors Sl and S2 in those experiments requiring coincidence
measurements; i.e., in all of the L-subshell work.

Only the efficiency of detector S1 was determined
especially for the present measurements (Fig. 6}, since only
the fluorescence yields are dependent on efficiency, whereas
the determination of the Coster-Kronig transition probability
f23 is independent of efficiency. The efficiency was
determined using absolutely calibrated radioactive photon
sources*, together with thin sources prepared in this
laboratory. Further details of these measurements are given

in Refs. (128, 129). 1It should be noted that the efficiency

was determined before and after each fluorescence yield

* L) [}
Provided by the International Atomic Energy Agency, Vienna
(IAEA).



Table 2. Nominal Detector Specifications

Preamplifier Nominal Dimensions Resolution (FWHM)

Designation Type Type (Feedback) Depth Diameter 5.9keV 122keV Manufacturer
(mm) (rom)
Gl Ge (HP) Resistive 3.5 6 204ev 550ev ORTEC
sl Si{Li) Pulsed-Optical 3.0 6 185ev - KEVEX
s2 Si(Li) Pulsed-Optical 5.0 10 l69ev - KEVEX

69
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Figure 6. Experimental Detection Efficiency vs Energy for Detector S1.

(The curve is established by the experimental points to an
accuracy of * 4 percent.)}
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measurement and Fig. 6 serves as a typical example of these

determinations,

4.3 Electronic Equipment

The quantity ®, was measured in singles experiments

L
with detector S1, and a Tennelec TC-202-BLR linear amplifier
with baseline restoration, and a 2048-channel (Nuclear Data
ND-2200) analyzer (MCA).

The coincidence experiments employed a standard fast-
slow coincidence system with -a time-to-amplitude converter
(TAC) used as the coincidence unit, The fast branches of
the coincidence systems are designed to measure accurately
the time relationship of the pulses in the two detectors,
while the slow branches of the coincidence systems are
designed to optimize the energy resolution.

For the coincidence studies at 2 = 82, 86, 88, 92,
and 94, a single-parameter system with fourfold routing into
a Nuclear Data (ND-2200) 2048-channel analyzer was employed
{see Fig. 7). Additional coincidence experiments at Zz = 80,

81, 82, and 92 were performed using a dual-parameter Nuclear

Data (ND-4420) multiparameter analyzer (MPA) (see Fig. 8)
which became available at a later date.

4.3.1 Single-Parameter Coincidence System

In the fast branch of the single-parameter coincidence
system, the signals from the preamplifiers formed the input
to the fast amplifiers (F-AMP) whose signals were fed to the

start input of the TAC on the gate side and to the stop input
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of the TAC from the "signal" side, as shown in Fig. 7. The
fast amplifiers are designed to give an output suitable for
fast timing (i.e., a negative spike). This output is always
very accurately correlated in time to the input signal. By
connecting the outputs of these fast amplifiers to a TAC

an output from the TAC is obtained which is proportional to
the time between the pulses arriving at the start input and
the pulse arriving at the stop input. By selecting the range
of pulses which correspond to Ka ) x-ray-L x-ray cascade
events (prompt events), many random coincidence events can
be excluded. The prompt events are selected using a single
channel analyzer (SCA)*- The output from the SCA-T was
connected to the four coincidence units (COINC).

In the slow branch, pulses from the gate detector
were processed through a linear amplifier (L-AMP), biased
amplifier (B-AMP), and baseline restorer (BLR). The linear
amplifier served to shape the pulse, while the B-AMP biased
off the region below the K x rays and amplified the K x-ray
region. The BLR served as an impedance matching unit. The
BLR was connected to the four SCA units which have windows
set to accept the respective energy regions. Typical gate
settings are designated by the shaded areas in Figs. 2, 4,

and 5. Pulses from the SCA units along with pulses from the

SCA-T were introduced into the mixer (operating as a

*This particular SCA will be designated as SCA-T since it
is used in the timing branch of the system.
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multiplexer). A signal from the mixer and router, along
with a properly delayed signal from the L x-ray detector,
entered the MCA and the latter signal was recorded in the
appropriate channel and guadrant of the MCA. The spectrum
recorded in each guadrant of the MCA corresponds to the L
X-ray spectrum in coincidence with its corresponding gate
set by the SCA.

4.3.2 Dual-Parameter Coincidence System

In the fast branch of the coincidence system (see
Fig. 8), the signal from the preamplifier of the Ge (HP)
detector (Gl) formed the input to a fast amplifier and dis-
criminator (FAD) which was connected to the start input of
the TAC. Owing to the complex nature of the pulsed-optical
preamplifier output, the preamplifier output of detector S2
was connected to a fast amplifier circuit in the L-AMP. The
output of this fast amplifier was connected to an integral
discriminator (ID) which was connected to the stop input of
the TAC. The prompt peak from the output of the TAC was
selected by a SCA whose output was connected to a gate and
delay generator (GDG). The delay of the GDG unit was adjusted
so that coincident signals from the two L-AMP amplifiers
would be processed.

The two fast branches of the dual-parameter system
were identical. The output from the preamplifiers was
connected to the ADC units through an L-AMP.

In this system the output of the ADC units was stored
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in "list” mode in the memory of the ND-4420 MPA and later
stored on magnetic tape. In the "list" mode the addresses
{"channel numbers") corresponding to the events were stored
sequentially in the buffer memory. At a later time the
"list" data were sorted into separate spectra corresponding
to the applied gates. Such sorting of data was accomplished

with a standard program provided by Nuclear Data,
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CHAPTER V

DATA EVALUATION AND RESULTS

5.1 Mean L-Shell Fluorescence ¥Yields

Mean L-shell fluorescence yields (GL) were measured
by observing K and L x-ray singles spectra from the decay of

Cd109’ Pm145 153

, and Gd using detector S1. The basis of
this method is given in Sect. 3.2.1. Eg. (55) was then used
to relate the measured ratio IL/IK to w. .

L
Singles spectra were taken for Cdlog, Pml45, and

Gd153

to determine the x-ray intensity ratio IL/IK. Counting
rates for the components in the K and L x-ray lines were
computed and corrected by their respective detection effi-
ciencies after subtracting the continuum beneath the peaks.
The continuum was subtracted in an identical manner as in
the determination of the efficiency, in order to minimize
systematic errors in the estimation of the true counting
rates.

Owing to the large coefficient for absorption of
the 3 keV L x rays in the case of Cdlog, the source thickness
was evaluated by observing degradation of the conversion
electron energy. For this purpose the electron spectrum
was observed by a windowless Si(Li) detector (130) which was

calibrated by y rays and K x rays of well known energies.

After corrections for the energy shift of the electron peaks
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due to the gold contact and dead silicon layers and the 1 keV
negative bias on the front face of the detector, the remain-
ing shift of 1.44 keV was attributed to a mean source
thickness of approximately 320 ug/cmz. Assuming this to be
mostly due to Cd* and using x-ray cross sections from Storm
and Israel (131), a correction factor for self-absorption
of the L x rays of 1.16 was derived for the ratio IL/IK.
Corrections for absorption of L x rays in the other
sources were negligible, since high specific activity
solutions were used.
The present results for Z = 47, 60, and 63 are as
follows: wp = 0.0425 * 0,0064, 0.131 * 0,017, and 0.142 *

0.023, respectively.

5.2 L2- and L3-Subshell Yields at 2 = 86, 88, 92, and 94

Sect. 3.2.2.1 and 3.3 give a description of the
general method used to reduce the data. The following
sections are devoted to a brief description of the individual
circumstances associated with evaluating the data for each
of the atomic numbers Z = 86, 88, 92, and 94.

Low counting rates (e.g. less than 2000 counts/sec)
were used, so that corrections due to deadtime, pulse pile-
up, and summing effects were negligible. In addition, the

electronic timing and the counting rates were adjusted to

109 108

%*
The Cd activity was produced by the reaction Cd (n,y)

Cdlog. This activity was electroplated onto a thin backing.
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give a coincidence efficiency of unity as checked by means
of self-gated coincidence experiments using one detector and
its timing and counting outputs in coincidence. Corrections
for spurious events in the gate and in the coincidence
spectrum, and for angular correlation effects were discussed
in Sect. 3.3. Efficiency corrections were discussed in
Sect. 4.2.

