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and (38) shows that it is not very sensitive to tt. There-
fore, by averaging over these values of p, , one obtains a
mixed density function separated into relative and
center-of-mass coordinates. Figures 1 and 2 show this
function for the special cases of Ca" and 0", respec-
tively. In both cases the relationship

p(r, E)=p(O, R) exp/ —4.61(r/Rs)'1

=p(E) exp( —4.61(r/Ro)'] (39)

holds approximately, where the function p(R) can be
read from the figures.

It is interesting to see what the mixed density func-
tion is when derived from shell-model wave functions.
Figure 3 shows the mixed density function for Ca"
derived from the wave functions which were used in
this work, those associated with a uniform potential,
but vanishing at the nuclear surface. Because of the
large amount of s wave in the Ca" nucleus, the function
is large at the origin; but this will not afkct the spin-
orbit calculation, since all the pertinent wave functions
vanish at the origin in that case. For the important
values of the coordinates r and R, Figs. 1 and 3 agree
rather well, and Eq. (39) holds except at the origin.
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A study of the L Auger spectrum emitted from a source of ThB in equilibrium with its decay products
has been made by using a thin-magnetic-lens electron spectrometer. The L Auger spectrum coincident
with alpha particles has also been measured, and this has been ascribed mainly to s&Tl~'. Since the directly
recorded L Auger spectrum is composed mainly from the L spectra of »Tl~ and 83Bi", the latter spectrum
could be obtained by subtraction of the properly normalized alpha coincident spectrum from the directly
recorded spectrum. The importance of the effect of nuclear recoil accompanying alpha emission on the shape
and energies of the L Auger spectra is discussed and properly taken into account. The energies and intensities
of fifteen lines are given for each spectrum, and a classification of these lines are made. From the experimental
results the Auger and. Coster-lronig yields for the diferent L subshells were calculated.

INTRODUCTION

TOMS which have been ionized in an inner shell

~ ~

~

will revert to their normal unexcited state by
emitting both a characteristic x-ray spectrum and a
characteristic electron line spectrum of Auger electrons.
These Auger electrons are emitted when a "hole" in a
given shell is filled by radiationless transitions involving
two electrons in shells of low energy, one of which is

ejected from the atom, which is then left in a state of
double ionization. In radioactive decay, the processes
of internal conversion or orbital electron capture give
rise to inner shell ionization. The characteristic x-rays
emitted in radioactive decay have been examined
experimentally in many instances. ' The form of the E
Auger spectrum and the values of the E-shell Quores-

cent yield has been the subject of some theoretical
treatment. ' Accurate experimental data on the E Auger

spectra and E fluorescent yields has only accumulated

fairly recently as a consequence of the development in

technique for detecting low-energy electrons. Data con-

cerning L, Auger spectra (following on I.-shell vacancies)

$ This article comprises part of the work submitted in a thesis
by J. Burde in fulfillment of the requirements for the degree of
Doctor of Philosophy of the Hebrew University.

'E. H. S. Burhop, The Auger Epee (Cambridge University
Press, New York, 1952).

is still most meager, since the electron energies involved
are so very low (5—15 kev even for the heaviest
elements).

Among the few recent investigations of I. Auger
spectra, we mention the work of Kobayashi' and
Bashilov et al.' on the I. Auger spectrum of RaD and
Haynes and Ancor' on the I. Auger spectrum of Au'".
In the present work, the authors have examined the
I. Auger spectrum from thorium active deposit, be-
longing essentially to the isotopes 8~Tl"' and 83Bi'".
Butt' and also Flammersfeld' have earlier examined the
low-energy electron spectrum from thorium active
deposit, but under unfavorable conditions of poor
resolution. Their results point to many unresolved lines.
These previous investigators were not able to separate
the spectra belonging to the diGerent isotopes involved.
In this work, higher resolution was used and the Auger
spectra from S~T1"' and 83Bi'" were separated by
recording coincidences between 0. particles and Auger
electrons in addition to the normal direct Auger spec-

' Y. Kobayashi, J. Phys. Soc. Japan 8, 440 (1953).' Bashilov, Dzhelepov, and Chervinskaya, Izvest. Akad. Nauk.
S. S. S. R., Ser. Fiz. 17, 428 (1953).

