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Charge distributions of krypton ions that result from ionization in the M shell by x rays have been meas-
ured with a magnetic mass spectrometer. X-ray energies ranged from 100 to 1400 eV. The following results
are derived from the charge spectra: (a) In filling a hole in the 3d shell, an Auger process which generates
two continuum electrons competes strongly with the common Auger process which generates one con-
tinuum electron. This so-called double Auger process occurs in (31&4)% of the events. (b) The Coster-
Kronig transitions 3p—3' and 3p-3d3d have nearly equal intensities. (c) Partial photoabsorption co-
efficients for M electrons are poorly predicted by the Stobbe-Hall formula even for energies above 1 keV.
Calculated shake-o8 probabilities of M and E electrons are given for the sudden removal of a 3s, 3p, or
3d electron.

INTRODUCTION

A S has been shown earlier, ' 4 the reorganization of
an atom ionized in an inner shell can be described

in terms of radiative, radiationless, and electron shake-
off processes. To recapitulate, a hole is filled either in a
radiative transition with the emission of a quantum or
in an Auger transition with the emission of an electron.
In addition, electrons are released in the shake-off process
which can occur when the atomic Coulomb field changes
abruptly; this means electron shake-off may accompany
both photoelectron emission and Auger events. A
multiply charged ion arises because, as a rule, radia-
tionless processes play a predominant part in the de-
excitation of the atom, and because Auger transitions
often occur in succession generating a vacancy cascade. '
According to the probabilities of the routes by which
the atom reorganizes, a charge distribution is produced
for a given initial vacancy or vacancy distribution.

These charge distributions are of interest in various
fields such as gaseous electronics, atomic collisions, radia-
tion damage, and x-ray satellites. They also offer a
useful probe for processes active in the reorganization
and for the initial ionization event itself. Consider, for
example, the following cases that are presented in this
study: (a) double electron emission in an Auger process
filling a 3d hole in krypton, (b) relative intensities of
two competing Coster-Kronig transitions to the 3p
level, and (c) evaluation of relative partial photoabsorp-
tion cross sections of 3f electrons.

Auger transitions to the 3d level can be investigated
easily by observing the charge states of the readjusted
atom since radiative transitions are negligible. Charge

* Research sponsored by the U. S. Atomic Energy Commission
under contract with the Union Carbide Corporation.

R. H. Rubenstein, thesis, University of Illinois, 1955
(unpublished) .

' A. H. Snell and F. Pleasonton, J. Phys. Chem. 62, 1377 (1958).
'M. O. Krause, M. L. Vestal, W. H. Johnston, and T. A.

Carlson, Phys. Rev. 133, A385 (1964).
4T. A. Carlson and M. O. Krause, Phys. Rev. 137, A1655

(1965); 140, A1057 (1965).

two arises from the ordinary or single Auger process'
3d-NN, and charge three from the double Auger
process 3d-NNN. The latter process, in which two elec-
trons are ejected, has been observed previously for the
analogous transitions E III. in n-eon' and 2P 3fM3/I-
in argon, 7 and it is the primary aim of this work to
demonstrate the presence of this process in krypton and
to measure its intensity relative to the single Auger
process.

The transitions 3p-3dlV and 3p-3d3d, both of the
Coster-Kronig type, compete in filling a 3p vacancy and
lead with subsequent 3d-NN to triply and quadruply
charged ions. The abundances of Kr'+ and Kr+ are,
therefore, a measure of their relative intensities. The
transition 3p-3d3d has previously' escaped detection
in electron-energy analysis because of the small energy
of the 3p-3d3d Auger electron. Charge spectrometry
should, however, render an approximate value for its
relative 'intensity despite some inherent complications.

The dependence of charge spectra on the initial
vacancy distribution allows, in the case of excitation
bv x rays, evaluation of relative partial photoabsorp-
tion cross sections. For photon energies from 220 to
1100 eV, values of the ratio ~3„.'a3~ can be derived and

compared with recent calculations'; and for energies
of 850 and 1150 eV, values of 173, .0-M-, which have not
been calculated, can be estimated with a fair degree of
reliability.