Tables of typical composition of the Ka and Ka X-ray
2

1

*
gates and of typical composition of the La peak in the KOL1

and Ka x-ray coincidence spectra are given in Appendix I,
2
together with evaluation of results for a typical run.

Final values of £ and w, are given in

237 Var Yy

Table 3. The error limits assigned to v

3
o wz, and w3 are
20 statistical uncertainty (95 percent confidence limit)
plus linear addition of the uncertainty in the detection
efficiency (4 percent). The error limits assigned to f23
are 20 statistical uncertainty plus linear addition of the
uncertainty in the corrections for the presence of the Kal
pulses in the Km2 gate. The 20 statistical uncertainty
(i.e., that uncertainty due to counting statistics)

contributed an uncertainty of less than 3 percent {(of the

magnitude of the results).

By "gate composition” is meant the analysis of all events
falling into the gate window arising from true events,
chance coincidences, nuclear cascade coincidences, and
spurious counts arising from tailing of higher energy
events into the gate window.



Table 3. Present Experimental Values of vz, mz, w3, and
f23 for 2 = 80, 81, 82, 86, 88, 92, and 94
. *
Quantity
ATOMIC £ v " "
NUMBER 23 2 2 3
80 0.123 * 0.012
81 0.109 * 0.011
82 0.105 + 0.011
86 0.105 + 0.011 0.498 * 0.028 0.459 * 0.025 0.384 + 0.020
88 0.053 + 0.052 0.516 * 0.036 0.493 * 0.030 0.408 + 0.027
92 0.147 = 0.010** 0.630 #* 0.036** 0.560 % 0.033** 0.481 + 0.029
0.146 + 0.018" "
94 0.226 * 0.016 0.627 + 0.036 0.513 + 0.022 0.509 + 0.029

*
Error limits are 20 (95 percent confidence level) plus linear addition of
uncertainty in detection efficiency.

*

*Values obtained from the decay of Np235.

* % 233

*
This value obtained from the decay of Pa .

08
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5.2.1 Radon L-Subshell Yields From Ra223 Decay

The subshell yield measurements for Rn were straight
forward. Corrections for the presence of the K0£ xX-ray
1

pulses in the Kuz x-ray gate (4.3 percent) were derived by

using the 82 keV y ray of Ba133 and the 74.6 keV vy ray of

Am243 as models for the shape of the Km1 X-ray peak.*

Typical gate settings for this measurement have been presented
in Fig. 5. Four separate coincidence runs of approximately
two days duration were made.

5.2.2 Radium L-Subshell Yields From Th227 Decay

Due to the complexity of the decay scheme of 'I'h227

(132) , an wunusually large correction for nuclear cascading
must be applied to the L, peak in coincidence with the K0£2

x rays. This correction (approximately 87 percent, see
Appendix I) gives rise to large error limits on the measured

f23 value. Corrections associated with the determination of

W and w, are relatively smaller; therefore, the error limits

for these two guantities are correspondingly smaller.

Corrections for the presence of the KOL1 x-ray pulses

in the Km2 x-ray gate (4 percent) were derived by using y rays

133 243

from the decay of Ba and of Am (see Sect. 5.2.1) as

models for the shape of the Ka X-ray peak.
1

*

The magnitude of the Ka tail which falls into the Kazgate

1
was determined by normalizing a monoenergetic y-ray line

shape of similar energy to the Km1 peak and subtracting

that portion of its tail that is encompassed by the Kaz
gate.
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Analysis of the KB; x~ray gate count rate is

complicated by a contribution of approximately 5 percent

from the 100 keV y ray emitted following the o decay of Th227

(132). On the basis of theoretical conversion coefficients

(88) for the 29.9 keV transition that follows the 100 keV

227

transition in the Th decay scheme (132), it was deduced

that the number of L x-ray coincidences per 100 keV y-ray
gate pulse is almost the same as the number observed per KB;_
gate pulse, and no correction was therefore necessary.

Four separate coincidence runs of two to four days
duration were made.

5.2.3 Uranium L-Subshell Yields Fromﬁp235 Decay

*
Nuclear cascading is absent in Np23S decay , but a

B
colncidences to be determined at the same time as the true

gate set on K X rays enabled the correction for chance
coincidences between the Km1 and Kaz X-ray gate pulses and
the L x ray pulses. The large L/K capture ratio (PL/PK =

32.2, Ref. 133) in Np23°

decay (134, 135) leads to a large
number of L X rays that are not preceded by a K x ray.

These L x rays cannot contribute to the true coincidences,
but only increase the chance/true ratio. The coincidence
resolving time (271} was therefore chosen carefully, in order

to minimize the chance coincidence counting rate and at the

same time maintain a coincidence efficiency close to unity.

*This was confirmed with the help of a separate chance
coincidence run.
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Examination of the time distribution between K x-~ray events
in the Ge (HP) detector and the L x-ray events in the Si(Li)
detector revealed a prompt coincidence peak approximately
130 nsec wide (full width at tenth maximum)}, and in the
coincidence experiment a time window of 160 nsec was set to
completely envelope the peak. Two further runs were taken
with 2T = 300 nsec, in order to check the coincidence
efficiency. After correction for chance coincidences
[approximately 14 percent correction to the La peak in coin-
cidence with Ka2 x rays for 2t = 300 nsec (worst case)l, the
coincidence counting rates for all three runs (of approxi-
mately three day duration) were in good agreement.

The contribution of Kal pulses to the Kaz window was
found to be 3.3 percent (of the KO‘2 gate) by using the low-
energy tail of the I{OL2 peak as a guide to shape of the Km1
tail. This result agreed well with a value obtained by
taking the shape of the 122 keV y ray in 0057 decay as a
model for the shape of the K x-ray peak.

5.2.4 Measurement of f23 for Uranium From Pa233 Decay

A sizable correction for nuclear cascading (approxi-

mately 68 percent, see Appendix I) was applied to the Kal ,
!

x—ray—Lax—ray coincidence data due to the complex decay
scheme (126, 136). Since the cascade correction is applied

for each run by the KB subtraction method (116} simultaneocusly

with the Ku x—ray—me—ray coincidence measurements (see

1,2
Sect. 3.3.2), and since the source was strong and allowed
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collection of good statistics, f23 could be measured to
approximately 12 percent accuracy. 1In addition, six coinci-
dence runs of one to two day duration were made.

The Ka1 X~ray pulses which "tail" into the Ka2 Xx-ray
gate were found to be 2.6 percent of the Ku2 X-ray gate.
This was determined by using the low-energy tail of the 88

09 57

keV y ray of Cd1 and of the 122 keV vy ray of Co as

models for the shape of the K, x-ray peak.
1

5.2.5 Plutonium L-Subshell Yields From Np239 Decay

Analysis of the Ku and Ka2 X~ray gates was

1
complicated by the presence of "tailing" from the 106 keV

Y rays emitted following Np239 decay (see Fig. 2). In order
to correct for this, two extra runs (in addition to five
standard coincidence runs of two to four day duration) were
made with a separate gate set on the 106 keV y ray. The
contribution of 106 keV y-ray pulses to the Kaz (4.1 percent)
and Ka1 (6.1 percent) x-ray gates was determined by using
the 122 keV vy ray from Cos7 to give a model for the shape of

a single line. Similarly, the Ka contribution to the Kuz

1
x-ray gate was determined to be 3.6 percent. While the

243

contribution from the weak 98.5 keV y ray (from Am decay)

to the Ka2 x-ray gate was negligible, the K x-ray gate

]
B1
contained a contribution of approximately 4 percent from the

117.8 keV y ray. According to the Am243 decay scheme (137,
138) however, there can be only a negligible number of Np

L X rays in coincidence with the 117.8 keV y ray, and this
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contribution to the KB' x-ray gate is taken into account on
1

the basis of chance coincidences only. Two additional runs

were made with this gate set on the KB X-ray group, and the

t
2
results obtained were consistent with those from the main

runs.