4S. K. Haynes and W. T. Ancor, J. phys. radium 16, 635
(j.955).' D. K. Butt, Proc. Phys. Soc. (London) A63, 986 (1950).

e A. Flammersfeld, Z. Physik 114, 227 (1939).
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trum. It should be pointed out that a source of ThB
prepared by recoil collection from an emanating source
of radiothorium is essentially infinitely thin and thus
very suitable for measuring the very low-energy elec-
trons concerned, between 5 kev and 15 kev (although
care must be exercised in correctly taking into account
n-recoil effects).

In a source of ThB in equilibrium with its products,
an intense Auger spectra is produced as a result of
I.-shell ionization. By far the most intense contributions
are associated with the three strongest conversion lines
in the electron spectrum, the well-known "A" line in

srTl"' (ThC") and the Ii and I lines in ssBi"' (ThC). '
In the former case, the 40-kev transition following the
e decay of 83Bi'" is strongly converted in the I shell

(otr. =16). In the latter case, the 238-kev transition
following the P-decay of »Pb"' is converted in the E
and I shells (nrem

——0.62, crz, =0.107). It should be noted
that E ionization will lead to 1. ionization as a conse-
quence of either radiative x-ray transitions or Auger
transitions involving the I. shell. More than 90% of
the number of I.-shell vacancies are produced in 83Bi'"
by the latter processes. Thus, whereas the directly
recorded Auger spectrum will be a mixture of the 1.
spectra of bismuth and thallium, the spectrum obtained
by coincidence with the 6.04-Mev ct particles (which
lead to the 40-kev transition) will yield only the I.
spectrum of thallium. Both the "single" and "coinci-
dent" spectra were investigated.

In this work the importance of the infI.uence of the
nuclear recoil associated with 0. decay on the energies
and form of the Auger spectra which are detected
experimentally is pointed out. A classification of the
observed spectra for Z=81 and Z=83 is made, in

which these recoil eGects are properly taken into
account.

EXPERIMENTAL METHOD

A thin-lens iron-free spectrometer was used to ex-
amine the electron spectrum. Using a carefully adjusted
ring focus whose position and dimensions were deter-
mined by direct photography of the 2 and Ii conversion
lines from thorium active deposit, a resolution of 0.8%
could be obtained when necessary. Most of the measure-
ments were carried out at about 1% resolution. Care
was taken to annul very precisely the effect of the
earth's magnetic field by using neutralizing coils, since
the earth's field may have a particularly disturbing
effect at low energies.

A Geiger counter with a thin window was used as the
electron detector. Butt' had used the technique of post-
acceleration of the electrons which had passed through
the spectrometer before entering the Geiger detector.
We found this to be unnecessary, using counter windows
of about 30 tsg/cm, ' which were made up of alternating
foils of Formvar and Zapon supported on a grid of
parallel tungsten wires. The window transmission was
estimated by measuring the fairly sharply defined cut-
oG energy and using the experiment results of Lane
and ZaGarano. For a typical window the transmissions
at 8 kev and 5 kev were 90% and 70%, respectively.

Special attention was paid to the mounting and
preparation of the source. This was prepared by recoil
collection on a 2-mm diameter thin aluminum foil
(0.17 mg/cm') which was centered on a 2-cm diameter
thin Zapon film, supported on a light aluminum frame.
For coincidence measurements, this source holder was
situated above a Perspex light guide which trans-
mitted the n scintillations to an E.M.I.photomultiplier.
A drawing of the experimental arrangement is shown in
Fig. 1 which shows the source and light pipe situated in
the entrance chamber of the spectrometer, with the
gate valve connecting to the main vacuum chamber

8.8 Mev

lo—
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Fn. i. Drawing of experimental arrangement showing source
holder and alpha scintillator. (1) Light pipe; (2) plastic scintil-
lator; (3) source; (4) source holder; (5) gate valve connecting
entrance chamber to main vacuum chamber of spectrometer.