EXPERIMENTAL

Apparatus and method have previously been de-
scribed in detail. 4

Briefly, krypton was irradiated at
The left term of a transition, i.e., E-LL or E-LLL, designates

the initial vacancy or vacancies, the right term designates final
vacancies. For the shortest presentation, we sacrifice uniformity
of symbols and denote atomic states by those symbols that are
sufFicient for a particular case.

T. A. Carlson and M. O. Krause, Phys. Rev. Letters 14, 390
(1965).

~ T. A. Carlson and M. O. Krause, Bull. Am. Phys. Soc. 10, 455
(1965).

8 W. Mehlhorn, Z. Physik 178, 21 (1965).
9 J. W. Cooper (private communication). We thank Dr. J.

Cooper for permitting us to use his calculations prior to publica-
tion.
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Fxo. 1. (a) Relative trans-
mission curves for various
6lters. Thicknesses of 6lters
are known within ~5 j&, ex-
cept for filters I (&20%%uo) and
II (&10%%uo). Filters I to III are
polystyrene filters: p(polysty-
rene) =y(carbon). (b) X-ray
distributions I(E) transmitted
through alters. Curves nor-
malized at peak values of
bremsstrahlung. (c) Elf ective
x-ray distributions, showing
the relative number of va-
cancies formed in krypton by
x rays of I(E) as a function of
energy.

0

100
z

&-- 80
K

Ix I

II0 60
~O

~ il

z 4
40

I I
20 Tl

(g
I

/

I

C D

I —CA' L IN E S I

E

—CUL LINES

G

100
I-
CL

0 w

4, 80
C

0
IL II

60

3d' I

II
3d4p 3d4p

I 3 I

II
3p4p

I I

3 s IONIZATION LIMITS

I

I

C&

I-
0I-
CL
0"

0 r
Q 20—

I /

0
50 100

II 1~
150 200 250 300 500

ENERGY (eV)
750 1000 1250

~l
1500

low pressures by x rays from various targets. Ions
formed in the source volume of the spectrometer were
extracted by a small electric 6eld, accelerated toward a
magnetic analyzer, and detected by a dynode structure.

Bremsstrahlung from a tungsten anode was used for
most experiments. The energy range of x rays was
controlled by the operating (dc) voltage of the x-ray
tube and absorption characteristics of diferent 61ters
which separated the x-ray tube from the gas chamber.

Figure 1(a) shows calculated x-ray transmission curves
T(E) for polystyrene fdters of various thicknesses,
Fig. 1(b) shows energy spectra I(E) of transmitted
x rays as used in the experiment, and Fig. 1(c) shows the
relative number P(E) of vacancies produced byx rays
of energy E of the given energy distributions I(E).
With the exception of curve G in Fig. 1 these curves
should be understood as idealized representations,
since experimental values a,re not availablein literature
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FIG. 2. Total absorption cross section of krypton according to
Lukirskii et al. (Ref. 15) and partial photoabsorption cross sec-
tions according to Cooper (Refs. 9 and 16).

for the mass absorption coeKcients of carbon below
the E edge and copper below the I. edge, and for
bremsstrahlung spectra produced by electrons of less
than 900-eV energy. Instead of obtaining the desired
mass absorption coefficients from universal absorption
functions by introducing reasonable values for absorp-
tion jumps (Jonsson's method's) or for "critical" wave-
lengths (method of Hence ei aL") at the respective
edges, we preferred to use measured coefficients of
neon"" as the basis for estimating p, of carbon and
copper. We regarded the ratios ir„,b, /Ia ., and
ir„»„/p„„.„as being constant over the range from
about 100 to 900 eV, except for the intervals between
the E edges of neon and carbon, and the E edge of
neon and L edges of copper. Values thus found should
be rather good, " perhaps within &15%%uo, even for
energies as low as 100 eV. To obtain bremsstrahlung
spectra for incident electrons of less than 900-eV
energy we drew curves similar to those measured by
Neff'4 for energies greater than 900 eV, that is, we sur-
mised that the relation I„=const(vs —v) holds also in
this region of small energies. "'A possible deviation from

"See A. H. Compton and S. K. Allison, X-rays in Theory and
ExPeriment {D.Van Nostrand Inc. , New York, 1935), p. 537.' B.L. Henke, R. White, and B. Lundberg, J. Appl. Phys. 28,
98 (1957)."D. L. Ederer and D. M. Tomboulian, Phys. Rev. 133,
A1528 (1964).