5.3 The Measurements of f23 at 2 = 80, 81, and 82

With the-Dual Parameter System

The radicactive nuclides Aulga, Hg203

, and Bi207 were
used to study the Coster-Kronig transition probability f23
at Z = 80, 81, and 82, respectively. 1In order to reduce

deadtime due to B -ray—x-ray coincidences, a thin aluminum
beta absorber was inserted between the Ge (HP) detector and
the source and a thin beryllium beta absorber was inserted
between the source and the 8§i(Li) detector for the measure-~

ments of the f emitters, Au198 203.

and Hg
The contribution of Ka1 pulses to the Kaz gate was
determined by using the 59.5 keV y ray from the decay of

Am24l and the 88 keV y ray from the decay of Cd109

as models
for the shape of the Ka1 x-ray peak. The contributions of
the Ka1 events to the Kaz peak were found to be 3.8, 4.7,
and 4.9 percent of the Km1 peak at 2 = 80, 81, and 82,
respectively.

The data were collected with the ND-4420 dual para-
meter system and could be analyzed by using the La-gating

or the Ka ~gating technique (see Sects. 3.2.2.1 and 3.3).
2

1,
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207

The Bi data were analyzed using both techniques. The

results and corrections of both techniques are equivalent.
198 203

The Au and Hg data were analyzed by the Ka z—gating
1

r

technigue. Three, two, and six separate coincidence runs

(of two to three days duration) were made for Aulgs, H9203,

207

and Bi , respectively.

Tables of typical gate composition and typical
composition of the L, coincidence peak are given in Appendix

I. These tables are given in terms of LOll ) gating,.

r

Values of f23 = 0.123 + 0.012, 0.109 = 0.011, and

0.105 + 0.11 at Z2 = 80, 81, and 82 were determined from Ku

—L X-ray coiﬁcidences, observed using Aulgg, H9203

Bi207 activities, respectively. The assigned error limits

1,2

, and

correspond to 95 percent confidence (2¢ error limits). These

results are listed in Table 3.
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CHAPTER VI

DISCUSSION AND CONCLUSIONS

6.1 Discussion and Conclusions of Mean L-Shell

Fluorescence Yields

The mean L-shell fluorescence yield (u ) is given by

the relation {(eq. 9, Sect. 1l.4):

wL = val + N2v2 + N3v3

1 + N2 + N3 = 1 and Nl:Nz:N3 158 the distribution of

primary L-subshell vacancies before Coster-Kronig transitions

where N

*
17 Var and v3 from

the theoretical calculations of Crasemann and coworkers (20,

alter them. By combining values of v Y

21} or of McGuire (17} with the N1:N2:N3 vacancy distribution

evaluated for example from experimental or theoretical
conversion coefficients and/or orbital electron capture
rates [see Ref, (100) for details], it is possible to

obtain a theoretically-based prediction of w. which then may

L

be compared with the experimental value for a given Z as a

test of the consistency of the predicted value of The

L°

* .
The guantity vy represents the probability of emission of
an 1L x-ray per Li-subshell vacancy (see Sect. 1.4).
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* -
predicted values of W for 2 = 47, 60, and 63 are given

in Table 4, together with present and previous experimental

values and N1:N2:N3 ratios.

Since the primary L-vacancy distribution Nl:Nz:N3 is

known to better than 10 percent for these cases, the

predicted value of w. should be good to better than 10

L
percent, and a comparison with experiment then serves as a

test of the theoretical calculations of the mean L-subshell

17 v2, and v3.

fluorescence yields v
The calculated values based on the theory of
Crasemann and coworkers (20, 21) agree with present results

at Z = 47, 60, and 63, while calculations based on the
theory of McGuire {(17) agree at Z = 60 and 63, but give a
value considerably higher at 2 = 47,

The theory of Crasemann and coworkers (20, 21)
predicts that the values of v, in the region of 40 <z 270
are equal within plus or minus 15 percent. Even for the
radically different vacancy distributions obtained in K,
X-ray-L x-ray coincidence experiments, differences in the
v, values as large as 30 percent would not give rise to

significantly different values of w With this consider-

Ll
ation, it becomes meaningful to compare present results

with previous experiments (Table 4). Disagreement between

* —
In Table 4, the theoretical values of w, are uncorrected

for the effect of double vacancies, but this correction
is 'in any case less than 4 percent [see Ref, (100)].



Table 4. Comparison of the GL Results with Theory and Previous Experiment

Experimental Theoretical Primary L-Shell

Wy Wy Vacancy Distribution Reference
Crasemann  McGuire Nl: NZ: N3
(20,21) {17)
0.0425+0.0064 0.0461 0.0615 0.160:0.335:0.505 Present Work, 100
0.049% 0.160:0.335:0.505 31
0.029 10.003b 0.160:0.335:0.505 139
0.100 0.17 :0.33 :0.50 23
0.047 20.002 0.17 :0.33 :0.50 140
0.044 10.003 0.00 :0.35 :0.65 32
0.054 +0.007 0.00 :0.35 :0.65 29
0.0659+0.0037 0.00 :0.35 :0.65 141
0.131 +0.017 0.125 0.143 0.274:0.269:0.457 Present Work, 100
0.170 0.17 :0.33 :0.50 23
0.16 t0.02 0.00 :0.35 :0.65 28
0.142 $0.023 0.150 0.169 0.262:0.272:0.466 Present Work, 100
0.145 +0.013 0.30 :0.26 :0.44 108
0.17° 142
0.18 $0.02 0.00 :0.36 :0.64 28

(Continued)

68



Table 4. {Continued)

a) Reevaluated using more recent values for w
(see Ref. 100).

PK' PL' a and n

O KL

Kl’ Kl’ aLI

b) Calculated from Ref. 21 and equations given previously (Ref. 99).
c) Due to the complexity of the 104 keV ¥y ray gate set on a NaI(Tl) detector
{Ref. 142) values of Nl: N2: N3 are very difficult to calculate. For this

reason there may be large uncertainties associated with this value of QL.

06
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the older results of Bertolini et al. (139) and Lay (23]
with the present results may be due to uncertainties in
detector efficiencies or source self-absorption in their
work. The disagreement between the results of Jopson et al.
(28, 29) and Bailey and Swedlund (141) with the present
results in possibly due to uncertainties in the self-
absorption of L x rays in their targets. Other experimental
results (31, 32, 108, 140) agree with the present results
within the stated error limits.

The following conclusions can be drawn concerning
mean L-shell fluorescence yields, i.e., both GL and Wer,*
Certain older results should be discarded due to uncertain-
ties inherent in their experimental method. Ref. (100)

gives a table of the latest w, measurements including those

L
in the present work. At Z = 47, the present experiment
shows that the theoretical predictions of Crasemann and
coworkers (20, 21) were correct, while those of McGuire (17)
were high. At Z = 60 and 63, the present experimental
uncertainty ( plus or minus 13 and 16 percent, respectively)

is too large to permit distinction between the theoretical

predictions.

6.2 Comparison of Present Values of w, and w4 with

Theory and with Previous Experiments

Determination of the gquantities W, and W,y is dependent

upon detector efficiency. Accurate determination of
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detection efficiencies has been difficult in the past, due
to lack of x-ray standards, insufficient knowledge of photon
emission rates, and limited information on detector
parameters such as deadlayers. Recent studies of detection
efficiencies (128, 129, 115) has enabled one to measure
detector efficiency in the region of 10 to 100 keV more
accurately (approximately 4 percent). The lack of agreement
among some of the early measurements of Lz— and L3-subshell
fluorescence yields (90, 91, 92) and the present work may be
due to problems associated with detector efficiencies (see
Table 5). Recent measurements of Campbell et al. (106) by
means of Ce_L—L X-ray coincidence techniques are in agreement
with the present work (see Table 5).

The discontinuity in the value of Woy (see Fig. 9} is
23 (i.e., w, + a, + f23 =1,

see Sect., 6.3 for a discussion of the discontinuity in f23).

due to the discontinuity in £

The points designated by "+" at Z = 93 and designated by

"X" at Z = 94 are calculated using the hydrogenic model (20)
and the independent-particle model (IPM) with a Green-Sellin-
Zachor (GSZ) potential (22), respectively.