'7K. Siegbahn and T. R. Gerholm, Beta- and Gamma-Ray
Spectroscopy, edited by K. Siegbahn (North-Holland Publishing
Company, Amsterdam, 1955).

Pulse Height Volts

FIG. 2. Differential. pulse-height distribution in the thin plastic
scintillator, showing the two alpha groups from a ThB source in
equilibrium with its products.

8 R. 0. Lane and D. J. Zaffarano, U. S. Atomic Energy Com-
mission Report ISC 439 (unpublished).
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closed. . The o. scintillator was a thin wafer of plastic
scintillator (1,1,4,4 tetraphenyl butadiene in poly-
styrene), 8 mm in diameter and 0.2 mm thick, which
sat in a suitable depression at the top end of the light
pipe. The latter was shaped for maximum light col-
lection. The thickness of the scintillator was such that
while both groups of o. particles from ThC and ThC'
(6 Mev and 8.8 Mev, respectively) lost all the energy
in the scintillator and could be nicely resolved, the
numerous electrons losing energy in the scintillator all
produced smaller pulses and could be discriminated
against, despite the fact that the light output per unit
energy loss in the plastic scintillator is much greater
for electrons. Figure 2 shows a typical diGerential
pulse-height curve obtained from the scintillator and
the two groups of a particles are clearly displayed above
the electron pulses. In the coincidence measurements
the source was about 3.5 mm from the scintillator and
a total n-counting rate of about 3 million per minute
was used. Despite this high counting rate, no sensible
change in the properties of the scintillating plastic was
noticed even after some months of continual use. This
is in contrast to the behavior of anthracene which shows
considerable radiation damage under e bombardment. '

Coincidences between the Geiger pulses and O,-scintil-
lation pulses were recorded, a resolving time of 3&(10 '
sec being used. By using a high overvoltage on the
counter, no coincidence losses were obtained at this
resolving time. The coincidences measurement were
carried out by using a discriminator which passed both
the low- and high-energy n groups. Since the high-
energy group is not coincident with a signi6cant
intensity of conversion lines, this may be done without
increasing unwanted true coincidences, and is simpler
than using a system of pulse analysis which selects only
the lower group, although the random coincidence rate
is increased.

RECOIL EFFECTS IN THE SPECTRUM OF AUGER
ELECTRONS ASSOCIATED W'ITH ALPHA DECAY

It has been recently shown by the authors" that
conversion electrons emitted in the de-excitation of
excited nuclear states which are formed after alpha
decay may show considerable broadening and even
shifts in energy, as a consequence of nuclear recoil.
The energy of the conversion electrons may be altered
on two accounts: on the one hand, electrons may be
emitted from recoil nuclei which are still in motion, and
on the other hand, recoil nuclei, by virtue of their
initial momentum, may penetrate the source backing,
so that electrons emitted from these nuclei in a direction
outwards from the source backing, will be retarded to
some extent, even though the parent source may be
infinitely thin. Since Auger electrons are emitted within
a very short time after conversion electrons (of the