"Values of y for nitrogen and oxygen at 44.5 A and 68 A oGer
additional test points (see Ref. 11).

I"H. NeB, Z. Physik. 131, 1 (1951).""Note addedin proof. Although measurements of F.J.Peterson,
Jr., and, D. H. Tomboulian, Phys. Rev. 125) 235 (1962) and calcu-
lations of'P. Kirkpatrick and Q, Wiedmann, sM$ 67, 321 (194.5)

this linear relationship below about 0.6vo of the high-
frequency cutoff vo, as indicated in Neff's curves, would
not introduce a serious error in calculating the trans-
mitted x-ray spectrum I(E)T(E), since the absorption
L1—T(E)$ of the chosen filters becomes determining
toward the lower energies. The family of curves P(E)
of Fig. 1(c) was obtained by multiplying I(E)T(E)
with the atomic absorption coefficient of krypton as
reported by Lukirskii et at." In Fig. 1(c) positions of
the ionization limits of 3s, 3p, and 3d electrons are
marked as well as those corresponding to the additional
ionization of one or two 4p electrons. Thus Fig. 1 shows
which initial ionization processes are energetically
possible for a given distribution P(E). Relative proba-
bilities of these processes will be discussed in the next
sections. The absorption curve of Lukirskii et a/. is
plotted in I'ig. 2, together with Cooper's ' recently
calculated partial absorption cross sections of 3p and
3d electrons.

With the exception of one experiment, run D, the
x-ray Aux through the gas chamber was so small that
the pressure in the source volume had to be raised to
about 4&(10 ' Torr to assure satisfactory counting rates
of more than 5 counts/min. Although the pressure in
the analyzer was lower by a factor of about 5, charge-
exchange processes in collisions could not be neglected
and the data needed to be corrected. Correction factors
were determined experimentally by measuring relative
abundances of the ions as a function of pressure. With
charge 2 as reference, these factors were for p=4X10
Torr as follows: Kr'+ 0.86; Kr'+, 1.05; Kr+, 1.10;
Kr'+, 1.15) Kr'+) 1.21.

Since N2+ and N+ coincide with Kr'+ and Kr'+ on
the m/e scale, contamination by nitrogen ions needed
to be determined by bombarding the residual gas with
x rays of the same energy as in the experiment. Con-
tributions of these ions were found insignificant for all
runs, except runs 2 and 8 with less than 5% of the
abundance of I/e=28 being due to Ns+. Nitrogen
contamination of the krypton sample was negligibly
small.

Data in the following sections represent averages
from at least 3 runs each, and have been corrected for
pressure effects, and contributions of ions from the
residual gas. Errors quoted account for statistical errors
and uncertainties in the corrections. Variation of the
detector response with charge, and ionization by
spurious electrons were negligibly small for all charges
but charge one. These corrections for Kr'+, estimated to
be less than 20%%u~ of the measured intensity, were
omitted.

show that this assumption is not quite correct, the x-ray spectra
of Fig. 1 are only very slightly affected.

"A. P. Lukirskii, I. A. Brytov, and T. M. Zimkina, Opt. i
Spektroskopiya 1?, 438 (1964) /English transl. : Opt. Spectry.
(USSR) 17, 234 (1964)j.

"These curves were calculated without considering exchange
e8ects, which, according to Cooper (private communication),
would somewhat smear out the curves.
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TABLE I. Charge distributions of ions resulting from
photoabsorption primarily in the 3d shell of krypton. ~

Target
E~g~ (eVl

Kr'+
Kr'+
Kr'+

Run A

W
120&2

18~6
69&5
31&3

Run 8
W

195&10

5.5&2.6
65.1&3.2
35.0+2.2

a Relative abundance I~ of charge n is given in this and the following

tables to make Z I~ =100andI'1=Ij.*/ Z In+, where Z I~+ =100.