The measured values of w., agree with the SCF Calcula-

2
tions of McGuire (17, 18). The hydrogenic calculations of
Chen, Crasemann, and Kostroun (20) are low compared with

with the present results, but fall within the experimental

error limits at Z = 86 and 88. The theoretical predictions

of Chen and Crasemann (22) using the IPM with a GSZ potential



Table 5.

Summary of Experimental Values and Theoretical Predictions of w, and w,

) W
2 3
Z Element Experiment®* Theory Experiment* Theory Reference
83 Bi 0.417 0.389 17
85 At 0.422 0.380 20
0.410 22
86 Rn 0.459 + 0,025 0.384 + 0.020 Present Work, 73
88 Ra 0.493 + 0.030 0.408 * 0,027 Present Work, 73
0.415 =z 0,027 92
0.498 = 0.027 0.438 + 0,022 106
90 Th 0.529 0.461 17
0.44 =+ 0.03 31
92 U 0.488*%* 0.460 18
0.560 *+ 0.033 0.481 + 0,029 Present Work, 133
0.529 = 0.,35%*% 38
0.423 £ 0.023 92
93 Np 0.460 0.472 20
94 Pu 0.517*%* 0.502 18
0.427 22
0.513 £ 0.022 0.509 £ 0.029 Present Work, 73
0.523 + 0,.023*%** 38
0.42 = 0.02 90
0.485 =+ 0.026 0.484 + 0,017 106

£6



Table 5. (Continued)

w, W,

Z Element Experiment* Theory Experiment* Theory Reference

96 Cm 0.544 0.528 18
0.552 + 0.032 0.515 *+ 0.034 38
0.55 + 0.02 0.63 * 0,02 94
0.59 =+ 0.04 0.68 <+ 0.05 93

98 Cf 0.503 0.515 18

* The guoted errors are taken from the original publication.

2
value of 0.544 and 0.579 is calculated at 2
that L2—L3M4 5 transitions are not possible.
I

** This value was calculated assuming that L “L3M, ¢ transitions are possible. A
r
= 92, and 94, respectively, assuming

*** This value is a revision of a value given in Ref. 89.

149
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Figure 9. Plot of w, VS Z. (Theoretical points at Z = 93 and 94 are calculated

using the Hydrogenic model (20) and the IPM model (22), respectively,
and are plotted as "+" and "X", respectively.)
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are systematically lower than the present experimental

values. The measured values of w, (see Fig. 10) at Z = 86

3
and B8 tend to agree better with the hydrogenic calculations
of Chen, Crasemann, and Kostroun (20) than with McGuire (17)
while at Z = 94 the experiment agrees with the SCF
calculations of McGuire (18).

In summary, although there is overall good agreement
between experiment and McGuire's theory (17, 18) for Wy
the available experimental accuracy (limited mainly by
uncertainties in detector efficiency) is not sufficient to
distinguish between the theoretical predictions due to
McGuire (17, 18) and those due to Chen, Crasemann, and

Kostroun (20). The experimental results rule out the IPM

calculation with the GSZ potential by Chen and Crasemann (22).

6.3 Comparison of f23 with Theory

Owing to the lack of agreement among all reported
measurements of f23 {see Table 6), a critical evaluation of
the past experimental work is necessary before a meaningful
comparison with theory can be made. 1In the present work
selected "most reliable" experimental values of f23 are
derived from a consideration of all published results.

Table 7 lists these selected "most reliable” f23 values.
The selected results are derived only from those measurements
which carefully measure and clearly describe all corrections.

The magnitude of certain corrections is quite large, (see
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Figure 10. Plot of w, vs 2. {The work of Chen, Crasemann, and Kostroun (20)

3

is extrapolated from Z = 93 to Z =

94,)

L6



98

Table 6. Measured L, - L3 Coster-Kronig Yields
*
Z Element f23 Reference
57 La 0.21 £ 0.02 143
63 Eu 0.172 £ 0.015 144,145
0.127 + 0.013 41,146
64 Gd 0.223 £ 0.011 147
65 Th 0.066 £+ 0.014 148,116
0.124 + 0.012 41,146
67 Ho 0.205 £ 0.034 149,15
68 Er 0.225 * 0.025 149,15
70 Ybh 0.142 + 0,009 148,150
0.130 & 0.010 151
73 Ta 0.20 ¢+ 0.04 33
0.150 * 0.007 148,110
0.128 + 0.013 41,146
76 Os 0.106 £ 0.023 152
78 Pt 0.126 + 0.021 152
80 Hg 0.123 £ 0.012 Present Work
0.22 + 0.04 153
0.08 % 0.02 33
0.188 £ 0.010 148,154
0.131 + 0.013 41,146
0.125 + 0.012 41,146
g8l Tl 0.109 + 0,011 Present Work
0.25 + 0.13 155
0.169 + 0.010 156
0.113 £ 0.010 41,146
0.130 £ 0.006 157
g2 Pb 0.105 + 0.011 Present Work
0.164 + 0.016 37
0.156 + 0.010 158
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Table 6. (Continued)

Z Element f23* Reference
. + 0.14
83 Bi 0.06 _ 0.06 109
B6 Rn 0.105 £ 0.011 Present Work, 73
88 Ra 0.053 £ 0.052 Present Work, 73
0.01 * 0.07 92
0.102 + 0,006 106
90 Th 0.13 + 0.10 91
92 U 0.147 + 0.010 Present Work,133
0.146 * 0.018 Present Work
0.43 + 0.06 39
0.37 £ 0.07 89
0.07 + 0.05 92
0.23 + 0.12 38
+ 0.11*%*
0.14 _ 0.06 112,159
93 Np 0.02 * g:gg 160
94 Pu 0.226 + 0.016 Present Work, 73
0.22 + 0.08 26
0.42 + 0.08 89
0.21 + 0.08 90
0.24 + 0.08 38
0.229 + 0,004 106
0.233 £ 0.015 144,145
+ 0.19**
0.24 _ 0.09 112,159
96 Cm 0.188 + 0.010 73,38
0.226 + 0.017 144,145
* The guoted errors are taken from the original publication.
* %

These values are calculated assuming the L, - L3M4 5
!

transitions are possible. Values of f,, = 0.41 j 8'?2

and > 0.44 are calculated for Z = 92 and 94, respectively,
if only the L2 - L3M5 transition is possible (112, 159).



Table 7. Selected "Most Reliable'" Experimental L2 - L3 Coster-Kronig Yields*
A Parent Daughter 23 Method Reference
63  ca>> Byt o3 127 £ 0.013 L gated K x-ray coinc. 41,146
65 Dy159 Tb159 124 £ 0.012 La gated Ka x-ray coinc. 41,146
70 171170 Tml71’170 .142 £ 0.009 L K, sated L, x-ray coinc. 148,150
1 2
Tm171 Ybl71 .130 + 0.010 L2, L3Ce— gated Lu x-ray coinc. 151
73wl Tat®l 128 + 0.013 L gated K, x-ray coinc. 41,146
76 1r0? 0s19? 106 £ 0.023 K, K gated L x-ray coinc. 152
o’ o, o
78 Ir192 Pt192 126 + 0.021 K , K pgated L x-ray coinc. 152
)’ o, o
80 Au198 Hglg8 .123 + 0.012 Kd s Ka gated La X-ray coinc. Present Work
1 2
Au198 Hg198 .131 * 0.013 La gated Ka x-ray coinc, 41,146
71204 ug204 125 % 0.012 L gated K_x-ray coinc. 41,146
81 ngos '1‘1203 .109 t 0,011 Kot s KOL gated La x-ray coinc. Present Work

1

2

00T



Table 7. (Continued)
KA Parent Daughter f23 Method Reference
81 H3203 T1203 .113 + 0.010 Lu gated Ku x-ray coinc. 41,146
82 B1207 szog 105 * 0,011 Ka » K, gated La x-ray coinc. Present Work
1 2
86 Ra223 Rn219 105 £ 0.011 Ka s KOt gated La x-ray coinc. Present Work, 73
1 2
88 h?28 Ra22" .102 £ 0.006  L,, LBCe- gated L, x-ray coinc. 106
92 Np235 U235 JA47 + 0.010 Kd s Ka gated La X-ray coinc. Present Work, 133
1 2
Pa233 U233 .146 = 0,018 Ka s Ka gated La x-ray coinc. Present Work
1 2
94 Np239 Pu239 .226 * 0.016 Ku s Ka gated La x-ray coinc. Present Work, 73
1 2
Cm242 Pu238 .229 + 0.004 L2’ L3Ce— gated La X-ray coinc. 106
96 Cf249 sz45 .188 £ 0.010 Ka ’ Ka gated Lu x-ray coinc. 73,38

2

* Appendix IT lists all values of f23 not contained in the selected "most reliable" values, along

with reasons for their rejection.