J. B. Birks, SHntil/ation Counters (Pergamon Press, London,
1953}."J.Burde and S. G. Cohen, Phys. Rev. 101, 495 (1956).

order of 10-" sec for I. Auger electrons) they should
also show similar sects, in general even to a greater
extent, because of the low velocity of the Auger elec-
trons. Thus, if an electron is emitted at an angle 8
with respect to the direction of nuclear recoil, then
the momentum p of the emitted electron will be
p=ps(1+(s„/sp) cos8j, where pe would be the mo-
mentum of the electron emitted by a stationary nucleus,
v„ is the velocity of the recoiling nucleus at the moment
the electron is ejected, and vp is the velocity of the
emitted electron. Assuming there is no angular corre-
lation between the Auger electrons and of particles, it
follows that for an ideally thin source situated in
vacuum on an ideally thin backing, the resulting mo-
mentum distribution will be a rectangle of relative
half-width Ap/p equal to s„/ss. Thus, for the example
important in this work, the velocity v„of the 116-kev
recoil nucleus of 8~Tl"' in the 40-kev excited state,
produced after the emission of an alpha particle of
energy 6.04 Mev, is 3.3X10r cm/sec and the energy of
the most intense line in the L, Auger spectrum produced
after the I. internal conversion of this transition is
about 7.6 kev, corresponding to an electron velocity of
5.2X10' cm/sec. The ratio s„/ss should thus be about
0.63%. In general, the source will be mounted on a
backing which will be greater than or comparable to
the range of the recoil nuclei. The average range of
the recoil nuclei of SiT1208 in aluminumii is about
6 pg/cm' and they are stopped in about 2)(10 " sec.
The Auger electrons, emitted from nuclei which have
penetrated the backing, will emerge in the perpendicular
direction outwards from the source after passing
through a thickness of backing material on the average
equal to half the average range of the recoil nuclei. The
average loss of a 7-kev electron passing through
3-pg/cm' aluminum is above 70 ev. ' Thus, in general,
one-half of the Auger electrons emitted in a given
direction out of the source will have an increased energy,
corresponding to recoil nuclei moving away from the
backing, and one-half will have a reduced energy,
corresponding to recoil nuclei which have penetrated
the source.

The a-coincident arrangement described above, how-
ever, electively selects recoil nuclei which leave the
source into the vacuum, and therefore the coincident
spectrum of Auger electrons will show increased
energies. The momentum displacement will depend on
the solid angle which the n counter subtends at the
source; if the solid angle is small the mean momentum
will be close to the maximum of the recoil distribution,
i.e., pe(1+s„/ss). In most of the coincidence measure-
ments carried out in this work, the solid angle was

"The range distributions of 81T1"'recoil nuclei in various mate-
rials has been measured in this Laboratory by allowing a beam
of recoil nuclei to penetrate thin foils and measuring the 3.i-min
»Tl"' activity induced in the foils. The average ranges found for
Formvar, aluminum, silver, and gold were about 11, 6, 7, and
15 pg/cnIs, respectively PS. G. Cohen and A. Marinov (to be pub-
lished) g.
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Fyo. 3. L Auger spectrum from thorium active deposit observed
with a spectrometer resolution of 0.8%.

about 2 steradians, corresponding to an extreme value
of cos8=0.66. From the coincidence measurements the
correction for the recoil can accurately be subtracted in
order to obtain the true energy of the Auger lines; for
the noncoincident spectra, however, it is more diKcult
to correct accurately for the retardation of electrons
emitted from recoil nuclei which have penetrated below
the surface. There is thus a further advantage in using
coincidence techniques for examining the Auger spectra
following alpha decay.

EXPERIMENTAL RESULTS AND THE CORRECTED L
AUGER SPECTRA FOR gy Tl 8 AND ssBi"'

Figure 3 shows the Auger spectrum recorded without
coincidences using a spectrometer resolution of 0.8%

(measured on the thorium P line). The results are
corrected for the dependence of transmission of the
Geiger window on energy and for the decay of the
source during the experiment. In this spectrum, we see
eleven apparently resolved lines, and it may be thought
at first that each "line" represents an Auger transition
belonging to a definite atomic number Z=81 or 83.
That this is not the case, however, follows from an
inspection of the e-coincident spectrum. Figure 4 shows
the two simultaneously recorded direct and coincident
spectra, taken with a resolution of 1.2% (poorer resolu-
tion was used in order to obtain a higher coincident
counting rate), again corrected for window transmission
and decay of the source. The coincident counting rate
at the peak of the most intense Auger line was about
100 pulses per minute. The coincident spectrum, which,
as explained in the introduction, belongs essentially to
8~Tl"', shows at least fourteen lines, none of which
coincide with the peaks in the "singles" spectrum. The
latter is in fact compounded from the Auger spectra of
8&Tl208 and 83+i & The spectrum of 83@i & was obtained
by subtracting from the direct or composite spectrum
the coincident spectrum belonging to SyTl"', after
applying the proper normalization, and also the neces-
sary corrections to the energies due to the change in
recoil effects to be expected in the "singles" spectrum
with respect to those obtaining in the coincident spec-
trum. The normalization factor is equal to the reciprocal
of the over-all efFiciency of the e-scintillation counter.
This was measured experimentally in the actual experi-
mental conditions in which Fig. 4 was obtained by
measuring the ratio between the singles and O,-coincident
counting rate obtained with the 24.5-kev "A" line,
resulting from the I.conversion of the 40-kev transition.
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spectrum of 83Bi