RESULTS AND DISCUSSION

"This mechanism was suggested by J. W. Cooper (private
communication). We believe, however, that dipole transitions
4p —+ 4s would be more probable than this second-order process,
even if it were energetically allowed.

"Obtained with a code written by Charlotte Froese, Can. J.
Phys. 41, 1895 (1963).

"Atomic Energy Levels, edited by C. F. Moore, Natl. Bur.
Std. (U. S.) Circ. No. 467 (U. S. Government Publishing and
Printing Ofhce, Washington D. C., 1952), Vol. 2.

A. Double Electron Emission in an Auger
Process Filling a 3d Vacancy

Charge spectra lisfed in Table I were produced by
x rays of distributions A and 8 of Fig. 1. They arise
largely from readjustment to a 3d vacancy, and we
correlate doubly and triply charged ions with the single
Auger process 3d-SX and the double Auger process
3d-EEL. Before assigning the abundances of Kr'+
and Kr'+ entirely to these Auger events, let us consider
other ionization processes which may lead to the same
charge states: (a) transitions 3d-4s4p and 3d-4s4s
with subsequent 4s-4p4p; (b) Auger transition 3d-4s4s
with subsequent configuration interaction" 4so4Ps~
4ss4P', (c) photoejection of a 3d electron and shake-off
of an N electron with subsequent Auger transitions;
(d) direct multiple photo-ionization in the N shell.

The Coster-Kronig transition 4s-4p4p is endothermic
by about 26 eV when an additional hole in the 4s
or 4p level is present. The energy difference of the con-
figurations 4so4Ps and 4s'4P' is negative by about 3 eV
according to one Hartree-Fock calculation" and positive
by about 3 eV according to another'~; it is, however,
negative by 13 eV according to E(4s'4p') = 75.5 eV from
Moore's tables" and E(4s'4p')=62. 8 eV from Mehl-
horn's measurements. ' Therefore, processes (a) and (b)
can be ruled out unless one of the E electrons has been
excited into a bound state close to the continuum in the
preceding transition 3d-4s4s or 3d-4s4p. Such a process,
3ds4s'4ps~3d'o4s4pzrtp, can be considered a special
case of the double Auger process 3d'4s'4p' —+ 3d"4s4p',
and by observing only the charge states of the atom,
we cannot distinguish between ejection of a second
electron and excitation to an auto-ionization level. We
include the possibility of excitation in the double Auger
process, in which tzvo electrons share the energy of the

transition. Process (c) does not apply to run A since
none of the photons had sufficient energy to ionize
both a 3d and an lV electron. For run 8 we estimate'
this process to occur in about 3/o of the cases, and this
6gure corresponds roughly to the slight shift in the rela-
tive intensities of charge two and three from run A to
run B. With this shift accounted for, and noting the
large difference of the abundances of Kr'+ between
spectra A and 8, it seems that multiple photo-ionization
in the Ã shell contributes little to charge states two and
three.

Since no other ionization processes are indicated in
filling a 3d hole but Auger events we derive from the
charge spectrum of run A a relative probability of
0.31&0.04 for the double Auger process. This value is
much larger than the values of 0.08 and 0.10 for the
K LLL tra-nsition in neon' and the 2p-MMM transi-
tion in argon. ~ Although we cannot clarify the nature
of the double Auger process by the present experiment
we can now recognize the following trend: Comparing
the data of neon, argon, and krypton, we see that de-
excitation of the atom by a double Auger process be-
comes more frequent with decreasing energy of the
outgoing Auger electrons. This observation can be
related with some reservation to a calculation by
Ca)lan et a/. "which indicates a rapid increase of the
values ~R~ of the radial electrostatic overlap integrals
with decreasing energy of the free electrons for K-LL
and 2s-2p3d transitions. If we surmise a similar behavior
for other transitions and ignore differences in the wave
functions between a doubly and a triply ionized atom
we can conceive that the combined probability of
ejecting two slow electrons, perhaps of 5- and 10-eV
energy as for krypton, may become quite large compared
with the probability of removing one single faster
electron.