The quoted errors are taken from the original publication.

T0T
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Appendix I for typical corrections) and thus these correc-
tions have a large influence on the determination of the

experimental values of f Results which are derived using

23°
older, low-resolution instruments have been rejected as well
as measurements which produced results by assuming other L-
subshell guantities not measured in that work. Results
which are measured by an o-particle—-L x-ray coincidence
technique have been described in Sect. 3.2.2.3. Measure-

ments of f using the method of critical absorbers are

23
rejected due to uncertainties in corrections for absorption
and scattering that are present in this method. Appendix IT
lists all values of f23 not contained in the selected "most
reliable" values, along with reasons for their rejection.
Some results in Appendix II might be good measurements, but
do not fit the stringent criteria.
Fig. 11 presents graphically the selected "most

reliable" values in the region 63 £ Z £ 88 and compares

£23
*

them with theoretical predictions . From Fig. 11 it is

evident that the experimental values of f23 that were

measured generally to plus or minus 10 percent or better,

are in general agreement with the theoretical results in the

region 63 £ 2 £ 88, This conclusion is in marked

“Values of f,, plotted at z = 70, 80, and 81 in Fig. 1l

and 2 = 92 and 94 in Fig. 12 correspond to an error weighted
average of the selected "most reliable" experimental values.
The error limits plotted at these Z values correspond to the
error limits assigned to the most reliable measurement.
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Figure 11. Plot of f,, vs Z in the Region 60 <z S 90.
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disagreement with past interpretations (40, 147, 143, 158)
which postulated disagreements of as much as 30 percent
between theory and experiment. The different theoretical
predictions in the region 60 £ Z X 88 lie within approxi-
mately plus or minus 5 percent of each other. Thus, the
present experimental accuracy is insufficient to discrimi-
nate among the different theoretical methods in this region,
although within the accuracy of the experimental and
theoretical results, the agreement with the general trend
of theory is good.

Fig. 12 plots f 3 for the region Z > 85. It is

2
evident that in the region Z > 90 the three theoretical
predictions diverge (18, 20, 22), thus making experimental
measurements of f23 in this region fruitful in terms of
distinguishing among the different theoretical predictions.
Each theory is discussed below and compared with the
experimental results.

It can be seen from Fig. 12 that the theoretical
prediction at Z = 94 by Chen and Crasemann (22) using the
IPM with a GSZ potential is in violent disagreement with
the experimental resuits. The uncertainties in this
theoretical calculation of f23 employing the IPM at Z = 94
is dependent on the availability of a set of accurately
determined parameters for Z = 94. It can be recalled from

Sect, 2.3.2 that the GSZ potential is given by (egs. 35 and

36, Sect. 3.2.2):
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— — Chen, Crasemann, and Kostroun (20)
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|

Figure 1l2. Plot of f23 vs Z Above Z

points at 2 = 93 and 94 are calculated using
the Hydrogenic model (20) and the IPM (22),
respectively, and are plotted as "+" and "X",
respectively.)
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Vir) = 2r Y1 (NT-2)

where

r/d 1

T = 1-[(e*’%-1)H+11"

and N = Z -1 is the number of core electrons, r is the
magnitude of the radial vector, and 4 and H are adjustable
parameters. Crasemann has pointed out (106) that the
disagreement at Z = 94 with experiment may be due to the
inaccuracy of the adjustable parameters, since these
parameters are difficult to determine at very high Z.

The hydrogenic calculation of Chen, Crasemann, and
Kostroun (20) at Z = 93 agrees with the experimentally
determined value of f23 at 2 = 94 within 10 percent, but
disagrees with the experimental wvalue of f23 at 2 = 92,
Disagreement between the theoretical prediction at Z = 93
and the experimental results at 2 = 92 are probably due to
the "jump in f23" at or near 2 = 92, A further discussion
which should clarify this point is given in the following
paragraphs. The theoretical predictions of Chen, Crasemann,
and Kostroun (20) appear to be in gqualitative agreement with
the experimental results over the region 63 £ 2z £ 94,
Additional experimental determinations and theoretical
predictions are needed above Z = 90 before a guantitative
comparison can be made.

In order to discuss the theoretical predictions of

McGuire (17, 18) and compare them with the experimental
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results, a discussion of the "jump in f23" is necessary.

is used to refer to the large

23

in the region around 2 = 92. The "jump in

The terms "jump in £

increa i
1 se 1in f23

f23" results from an increase in the total Coster-Kronig

transition rate, which is due to the onset of the L2—L3M4

and the L2-L3M5 Coster-Kronig transitions, These particular

transitions are not allowed energetically in the region
29 < % < 91 (71, 112).

Estimates of the ejected M4 or M5 electron energy and

thus of the value of Z at which the LZ--LBM4 5 transitions
r

are energetically possible, are made by using energy formulae
(eqs. 47 - 51) with tabulated binding energies (59, 62).
Using a formula for electron-ejection energy in the theoreti-
cal calculation which predicts one or both of these transi-
tions to be energetically impossible, when in fact one or
both are possible, causes a large error in the calculated

value of f This is especially true in the region Z > 90

23°
since the L,~M, ¢ transitions are theoretically predicted
L

to contribute approximately 70 percent of the total Coster-
Kronig transition rate; i.e., approximately 70 percent of

the value of £ is predicted to be dQue to the L,~L

23 27 LMy, 5
Coster-Kronig transitions. (This estimate is based on the
theoretical transition rates predicted by McGuire at Z = 96.)
In addition, the L2--L3M4 transition rate is theoretically
predicted to vary in an irregular manner from 260 to 540

percent of the theoretical L2~-L3M5 transition rate in the
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region 96 £ z < 103.

In the light of the above considerations, it is
possible to discuss the theoretical predictions of McGuire
(17, 18). The formula [eq.(51)] used by McGuire to predict
the ejected-electron energy forbids the occurrence of the
L2—L3M5 transition at Z = 92, as well as the L2—L3M4 transi-
tion at Z = 92 and 94. In order to provide realistic values
of f23, McGuire calculated the L2—L3M5 transition rate at
Z = 92. The numerical wave functions were calculated using
an approximate Herman-Skillman potential (61, 17, 18) and
substituting these wave functions into the appropriate
expressions (egs. 25 and 26, see Sect. 2.2) to calculate
direct and exchange matrix elements. These matrix elements
were substituted into the appropriate expression (eq. 27) to
get the transition rate. The transition energy was altered
in the calculation to give a positive ejected-electron
energy (17, 18).

McGuire used his calculated L2—L M_ transition rate

35

to estimate the L2--L3M4 transition rate. This was apparently

accomplished by using the average of the ratio of the theo-

retically calculated L.-L_M, transition rate to the

2 734
theoretically calculated L2-L3M5 transition rate (found to
be 4.0) in the region 96 £ 2 % 103, This is a very crude

approximation, since the magnitude of the L2-L3M4 transition

rate varies in an irregqular fashion from 2.6 to 5.4 times
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the magnitude of the L2--L3M5 transition rate. This
approximation affects f23 quite drastically, since more than
50 percent of the value of f23 is due to the L2—L3M4 transi-
tion.* Therefore, an uncertainty of at least 30 percent
exists in the calculated value {(18) of f23 at 2 = 92 and

94 due to this assumption alone.