Since every such conversion electron coincides with a
6.04-Mev 0, particle, this ratio gives directly the efE-
ciency of the n scintillation counter. The necessary
coxrection to the coincidence spectrum, taking into
account recoil eGects, was obtained in the following
way. The coincident spectra was resolved into its com-
ponent lines. This could be done in a fairly unambiguous
way. For each such Auger line, the shape and mo-
mentum of the corresponding line to be expected in the
directly recorded spectrum of 81Tl" was computed as
the sum of two close lines of equal intensity: the first
line results from Auger electrons which are ejected into
the acceptance cone of the spectrometer from recoil
nuclei moving out of the source into the vacuum and
therefore have momentum between ps and ps+ (s„/sp) p, ;
the second results from Auger electrons emitted from
recoil nuclei which are at rest after having penetrated
the source backing. "The results of Lane and Zaffarano'
were used to estimate the average energy loss suGered

by electrons in passing through half the average range
oi the recoil nuclei (3 pg/cm'). The 6nite resolution of
the spectrometer was of course taken into account in
estimating the Anal line shapes.

Figure 5 shows once again the observed composite
direct spectrum, together with the corrected normalized,
coincident spectrum of 81T1", and the resultant spec-
trum obtained by subtraction of the latter from the
former. This di6erence spectrum must be ascribed
mainly to the L Auger spectrum of 83Bi ' .

Finally, Fig. 6 shows the two L Auger spectra of
thallium and bismuth plotted together for the sake of
convenient visual comparison. The thallium spectrum
has been corrected for the effect of recoil shifts to give

"Measurements of the lifetime of the 40-kev transition in 8~Tl~s
by the authors, using recoil shifts of the conversion electrons, give
a value of about 1X10 ' sec which is considerably greater than
the slowing-down time in aluminum (2)(10 "sec). J. Burde and
S. G. Cohen, following paper (Phys. Rev. 104, 1093 (1956)g.

the energies corresponding to the spectrum which would
be observed from stationary nuclei.

TABLE I. Initial distribution of ionization and distribution of
Auger electrons in Lz, Lzz, and Lzzz subshells, per disintegration
of ThC.

Initial distribution of
ionization per dis-
integration of ThC

Distribution of Auger
electrons per disin-
tegration of 'PhC

Z =81
Lz Lzz Lzn

0.16 0.02 0.01

0.025 0.02 0.05

Z =83
Lz Ln Lm

0.06 0.085 0.16

0.01 0.035 0.10

IDENTIFICATION OF LINES, AND DISCUSSION

From Fig. 6 it is immediately apparent that there is
a marked correspondence between the forms of the two
Auger spectra. This is to be expected for two elements
diGering in atomic number by two. On the other hand,
apart from the relative displacement of corresponding
lines, there are some differences in relative intensities,
and there are a few lines which seem only to occur in
one or other of the spectra. These differences result
from the di6erence in distribution of vacancies in the
L subshells which precede the emission of L Auger
electrons in the two cases. We must distinguish here
between the initial and final distribution of I vacancies,
since the initial distribution will be altered by the
possibility of Coster-Kronig transitions which take place
between the L subshells. The initial distribution can be
estimated for the two isotopes from the knowledge of
the various conversion coefficients and for 83Bi'" the
E fluorescent yield, and the relative intensities of the
lines in the E x-ray spectrum.

Table I shows the initial distribution of holes in the
subshells found in this way. It has been known for
some time that the L~—Lzzz type of Coster-Kronig
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transition has a high probability in this region of the
periodic table, and hence one will expect the Auger
lines originating in the Lzzz subshell to be intense in
both isotopes although the amount of initial Lz ioniza-
tion is appreciable in both cases.