B. Relative Intensities of the Coster-Kronig
Transitions 3P-3d3d and 3P-3dN

Table II lists experimental charge spectra produced
by x rays of distributions C, D, and E, together with
calculated spectra. To determine the intensity ratio of
the two competing Coster-Kronig transitions 3p-3d3d
and 3P-3dN, we need to consider Kr'+, Krs+, and Krs+.
Kr'+ comes from Auger transitions 3d-NN and 3P-NN;
Kr'+ from 3p-3dN, 3d NNN and po-ssibly 3p NNN;-
Kr'+ from 3p-3d3d and perhaps 3p 3dNN. Further--
more, when photoelectron emission is accompanied
by shake-off of one or more electrons, a multiply ionized
atom is formed, for example 3', and subsequent
Auger transitions 3dN NNN and 3pN NN-N lead also-
to Kr'+, and 3pN 3dNN and 3dNN (N-)4 lead to Kr~.-

We used for relative rates of the transition 3d-XX
and 3d-XXX values from the preceding section, for

"E.J. Callan, P. Nicolas, and W. L. McDavid, Proceedings of
the Third International Coefereece oe Physics of Electronic and
Atomic Coltzsioes, Ioedon, ltz63 (North-Holland Publishing
Company, Amsterdam, 1964), p. 348.
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TABLE II. Charge distribution of ions resulting from photoabsorption in the 3p and 3d shells of krypton. ' Comparison of experimental
data with calculated charge spectra: I, from Auger processes withb I1,2

——0 and electron shakeoff; II, from Auger processes alone with
I&,s=1; III, from Auger processes with &,s=1 and electron shakeotI. Initial vacancy distributions'. Run C: 3P shell 5%; 3d shell 95%.
Run D: 3p shell 8%; 3d shell 92%. Run 8:3p shell 16%; 3d shell 83% (3s shell= 1%) .

Charge
of ion Expt

Run C, W target
Lznax=285~10 eV& Prnax at 195 eV

Calculated
I II Expt

Run D, W target
E, =285+10eV, P, at 220 eV

Calculated
I II Expt

Run E, C target
E,, =- 720+20 eV, P, at 290 eV

Calculated
I II

6.5&0.7
57.1+2
40.2~2.1

2.9&0.7

~ ~ ~

61.5
38.4
0.1

~ ~ ~

66.6
31.8

2.2

~ ~ ~

61.5
36.2

2.3

2.5&1.6
56.6+2.3
39 %1.2
4.5&0.5

~ ~ ~

59.0
40.8
0.2

~ ~ ~

64.3
32.1
3.6

~ ~ ~

59.0
37.2
3.8

2.5&0.6
51.9~0.5
39.8&0.6

7.5&0.3
0.7&0.2

~ ~ ~

53.4
45.9
0.6

(0.1

~ ~ ~

59.0
33.4

7.5
0.1

~ ~ ~

53.4
38.7

7.7
0.2

a See note (a) of Table I.
b II.2 denotes the intensity ratio of 3p-3d3d/3p-3dN.
& Absorption in the N shell excluded.
d Charge distribution of Table IV column 8 used for 3s vacancy.

3p NN a pr-obability' ' of 10/~ of all transitions originat-
ing in the 3p level, and we neglected the potential
double Auger processes" 3p NNN a-nd 3p 3dNN. -

We determined the distribution of initial 3p and 3d
vacancies from the curves of Fig. 1(c) and Fig. 2 by
using the cross section ratio a.3„.o.3d=15:85 as an
average value. To 6nd the relative number of initial
double vacancies we relied on the calculated shakeoff
probabilities of Table V, adjusted for the fraction of
photons above the corresponding thresholds and for the
velocities of the outgoing photoelectrons. 4 This adjust-
ment gave the following values in percent of the cor-
responding single vacancy for runs C, D, and E:3' holes: 6.5, 8, and 9; 3dSE holes: 0.1, 0.2, a,nd 0.3;
3pN holes: 0.1, 0.1, and 0.6.