The 17 percent discrepancy at Z = 94 between the
theoretical predictions of McGuire and the experimental
results is not of great significance when one considers the
uncertainty in the theoretical results., At Z = 96, the
L2—L3M4 Coster-Kronig transition is predicted by McGuire's
energy formula to be energetically possible and well above
threshold, and significantly, at Z = 96, McGuire's theoreti-
cal prediction agrees with experiment.

At 2 = 92, the experimental value of f23 appears to
be considerably higher than those for Z < 90 but considerably
lower than those for Z > 92, 1In addition, the Z = 92
experimental result is considerably higher than the calcu-

* %
lated results of McGuire (18) (f 3 = 0.095) assuming M

2 5

*

At Z = 92 a calculated value of f23 = (0.155 corresponds to
a (Lz-L3M4/L2~L3M5) ratio of 2.6, while a calculated value
of f23 = 0.219 corresponds to a ratio of 5.4. Similarly,
at 2 = 94, f23

depending on this ratio.

can be as low as 0.14 or as high as 0.195,

* %
This theoretical calculation did not include the L2-L3M4

transition rate.
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elactron ejection to be allowed, but M, electron ejection

4
to be forbidden. However, the theoretical predictions of
Chen, Crasemann, and Kostroun (20) at Z = 93, which assumed
that L2—L3M4’5 transitions are possible and are well above
threshold, lie considerably higher than the experiment at

Z = 92, The theory of McGuire, assuming that both L2—L3M4’5
transitions are possible, predicts a value of f23 at Z = 92
also considerably larger than the experimental one. These
facts suggest that at Z = 92 the M4 ejected electron energy
is very near threshold*, and thus the probability for the
L2—L3M4 transition is only a fraction of the value which
would be expected if the energy available for the L,-L3M,
transition were slightly larger. In other words, at Z = 92,
it appears that the L2—L3M5 transition is fully present, but
that the L2—L3M4 transition, being just above threshold,
contributes only a fraction of its ultimate strength.

The general agreement between the theoretical results
in the region 63 = Z £ 88 (see Fig. 1ll) is quite a contrast
to the disagreement between the theoretical results in the
very high-Z region (see Fig. 12}. The problems associated

with the theoretical results at very high Z are due to the

adoption of incorrect energy formula {McGuire's results) and

As mentioned earlier, the results of Yin et al. (71) at

Z = 29 and 30 indicate that the L2—L3M4 and the L2—L3M5

Coster-Kronig transitions are insensitive to the ejected
electron energy except very near threshold; i.e., within
2 eV of threshold.
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also are due to the problem of obtaining accurate adjust-
able parameters (Chen and Crasemann's IPM results).

In summary, the comparisons of experiment and theory
for f23 lead to the following conclusions:

1) The experimental values of f23 are in general
agreement with the theoretical results in the region
63 2 2z I 88,

2) In the region 63 £ Z X 88, the experimental

values of £ which are measured generally to plus or minus

23
10 percent or better are insufficient to distinguish among

the different theoretical results which lie within approxi-
mately plus or minus 5 percent of each other,

3) The theoretical predication at Z = 94 by Chen
and Crasemann (22) using the IPM with a GSZ potential is in
violent disagreement with the experimental results. This
disagreement with experiment at 2 = 94 may be due to the
inaccuracy of the adjustable parameters used in the GSZ
potential. It should be recalled (Sect. 6.2) that the IPM
model with the GSZ potential disagreed with experiment for
w, as well,

4) The theoretical predictions of McGuire agree with
the experimental results at Z = 96, where both the L2--L3M‘4’5
transitions are well above threshold and contribute fully.

5) The experimental results at Z = 92 seem to indicate

that the L_-L_M, transition is very near threshold and con-

2 7374
tributes only part of its full intensity to the value of f23.
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6) More experimental determinations of f are

23
necessary, especially at Z = 91 and 93, in order to

completely understand the effect of M. and M, electron-

5 4
ejection on f23 (see Chap. 7).

7) Further calculations above Z = 92 of £ will be

23
necessary in order to adequately compare theory with

experiment (see Chap. 7).
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CHAPTER VII
SUGGESTIONS FOR FURTHER WORK

From the discussion it is guite evident that more
experimental and theoretical work is urgently needed for
Z > 90. The lack of experimental work is due to problems
of obtaining suitable radicactive sources. In the region
Z > 90 some of the radioactive sources which would be suit-
able for these measurements are difficult to obtain, while
the half-lives of otherwise suitable sources are too short
to be practical.

A thorough literature search for possible radiocactive

sources suitable for f23 measurements for Z 2 90 indicates

that the following experiments would be feasible. At Z = 90,

an f.., measurement could be performed using a Ce —L x-ray

23
coincidence technique with the L.- and L.-conversion elec-

2 3
trons from the 57.5 keV E2 transition in the decay of U232.

Such a measurement 1s somewhat difficult due to the low

energy of the L2- and L.,-conversion electrons (approximately

3

3% keV). At Z = 91, an f.., measurement could be performed

23

using a Ce —L x-ray coincidence technique with L2- and L3—

conversion electrons from the 86.5 keV El1l transition in the

237 237 241

decay of Np . If the radioactive sources Pu and Cm

were available, one could measure f23 at 2 = 93 and 95,
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respectively, using the Ka -1 x~ray coincidence technique,
r

The determination of f23 at Z = 91 and 93 would be crucial
for a complete understanding of the effect of M- and M-
electron ejection and for a critical test of theory near
threshold (see Fig. 12).

Further calculations should be performed for each Z
in the region 90 £ 2z = 96. Calculations employing screened
hydrogenic wave functions as well as those based on the
Herman-Skiliman approach would be valuable. These calcula-
tions should use an energy formula which "forbids" and
"allows" the proper transitions at a given Z. For such
calculations the transition rates for all principal transi-
tions should be tabulated. A theoretical investigation of
the variation of transition rates with ejected-electron

energy should be performed for the L2—L3M4 and L2—L3M5

transitions in the vicinity of Z = 92.
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APPENDIX I

CORRECTION FOR GATE COMPOSITIONS IN THE DETERMINATION OF THE
NET TRUE COINCIDENCE COUNTING RATES USED IN MEASUREMENTS OF

£ AND EXAMPLE OF EXPERIMENTAL EVALUATION OF L-SUBSHELL

23
YIELDS

In order to obtain the quantities Cﬁ and CR which
2 Q

are used to calculate L-subshell yields (egs. 59-61), correc-
tions must be applied to the gate counting rates (see Sect.
3.3.1). Typically the I(m1 gate events are due to continuum
events and true events. The continuum events are due to
background, Compton scattering, and incomplete charge col-
lection in the detector. The Km2 gate events are due to
continuum events, Ka1 x-ray events which tail into the Ka2
gate, and true events. In certain cases the experimental
gate counting rates include contributions due to other
sources such as y rays, e.g. the 106 keV ¥y ray in the decay

of Np239.

Complete analysis of the gate counting rates for
typical coincidence runs are given in Table 8.

The coincidence spectra must also be corrected for
spurious events (see Sect. 3.3.2). Typical corrections for
the La peak along with the magnitude of these corrections

are given in Table 9. Typically the La events in coincidence

with the Ka events are due to chance and cascade, L8 and LY
1
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Table 8., Typical Composition of the Ka X-Ray Gates

K Gate K Gate
Q2

Atomic o

Number  Parent Component (%) (%)
86 Ra223 Continuum 2.0 2.4
Overlap of Ka - 4,3

1
True 98.0 93,3
88 Th227 Continuum 9.4 11.9
Overlap of Ku; - 4,0
True 90.6 84.1
92 Np23®  Continuum 0.7 1.1
Overlap of Ka - 3.3

1
True 99.3 95.6
92 Pa233 Continuum 2.7 3.8
Overlap of KOL1 - 2.6
True 97.3 93.6
94 Np239 Continuum 1.9 2.5
Overlap of Ka1 - 3.6
106 keV vy Ray Overlap 6.1 4.1
True 92.0 89.8
80 aul?®  continuum 12.9 17.5
Overlap of Ka1 - 3.8
True 87.1 78.7
81 Hg203 Continuum 3.8 5.8
Overlap of Ka - 4.7