For the identification of the lines, the table of
atomic absorption edges prepared by Hill, Church, and
Mihelich" was used. For some lines, the knowledge of
the L binding energies was sufhcient to ensure identifi-
cation on energetic grounds alone. This is so despite
the large number of transitions which are energetically
possible for the lower energy group of high-intensity
lines of the type Lzzz —MM which appear in both
spectra in roughly the same ratio of intensities.

Some lines, however, cannot be unambiguously
identified on energetic grounds alone, since the large
number of a priori possible transitions are very large
and in some cases more than one energetically possible
transition gives the observed energy. In these cases it
happens that the ambiguity can be removed taking
into account the differences in form between the two
spectra together with the distribution of vacancies in
the L subshells mentioned earlier. The relative intensi-
ties of the group of Auger lines originating in the Lzzz

subshell vacancy shouM be approximately the same for
Z=81 and Z=83. If the intensity of corresponding
Auger lines relative to a group of Auger lines which
have been definitely assigned to the Lzzz subshell is
markedly different for the two isotopes, then it may
be assumed that these corresponding lines originate in

the Lz or Lzz subshells. Owing to the fact that the ratio

» Hijj, Church, and Mihejich, Rev. Sci. Instr. 23, 523 (1952),

of the number of primary holes in the Lz subshell to
that in the Lzz subshell divers markedly for the two
isotopes, one can find out in which subshell the lines
originate by comparing the intensities of the corre-
sponding lines for the two isotopes. Thus, for example,
the line C2 appears quite strongly in the thallium spectra
but is unresolved and weak in the bismuth spectrum.
Similarly, C~ is much stronger in thallium than the
corresponding line in bismuth. Now, from energetic
considerations alone, these lines might originate from

Lzzz or Lzz or Lz vacancies. However, the main Lzzz

Auger lines show a fixed ratio; thus the lines cannot
involve the Lzzz shell; in fact the marked differences in

Jz vacancies indicated in the table, shows that these
lines involve the Lz shell: this, together with a knowl-

edge of the binding energies, leads to a fairly certain
classification of the lines.

Table II shows the classification of the L Auger
lines for thallium and bismuth obtained in this way,
together with the measured energies and intensities.
The energies calculated from the atomic absorption
edges, assuming the stated classifications, are also
listed. The energy of an atom simultaneously ionized in
the M and X shell was estimated in the usual way by
taking the sum of the ionization energy of a singly
ionized atom in the M shell for the element concerned
of atomic number Z with the ionization energy of atom
singly ionized in the E shell belonging to element of
atomic number Z+1.

The L Auger spectrum of 83Bi'", appearing in the dis-
integration of Rao, has been investigated by Bashilov
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TABLE II. Classification of the I Auger lines for thallium (Z= 81) and bismuth (Z= 83).The measured energy of each line is compared
with the calculated energy for the assumed classification. Intensities are given in percent of the total number of Auger electrons due to
the investigated element. Electrons from Lrzr, Lrr, and Lz subshells are designated by A;, 8;, and C;, respectively.

Auger
line

Az
A2
A3
A4
A5
A6
81
82

A7

C2

83
84

85

C3

Energy
measured

kev

5.48&0.04
5.95&0.05
6.18&0.05
6.65&0.03
7.14&0.02
7.62&0.02
8.14~0.05
8.6 ~0.07
9.06~0.03

9.68&0.03

10.27+0.04

11.02~0.06

11.52&0.1
11.93~0.1

12.42~0.05

Z =81

Auger transition

Lrrr —MrMzr
Lrrz —~r~rrz
Lzrr —~rr~rrz
Lrrr —MzrMzv
Lrzr —~rrr~r v
Lrrr —~rv~r v
Lrz —MrrMzzr
Lrr —3frr3fzv
Lz —MrMrv
Lzrz —~rv&r v
Lzrz —~rv&v
Lr —~zv~zv
Lrr —~rrr%r
Lrr —~rv&rr
Lrz —~v&rv
Lrr —&vs
Lz —Harv&zv
Lz —3frv&v