Instead of calculating the intensity ratio of 3p-3d3d/

3p-3dN for each run from a set of equations, we cal-
culated charge spectra for three different cases to show
how extreme values of this ratio and inclusion or exclu-
sion of electron shakeoff affect the charge distributions.
The resulting spectra are summarized in Table II.While
agreement with experiment is poor for spectra I and
II, it is quite satisfactory for all runs and all charge
states for spectra III. The comparison indicates that
transition rates of the two Coster-Kronig transitions
are equal within an estimated error" of &25%. It also
shows that the value of the ratio o.3„.'cr3d, a variable in
the calculation of the charge spectra, is approximately
15:85 as given by Cooper's calculation. The data did
not allow improving this value in view of the uncer-
tainties in x-ray distributions, shakeoff probabilities,
and Auger transition rates.

C. Charge Spectra Resulting from Ionization in the 3f
Shell by X Rays of Energies from 600 to 1400 eV

TABLE III. Charge distribution of ions resulting from absorp-
tion of 850 and 1150-eV photons in the M shell of krypton. ~

Comparison of experimental and calculated charge spectra.
Initial vacancy distributions: Run F: 3d shell 54%, 3p shell
34%; 3s shell 12%. Run G: 3d shell 34%; 3P shell 47%~; 3s shell
19 o.

X rays of energy distributions Ii and 6 were used to
produce vacancies not only in the 3d and 3p shells but
also in the 3s shell. Experimental results are summarized
in Table III together with calculated charge spectra.
The relative abundance of Kr'+ is still quite large, even
under these conditions, indicating that at least 30%%uq

of the x rays are absorbed by 3d electrons. This rejects
the unusual photoabsorption characteristics in the 3f
shell of krypton, which have been described earlier by
tukirskii et al." and Cooper. ' It is inconsistent with
the small photoabsorption cross section o.ss of about 8%
of total M shell absorption which is predicted by the
modi6ed Stobbe-Hall formula. " Obviously, screened
hydrogenic wave functions are inadequate to compute
absorption cross sections satisfactorily in this region of
soft x rays.

To check whether values of the ratio os~/os' taken
from Fig. 2 are compatible with charge spectra Ii and
G, and to evaluate o.s,/oar, we calculated charge spectra

Run G, W target'
P at about 1150 eV

Expt Calculatedd

Run F, Cu target
P, at about 850 eV

Expt Calculatedd
Charge
of ion

5~1.5
37.7+1.6
39,1&1.3
17.6~1.0
4.3&0.4
1.2a0.5

3 +0.5
27.5~1.6
40.8+1.5
22.9+0.9

7.2&0.5
1.3a0.5

~ ~ ~

27.3
40.0
26.7
5.4
0.6

~ ~ ~

37.4
39.6
19.3
3.4
0.4

a See note (a) of Table I.
b Absorption in the N shell excluded. Accord'ng to a modified Stobbe-

Hall formula (Ref. 22) one would obtain the following vacancy distribu-
tions for run F:9%, 85%, 6%, and for run G: 7%, 86%, 7%.

e X rays from an Al target produce essentially the same charge distribu-
tion.

d Including electron shakeoff from 3d, 4s, and 4p shells.

"H. Hall, Rev. Mod. Phys. 8, 358 (1936). Alan J. Bearden,
University of California, San Diego, report, 1965 (unpublished}.

"Even if the transition 3p-EN' would have half the intensity
of the "parent" transition 3p-3737 it would have little bearing on
the charge distributions. The intensity ratio 3p 3dEE/3p 3dE--
presumably is smaller than 0.15; this value has been considered
in estimating the error of the relative intensities of the Coster-
Kronig transitions.
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TABLE IV. Relative number of electrons lost (in %) as the result of an initial single vacancy in the M shell or
multiple vacancies in the M and Ã shells of krypton.