1
True 96.2 89.5
82 8i%%7  continuum 1.6 2.3
Qverlap of Ka1 - 4.9
True 98.4 92.8
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Table 9. Typical Composition of the L, Peak in the
Coincidence Spectra
Atomic o (Kal (Kaz)
Number Parent Component (%) (%)
223

86 Ra Chance and Cascade 3.0 20.1

La(Ka ) Contribution* - 23.4
1

LB and LY Tail + Continuum 0.3 6.5
True Coincidences 96.7 50.0

88  Th??’ Chance and Cascade 33.7 87.3
La(Ku ) Contribution - 4.1

1

LB and LY Tail + Continuum 1.4 0.7
True Coincidences 64,9 7.9

92  Np°3°® Chance 2.0 13.8
La(Kal) Contribution - 10.5
LB and LY Tail + Continuum 1.0 7.5
True Coincidences 97.0 68.2

92 Pa233 Chance and Cascade 29.1 68.4
La(Kul) Contribution - 4,5
LB and LY Tail + Continuum 1.8 3.7
True Coincidences 69.1 23.4

94 sz39 Chance and Cascade 30,3 62.1
La(Kal) Contribution - 5.2
LB and LY Tail + Continuum 1.0 1.7
La (106 keV y) Contribution 3.0 4.0
True Coincidences 65.7 27.0

80 Aulgs Chance and Cascade 1.4 8.0
La(Kal) Contribution - 23.3
LB and LY Tail + Continuum 0.4 7.3
True Coincidences 98.2 61.4
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Table 9. {(Continued)
Atomic (Ka1 (Kaz)
Number Parent Compecnent (%) (%)
203
81 Hg Chance and Cascade 3.0 15.4
La(Kal) Contribtuion - 23.5
LB and LY Tail + Continuum 0.4 8.4
True Coincidences 96.6 52.7
82 Bi207 Chance and Cascade 3.5 20.5
La(Ka } Contribution - 24.0
1
LB and LY Tail + Continuum 0.4 B.2
True Coincidences 96.1 47.3

* The "Lu(Kal) Contribution" is the percentage of La events
in the K
G2

K
G2

into Ka

gated spectra that are due to the tailing of

2
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tailing, continuum events, and true events. The La events
in coincidence with the Ka events are due to chance and
2

cascade, L, and LY tailing, continuum events, Lu events in

8
the Ka2 gated spectra that are due to the tailing of Ka1
into Kaz,and true events. In certain cases additional
corrections must be applied to account for impurities in
gates other than those previously mentioned, e.g. the La
events which are in coincidence with the 106 keV y-ray
pulses in the Kal and Ka2 gates.

Since typical gate spectra (Fig. 2) and typical
coincidence spectra (Fig. 3) were given for the Z = 94
experiment, one of these measurements will be used to give
an outline of a typical calculation.

In order to calculate the quantities v Wor W and

27 3f

f23, the guantities C! , C! and I

K K., ' ILs--X(K )’
Oy

an s Lz-X(Kaz)

used in egs. (59-61) must be derived from the experimentally
measured gate counts and the experimentally measured coinci-
dence spectra. For the Z = 94 measurements, an analysis of
six gate counting rates and the spectra associated with these
gates was performed. Only quantities associated with the

Ka1 and Kaz gate counting rates and their spectra was involved

in the final calculation, but the other four gates and their

coincidence spectra were used to correct for spurious events

in the Ka and K, x-ray gates and their coincidence spectra
2

1
(see Sects. 3.3.1 and 3.3.2)

The gate counting rates CR and Cﬁ were corrected
(0.5 ] e 3]
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for the continuum, tailing of Kal pulses into the Kaz gate
region (i.e., overlap of Kal’ Table 8), and tailing (i.e.,
overlap) of the 106 keV y ray into the Kul and Ku2 X-ray
gates*. The details of the measurement of the tailing
corrections are given in Sect. 5.2.5. The continuum in the
region of the KO[1 and Kaz X-ray gates was assumed to vary
slowly, therefore, a region above the 106 keV y ray was used
to estimate the continuum. After all corrections were made,
92.0 percent of the Ka1 gate events (1.899 x 107 counts)
were found to be true events. Therefore, the gate counting

rate Cﬁ multiplied by the counting time of the experiment

G
* %k
(T) was found to be 1.748 x lO7 counts (Cﬁ * T) . The
S5
true events (Ck - T =1.189 x 107 counts) in the K{I2 gate

G2
were found to be 89.8 percent of the gate events (1.325 x 10

counts) .

k%
A continuum gated coincidence spectrum multiplied

x
Other corrections {e.g. for unresolved lines and escape
peaks [Ge K x-ray escape is negligible in this energy

region (115)]} were unnecessary.

kk
Since ratios of counting rates and intensity per unit time

appear in egs. (59-61), the magnitude of the final L-

subshell quantities do not depend on T.

* k%
The gate setting for this continuum gated coincidence

spectra is shown in Fig. 2 (the gate between the Yy ray

and the K—M2 line).
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*
by appropriate normalizing factors was subtracted from the

Ka1 X~-ray, Ka2 x-ray, and 106 keV y-ray gated coincidence

spectra in order to correct for the L x rays in coincidence
with the continuum. A similar correction was applied to the
KB; ¥-ray gated coincidence spectra**. After the above
corrections were applied, the 106 keV y-ray gated spectra

and the K x-ray gated spectra were properly normalized and

t
B1
subtracted from the Ka and Ka x-ray gated spectra. These

1 2

two final spectra contain only true coincidences.

The counts in the L La’ Ln + L and LY X-ray peaks

Rr B!
LR
were summed and corrected for continuum and tailing . The

total counts in the LE' La' LB + Ln, and LY x-ray peaks in

the Ka1 x-ray gated spectra and in the Km2 Xx-ray gated

*
The continuum gated coincidence spectrum was normalized
to the gate width (number of channels in the gate) of

the Ka1 X-ray, Ka x-ray, and y-ray gates.
2

* %
The gate setting for the continuum gated coincidence

spectrum that was subtracted from the KB x-ray gated

1
1
coincidence spectrum is shown in Fig. 2 (the shaded area
to the right of the K - 0 line),

* % %
Counts in the regions to the immediate right and immediate

left (i.e., continuum regions) of each peak were properly
normalized and subtracted from their respective peak
totals (i.e., a step-function background subtraction was
performed).
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%*
spectra divided by their respective total corrected gate
counts along with 1o statistical errors are given in Tables

10 and 11, 1In addition, other correcticons are tabulated

and values of I /¢, I /¢, and
LR(Kal) Ka1 La(KaI) Km1
I /c! y and I /C! - f [T /c! ]
LH+B(KUJ) KGl Ln+B(KGz) Kuz 23 Lﬂ+B(Kal) KG1
and IL (K )/Cé are tabulated (right most column) in
Y o o2 Qo

Tables 10 and 11, respectively.
The right hand column of Table 10 and of Table 11

and
1

' : : 1
are summed to obtain the gquantities ILZ'X(Kal)/CKa

I (i.e., Wy and wz), respectively. Actually

- /€y
La=X(K, )/ 7K

f23 was calculated before the quantities in Table 11 are

summed since these quantities depend on f {(see the next

23
paragraph for the calculation of f23). The 4 percent

(0.0021) uncertainty in the value of w, was added to the

20 statistical uncertainty (0.014) to obtain a total uncer-
tainty of 0.036 (or 7.2 precent, 95 percent confidence

level). The uncertainty in w, was similarly determined to

2
be 0.036 {(or 7.2 percent).

*
For example, the total counts in the Lu peak in coincidence

with Ka1 gate events and in cecincidence with Kaz gate

events were 2.926 x 104 and 1.018 x lO4 counts, respectively.