Energy
calculated

kev

5.5
6.0
6.3
6.7
7.2
7.7
8.3
8.8
9.1
9.7

10.4
11.0
11.5
11.9

12.4

Intensity
percent

0.6
5

6
10.5
15.5
5
5

13

15.5
95
5

1.5
4.5

3.5

Auger
line

Az
A2
A3
A4
A5
A6
81
Bg
C1

A7

C2

83
84

85

Energy
measured

kev

5.66+0.1
6.18&0.1
6.44~0.1
7.02a0.05
7.49&0.03
8.05~0.02
8.71~0.06
9.28~0.07
9.68%0.06

10.21~0.03

10.7 ~0.1
11.2 ~0.1
11.65~0.1
12.22~0.1

12.61&0.05

Auger transition

Lzr. r —~r~rr
Lzrr —~r~rrz
Lrrr —~rr~rrr
Lrrz —~zr~r v
Lrrz —3Errr~rv
Lrzz —~rv~zv
Lrr —~rz~rrr
Lrr —iVrrM r v
Lr —~r~zv
Lzrr —~r v&r v
Lrrr —~1v&v
Lz —MrvMrv
Lzz —Mr%v
Lzr —M zN'v

Lzr —N rrzE'rr

Lzr —3IIrv&rr

Lzz —~v&rv
Lzz —M tv

Energy
calculated

kev

5.7

f:l)
7.0
7.5
8.0
8.8
9.3
9.7

10.2

10.6
11.2
11.7
12,2

12.6

Intensity
percent

1

10.5

9.5
11
21

5
7.5
6.5

16.5
2

1.5
2

et al.' "and Kobayashi. ' These spectra resemble closely
in form the spectrum of 81Tl"' obtained in this work
and not that of »Bi"'. This is indeed very reasonable,
since the Auger transitions in 83Bi' ' result from the
conversion of a magnetic dipole 47-kev transition in
83Bi'" which leads to a distribution of L subshell
vacancies very similar to that produced by conversion
of the 40-kev magnetic dipole transition in 81Tl"'.

CALCULATION OF AUGER AND COSTER-KRONIG
YIELDS

From the experimental results, one may easily obtain
the over-all L Auger yield for the two isotopes. The
Auger yield is defined as the total number of L Auger
electrons emitted per vacancy in the L shell. For
»Tl"', the L Auger yield is obtained by comparing
under identical geometrical conditions the total number
of Auger electrons per coincident n particle with the
total number of electrons recorded in the "A" line per
coincident o. particle. In the calculation, the small con-
tribution to L ionization arising from low-intensity
conversion lines other than the "2" line which appear
in the de-excitation of the higher excited states of
srTisos was taken into account. (The most intense line
of this type is the Ga line of energy 287 kev and in-
tensity of about 1% relative to the A line. ) Similarly
for 83Bi"', the number of L Auger electrons was com-
pared with the number of conversion electrons belonging
to the Ii and I lines (corresponding to the E and L
conversion of the 238-kev transition), both of which
contribute to the number of L vacancies. In the calcu-
lation of this Auger yield, small corrections were made

"The authors unfortunately have not been able to see the
original paper of Bashilov et al. and are acquainted with the
spectrum only through the reproduction given in the paper of
M. A. S. Ross et al."

for (a) some weak converted transitions appearing in
the decay of ThB which contribute slightly to L ioniza-
tion and (b) the contribution of L Auger electrons
belonging to Z=82 to the Auger spectrum shown in
Curve 2 of Fig. 6. The latter arises from the low in-
tensity lines produced after the P decay of »Tl I and
was estimated at about 2%%uq of the total Auger electrons
recorded.

In this way the values of 0.50&0.02 was found for
the L Auger yield in»Tl"' and 0.49&0.03 for 83Bi"'.
From measurements of the intensity of the L x-ray
spectrum of RaD, Kinsey" has obtained the values of
0.47 for the L fluorescence yield (the complement of the
L Auger yield) for ssBi'".