+Initial
acancies

Numbers
electrons lost'

3dEE or
3d3d

3PNÃ or
3PE 3p3d 3$ 3sSS 3s3d 3$3p

69
31 100

100

10
45
45

10
45
45

10
90b

15.2
46.5
27.3
11.0

~ ~ ~

14.6
45.9
27.7
11.8

~ ~ ~

~ ~ ~

14.4
45.2
41.3b

~ ~ ~

15.2
46.5
38.3b

~ ~ ~

1.6
19.1
47.8
31.5

Source This paper Sec. A; Table I This paper Sec. 8, Table II Rubenstein (Rei. I) and results of Secs.
See also Refs. 1,8 Aand B

a Photoelectron included.
b Assuming that 3p-3d3d becomes energetically forbidden.

D. Electron Losses in the Reorganization
of the Kryyton Atom

In Table IV, electron-loss distributions or charge
spectra are given for initial vacancies in the 3d, 3p,
or 3s shell of krypton. Also listed are charge distributions
for initial multiple vacancies, designated as 3dÃ,
3dXE, etc. Thus, for any given distribution of initial
vacancies, charge spectra can readily be calculated by
superimposing these individual spectra.

Entries in Table IV were obtained from the data of
Secs. A and 8, and, in the case of 3s vacancies, from

TABLE. V. Probabilities of removing an electron from the 3II
and E shell as a consequence of the sudden creation of a 3s,
3p, or 3d hole.

4p
4s
3d
3P
3s

Total

3s

10.7
1.4
0.8
0.1
0.01

13.0

Probabilities in 'P&

3p

10.6
1.6
0.9
0.1
0.01

13.2

10.3
1.6
0.7
0.1
0.02

12.7

by referring to the experimental abundance of Kr'+.
We obtained the initial vacancy distribution, representa-
tive of the partial absorption coefficients, as follows:
In accordance with the spectra, of Table IV and shake-off
probabilities of Table V we varied the relative number
of 3d vacancies to fit the observed abundance of Kr'+.
The percentage of 3p vacancies was then obtained from
the curves 0-a„and 0-3~ of Fig. 2, and the percentage of
3s vacancies was given as the remainder. With the re-
sulting vacancy distributions, listed in Table III,
satisfactory agreement could be achieved between cal-
culated and observed charge spectra for both runs. This
supports theoretical values of os„/frsq and it indicates
that about 12% of 850-eV photons and about 19%
of 1I50-eV photons are absorbed by 3s electrons.

Rubenstein's 3s-XF rates. '8 In calculating the dis-
tributions we assumed an orderly stepwise propagation
of holes, produced by Auger processes, toward the outer
shell. We also assumed that transition rates per elec-
tron available remained constant. There are two
exceptions, however. The double Auger process 3d-NET
becomes energetically forbidden in an atom already
ionized in the E shell and the transition 3p-3d3d is
probably suppressed when more than two S electrons
have previously been removed, causing a slightly
stronger binding of 3d electrons.

E. Electron Shake-off

Electron shake-o6" occurs when the Coulombic field
of the atom is changed abruptly. Photoelectric ejection
of an electron, for example, can cause such a sudden
change. Then the probability of removing another
orbital electron in the state e, / is given according to
the sudden perturbation theory by

P~ f —1 'lft f ( aff+DZeff)fbi( eff)dr

where fP;(Z, ff) and fPf(Z, ff+DZ, ff) represent the initial
and final states of the e, l electron and AZ, ff is the
change in eBective charge caused by the removal of an
inner electron. We used Hartree-Fock wave functions'
to calculate shake-off probabilities pertinent to this
study. Results are summarized in Table V and quoted
numbers consider all electrons present in states n, l.
Usually only few electrons are excited into bound states
so that the given values very nearly represent ioniza, -
tion probabilities.

We used the shake-off probabilities listed in Table V
without corrections for runs F and G, since in these
cases photoelectrons leave the atom fast enough to
justify the application of the above expression. For runs
C to E, however, the condition of suddenness is not

"E. L. Feinberg, J. Phys. {USSR) 4, 423 (1941);see also Ref. 4
for further citations.
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fulfilled, and we reduced the probabilities by empirical
factors gained from measurements of neon. 4