The number of true La counts in coincidence with true Ka
1

X-ray events were 1.921 x lO4 counts (65,7 percent true,

see Table 9) and 2.751 x 10°
see Table 9), respectively.

counts (27.0 percent true,



Table 10. Evaluation of w. from Coincidence Data

3
Quantity
3 3
[I 1[14A,_£(6)1[ex107] (1 Jiex107] I
Peak Ls (K, ) 22 1+a,, £ (8) Ls (K, ) ex10° Ll )
ct c! cy
a3 o L3

L, 0.081£0.004 1.236 0.066+0.003 2,982 0.022:0.001
L, 1.09420.015 1.019 1.074+0.015 2.93  0.367:0.005
L+l 0.30720.015 1.032 0.297%0.015 2.70  0.110%0.006

0.499+£0.008

a) Values given for the efficiency in this table were measured in a different

geometry than those given in Fig. 6.

€CT



Table 11. Evaluation of w, from Coincidence Data

Quantity
(1 41, (x )][ex103] [£,3) 10, (& )][€XI03] 11, x )][ex103] N S

Peak T 3%, 2%, ex10 23 %,

C' C C! C,

KOLz K(11 Kuz KO!.z
L, 0.015+0.004 0.014%0.002 - - 2.98%
L, 0.231+0.014 0.232%0.028 2.93
L +Lg 1.141+0.017 0.064+0.009 1.07740.018 2.70 0.399%0.007
L, 0.288+0.008 0.288+0.008 2.46 0.117£0.003

0.516*0.007

a) Values given for the efficiency in this table were measured in a different
gecmetry than those given in Fig. 6.

Pl
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An experimental value of f was calculated from

23
*
the relation :

f +

= (I /c2
23 LR(KG )’ K

I /Cq 1/
, o L, (K, )/ 7K

Ga

/c! +

K In x )/ ! (85)
[+ ] o (e N1 o 3]

[ILQ(Kal)

After substituting the appropriate quantities from Table 9
and 10 into eq. (85) and evaluating the result, a value of
f23 = 0.216 * 0.013 was obtained (the 0.013 uncertainty is
only a lo statistical uncertainty). The total uncertainty
in f23 [i.e., 20 statistical (0.026) plus the uncertainty
in f23 due to the tailing**of Ka1 pulses into the Kaz gate
(0.004)] was 0.030 (or 14 percent, 95 percent confidence
level). Thus, f23 = 0.216 * 0.030 for this particular
determination.

Judicious assignment of the four gate regions for
each of the seven runs effectively produced a set of seven

determinations of the L-subshell qguantities. An error

weighted average of these seven determinations were reported.

*
Any fraction of I and the same fraction of

/C.
L3—X(Ka2) Ku2
may be used to calculate £
i
and I

I Frequently

23°

[}
/CKOll are used to calculate f23.

- /Cyq
Ly-X (K, )/ 7K
I

/Cy
La(Kaz) Ky, La(Kal)

* %
The uncertainty in the tailing correction was assumed to

be 10 percent.
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APPENDIX II

VALUES OF f23 OMITTED FROM "MOST RELIABLE" VALUES



Table 12. Values of £ Omitted

23

From Selected "Most Reliable"” Values

Z 23 Reference Comment
57 0.21 + 0.02 143 No reference to Ln Correction, performed
using critical absorbers, no reference to
correction for tailing of LB and LY into
La peak.
63 0.172 £ 0.015 144,145 Unpublished result.
64 0.223 + 0.011 147 No reference to Ln Correction, no reference
to correction for tailing of LB and L_ into
L peak.
o
65 0.066 + 0.014 148,116 Possible improper tailing correction, and
possible improper cascade correction*.
67 0.205 + 0.034 149,15 Unpublished result.
68 0.225 + 0.025 149,15 Unpublished result.
73 0.20 £ 0.04 33 Low resolution, performed using critical
absorbers.,
0.150 * 0.007 148,110 Low resclution,
80 0.22 + 0.04 153 Assumed previously measured values in order
to derive result.
0.08 ¢+ 0.02 33 Low resolution, performed using critical
absorbers.
0.188 £+ 0.010 148,154 Low resolution.

LZT



Table 12, (Continued)
pA 23 Reference Comment
81 0.25 + 0.13 155 Assumed previously measured values in order
to derive result,
0.169 + 0.010 156 Low resolution.
0.130 + 0.006 157 Unpublished result.
82 0.164 + 0.016 37 Low resolution.
0.156 * 0.010 158 No reference to correction for tailing of
L, and L into L_gates.
B Y a
+ 0.14 . .
83 0.06 _ 0.06 109 Assumed previously measured values in order
) to derive result.
88 0.01 * 0.07 g2 a-particle—L x-ray coincidence technique
used.
0.053 * 0.052 Present Work, 73 Assigned error limits negate the value of
this result.
90 0.13 ¢+ 0.10 91 a-particle-1. x-ray coincidence technique
used.
92 0.43 t 0.06 89 a-particle—L x-~ray coincidence technique
used.
0.37 * 0.07 89 ag-particle-L x-ray coincidence technique
used,
0.07 + 0.05 92 a-particle—-L x-ray c¢oincidence technique
used.
0.23 + 0.12 38 Assumed previously measured values in order

to derive result.

82T



Table 12. (Continued)
Z 23 Reference Comment
+ 0.11 . .
92 0.14 _ 0.06 112,159 Assumed theoretical values in order to
' derive result.
+ 0.05 . .
93 0.02 _ 0.02 160 Assumed previously measured wvalues in order
' to derive result.
94 0.22 + 0.08 26 o-particle-L x-ray coincidence technique
used.
0.42 + 0.08 89 a-particle—-I, x~-ray coincidence technigque
used,
0.21 <+ 0.08 90 Assumed previously measured values in order
to determine result.
0.24 £ 0.08 38 Assumed previously measured values in order
to determine result.
0.233 £ 0.015 144,145 Unpublished result.
0.24 f g'ég 112,159 Assumed theoretical values in order to
: derive result.
96 0.226 = 0.017 144,145 Unpublished result.

*
J. C. McGeorge, private communication (1972).

621
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APPENDIX III

EVALUATION OF HIGHLY ORIENTED GRAPHITE CURVED CRYSTALS FOR

X-RAY SPECTROSCOPY WITH RADIOACTIVE SOURCES

The possible use of highly oriented graphite (HOG)
mosaic curved crystals (161) for determination of x-ray
fluorescence and Coster-Kronig yields was evaluated. Budick
and Derman (162) had measured L-subshell fluorescence yields
at Z = 47 and 52 using such a crystal. From their singles
spectra and previously measured value of the mean L-shell
fluorescence yield (BL), they were able to extend our know-
ledge of L-subshell yields to lower Z with 10 percent
accuracy (previous measurements existed only for Z > 53).

Differentiating the Bragg equation, ni = 2Dsint, the

energy resolution of the crystal is given by:

dE 2E2D cost

_ _ 2E'D cosB 2 vl
[Eﬁ] = 12.4 (keV A )

(86)
where D is the crystal spacing (2D = 6.7 3 Yy, db is the slit
width including the working angle of the crystal.

Assuming df6 = 0.5° (by assuming a slit width of 0.1°
and a rocking angle of 0.4°), one finds from the table below
that the resolution becomes better than that of a semi-
conductor detector only below 6 keV.

Budick and Derman worked with curved mosaic graphite
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crystals having a mosaic spread of 0.8° and collimators to
0.25° to obtain resolutions for the La x rays of Ag and Te
(2.88 and 3.76 keV, respectively) in first-order reflection
of 65 and 110 eV FWHM, respectively. Table 13 suggests that
the resolution obtainable is close to the best that might

be achieved on a practical basis, and that the Si(Li)
detector begins to compete favorably above 6 keV. Although
the HOG curved crystals have much higher diffracting power
(161) (6.7 for Cu Ka X-rays) than LiF crystals, their very

4 0 107%) makes K, x-ray-

low efficiency (approximately 10~
L x-ray coincidence studies impossible within a reasonable
time. The problems arising from low efficiency, source
attenuation, and assumptions of guantities from other
measurements in the singles use of HOG crystals makes it
difficult to use them for precise measurements of fluorescence

and Coster-Kronig yields at low Z; however, at present, they

represent perhaps the oniy available method.



132

Table 13. Resolution vs Energy of Highly Oriented Graphite
Curved Crystal (Typical)

E (keV) dE {(FWHM) in eV
2 7.2
3 33.5
4 67.0
5 105.0
6 162.0

7 223.0
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