From the experimental results it is also possible to
calculate the separate Auger yields for the diGerent
subshells, together with the Coster-Kronig yields, if
some very reasonable assumptions concerning these
quantities are made. These coe%cients are more funda-
mental quantities than the over-all yields given above,
since they do not depend on the mode of ionization of
the L subshells and are characteristic of a given atomic
number. In this analysis we follow the spirit of Ross
et al. ," who recently calculated the coefEcients for
Z=83 by analyzing the experimental data of many
workers (and therefore in some cases these data are
somewhat contradictory and confusing) who had meas-
ured separately the intensity of x-rays and L Auger
lines appearing in this disintegration of RaD. In the
present analysis the results are obtained only from the
combined experimental data for Z=81 and Z=83
presented in this work, with the following assumptions:

~5 B.B.Kinsey, Canadian J. Research 26, A404 (1948).
Ross, Cochram, Hughes, and Feather, Proc. Phys. Soc.

(London) A68, 612 (1955).
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TABLE III. Auger and Coster-Kronig yields.

C2

C3

f1m

fie

Results of the
prsent work:

average for Z =81
and Z =83

0.15
0.34
0.54
0.24
0.52

Results of Ross et al.
for Z =83

0.11
0.62
0.60
0.19
0.58

' Reference 1, pp. 71-76.

(1) The I. subshell Auger and Coster-Kronig coeK-
cients are assumed to be identical for Z= 81 and Z= 83.
This is of course only an approximation, but the change
may be expected to be small and the results may be
interpreted as a kind of average for the two atomic
numbers.

(2) Coster-Kronig transitions of the type Lrr —I-rrr
are assumed not to take place. For energetic reasons,
transitions of this type can involve only the X shell or
shells even further out. Coster-Kronig transitions of the
type Lz —Lzz similarly can involve only the E shell or
shells further out. The kinetic energy of the electrons
emitted in the Coster-Kronig process will be larger in
the latter case than in the former. For example, for
Z=83 the kinetic energy of the electrons emitted in the
Lz —LzzNzv transition will be only about 200 ev,
whereas for the Lzz —LzzzÃ transition the kinetic energy
will be about 1.3 kev. The theoretical treatment of
Coster and Kronig" for the dependence of transition
probability on momentum of the emitted electron
shows that the former transition should have a much
larger probability than the latter. The only available
result based on experiment for the probability of the
Lzz —LzzzE transition is that given by Ross et a/. ' who
give a value of 0.06+0.14.

Then, using a notation similar to that of Ross eI, a).,"
we de6ne e&e2e3 to be the primary number of holes in
the LzLzzLzzz subshells of 81Tl"' per disintegration of
ThC, a~a2a3 as the separate Auger yields for the L sub-
shells, f» and f» as the Coster-Kronig yields for the

Lz —Lzz and Lz —Lzzz transitions respectively, and
A~A&3 as the number of Auger electrons originating
from the LzLzzLzzz subshells per disintegration of ThC.
The dashed symbols indicate the corresponding quanti-
ties for 83Bi"'. Then, with the above assumptions, we
obtain the following equations:

azez= A» (1)

(2)

(3)

(4)

(5)

(6)

We would like to take this opportunity of thanking
Mr. F. Deutsch for his invaluable assistance in the
design of the P spectrometer, Mr. B. Loewenson for his
skill and patience in preparing the thin plastic scintil-
lators, and Mr. Eldad Giberman for construction of the
coincidence unit.

The 2's are known from the spectra and classification,
the e's have been calculated, and both are shown in
Table I.Equations (1) and (4) yield independent values
for a1, and in principle can be used to examine the
reliability of assumption (1). The values obtained are
0.15 and 0.21, respectively. However, as the Lz lines
are of very low intensity for Z=83, we rely on the
former value as being more exact. From the remaining
equations the other coefficients are determined. The
results are shown in Table III.

The values obtained by the independent analysis of
Ross et al. for Z=83 are also shown.

It is seen that good agreement exists except for a2.
This coefficient is sensitive to the assumed classification
of the L Auger lines, and the discrepancy arises in that
the classification of the Lzz lines given by Kobayashi
and Bashilov for the L spectra of RaD, on which the
analysis is based, di6ers from our classification.
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