CONCLUSIONS

By measuring relative abundances of multiply
charged ions of krypton, produced by x-ray bombard-
ment, we were able to demonstrate the existence of
the double Auger process 3d-EST in which two elec-
trons are ejected. Such a process has previously been
observed in neon and argon for transitions to the outer-
most shells, but in the case of krypton an unusually
large intensity of 0.3 relative to the single Auger process
was obtained. It seems that the double Auger process

competes strongly with the single Auger process when
the outgoing electrons have small energies and originate
from the outer atomic shell. We also could deduce from
our data that the two Coster-Kronig transitions 3p-3d3d
and 3p-3dX occur with about equal frequency. We
showed further that the Stobbe-Hall theory poorly
predicts partial absorption cross sections for 3f electrons
in krypton even for photon energies as high as 1100 eV.
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Low-Energy e--Ar Total Scattering Cross Sections: The Ramsauer-Townsend Effect*
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The Ramsauer technique has been used to measure absolute total e -Ar scattering cross sections from
0.1 to 21.6 eV with an estimated probable error of +3'Po. A phase-shift analysis of the data (for the 1=0,1,2
partial waves) has been made using "modified effective range" theory which yields a scattering length of
—1.65 ao and a minimum total cross section of 0.125 A' at 0.285 eV.

INTRODUCTION

HE transparency of the heavy rare gases to low-

energy electrons was discovered independently by
Ramsauer' and Townsend and Bailey, ' and is usually
referred to as the Ramsauer-'townsend effect. ' Holts-
mark' was able to qualitatively explain the effect by
empirically introducing an attractive long-range polari-
zation potential with a variable small-distance cutoff
parameter in connection with a Hartree field represen-
tation of the Ar atom. Thus the Ramsauer-Townsend
effect can be explained (at least qualitatively) in terms
of potential scattering. Alternatively this effect may
be thought of as being a diffraction effect with the
"size" of the target atom being determined by the
polarizability of the system of the incoming electron
plus the target atom.

O' Malley' has recently applied effective-range theory'
to approximate determinations of electron —rare-gas

*This work was supported by the Lockheed Independent Re-
search Program.

~ C. Ramsauer, Ann. Physik 64, 513 (1921).
' J. S. Townsend and V. A. Bailey, Phil. Mag. 43, 593 (1922}.
' For a review of this subject see H. S. W. Massey and E. H. S.

Burhop, E/ectroeic and Ionic Impact Phelomena (Clarendon Press,
Oxford, England, 1951).

4 J. Holtsmark, Z. Physik. 55, 437 (1929).
' T. F. O' Malley, Phys. Rev. 130, 1020 (1963).
L. Spruch, T. F. O' Malley, and L. Rosenberg, Phys. Rev.

Letters 5, 347 (1960); T. F. O' Malley, L. Spruch, and L. Rosen-
berg, J. Math. Phys. 2, 491 (1961);Phys. Rev. 125, 1300 (1962).

scattering lengths from the data of Ramsauer and
Kollath. 7 However, in the case of Ar, the cross section
does not vary su%ciently~ over the measured range of
electron energies' to give a very sensitive determination
of either the scattering length or the effective range of
the polarization potential. The latter quantity would
be of much value in the prediction of electron-atom
scattering cross sections. Furthermore, the previous
direct Ineasurements in Ar which show a Ramsauer-
Townsend minimum, of Ramsauer and Kollath, '
Rusch, ' and Normand, ' disagree with each other by as
much as a factor of 2.8 as to the cross section at the
Ininimum and a factor of 2 as to the energy at the
minimum "

Therefore, it was decided to make precise direct
measurements of the total electron —argon-atom scatter-
ing cross section to lower values of incident electron
energy than were previously possible.

APPARATUS AND PROCEDURE

The apparatus and procedure are the same as those
described previously for Ramsauer-type measurements

' C. Ramsauer and R. Kollath, Ann. Physik 3, 536 {1929).' M. Rusch, Physik. Z. 26, 748 (1925).
~ C. E, Normand, Phys. Rev. 35, 1217 (1930}.
"The other direct measurements, those of C. Ramsauer, Ann.

Physik 66, 555 (1923); E. Bruche, ibid. 84, 280 (1927) and R. B.
Brode, Phys. Rev. 25, 636 (1925) did not extend to low enough
values of electron energy to observe the increase in cross section
with decreasing energy.


