
VOLUME 14, NUMBER 11 PHYSICAL REVIEW LETTERS 15 MARcH 1965

EXPERIMENTAL EVIDENCE FOR DOUBLE ELECTRON EMISSION IN AN AUGER PROCESS*

Thomas A. Carlson and Manfred O. Krause
Oak Ridge National Laboratory, Oak Ridge, Tennessee

(Received 13 January 1965)

An Auger process is generally described as
a process in which a vacancy in an inner shell
of an atom is filled by having one of the outer
electrons drop into this hole, while a second
outer electron goes into the continuum with
the excess energy of the transition. Aside from
the consequences of electron shake-off, '& there
has been neither theoretical discussion nor
experimental evidence with regard to the ejec-
tion of more than one electron in an Auger pro-
cess. In this paper, however, we shall give
evidence for such an event following a K vacan-
cy in neon.

In an earlier paper' we measured the rela-
tive abundances of ions produced by irradia-
tion of neon at low pressures with 1.5-keV
x rays. The results were interpreted in the
following manner: (1) Singly charged neon rep-
resented ionization essentially in the L shell.
(2) If a K vacancy occurred, an Auger process
filled the hole in 99.3% of the cases and Ne'
was formed. (3) Ions of higher charge gave
evidence of secondary sources for electron
emission. About 25% of the ions had charges
greater than two. ' Ionization as the result of
a Coster-Kronig transition in the L shell of
neon was ruled out because of energy consid-
erations. ' Calculations on electron shake-off
following photoionization were, however, able
to explain about two-thirds of the "excess"
ionization, but there still remained an unac-
countable source for secondary electron emis-
sion. To better understand the nature of this
source, we have examined the charge spectrum
of neon as a function of the energy of the inci-
dent x ray. ' Of particular interest are the re-
sults from x rays of energies between 867 eV,
the ionization energy for a 1s electron in ne-
on, and about 913 eV, the energy required to
remove a 2p as well as a 1s electron, '~' because,
if x rays below about 913 eV cause photoelec-
tron emission in the K shell of neon, any ad-
ditional ionization that is observed must be
attributed solely to the Auger process that fills
the K vacancy.

The experimental results given in this paper
are related to the charge spectrum of neon
formed from ionization of x rays with energy

between 867 and 913 eV. The general exper-
imental procedure, which has been described
elsewhere, ' is to irradiate a rare gas with
x rays in a specially designed mass spectrom-
eter and to measure the relative abundances
of the resulting ions. Gas pressures are suf-
ficiently low that we can study the consequences
of atoms undergoing photoionization in isola-
tion without concerning ourselves with the ad-
ditional complexities of ion-molecule reactions.
The x rays used in the present experiment were
the bremsstrahlung from a tungsten target.
Data were taken as a function of the applied
voltage on the x-ray tube from 1.60 to 0.85 keV.
The uncertainty of the applied voltage was less
than 0.5%. The x rays passed through a filter
of 450 yg/cm' of Cu deposited on a film of 105
pg/cm' of polystyrene. This filter favors a
high transmission just below 933 eV, so that
most of the K vacancies were produced by x
rays below this energy.

The relative abundance of neon ions result-
ing from x irradiation are shown in Table I,
where Emax is the maximum energy of the
bremsstrahlung. The errors quoted are from
counting statistics. Ne note that the abundance
of Ne'+ relative to Ne'+ is not strongly depen-
dent on Emax because of the strong absorption
of the Cu filter above 933 eV. The relative
abundance of Ne'+ gives the relative amount
of f./K photoionization, which is never over-
w'helming, even at 900 eV. The last experiment,
where Emax is just below the E edge, illustrates
the contribution of L photoionization alone.
The data in Table I are corrected to obtain
the final result we seek, viz. , the abundance
of Ne'+ relative to Ne'+ that has resulted from
an initial E vacancy formed with x rays of en-
ergies below about 913 eV, for this will give
us the relative amount of double electron emis-
sion accompanying the KLL Auger transition
in neon. This final result is given for each
experiment in the last column of Table II. In
the first column of Table II we list the uncor-
rected abundances of Ne'+ relative to Ne'+.
The second column gives these data corrected
for the contribution from photoionization in
the L shell. The correction, which is quite
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Table I. Relative abundances of neon ions formed as a function of x-ray energy spectra. a

bmax
eV) 1600 1400 1200 1100 1000 930 900 850

Ne~
Ne~+
Ne3+

39 +1
100 +1

10.2 + 0.3

4Q k3
100~4
9.0 +1.1

45 +3
100 +4
8.8 +1.0

43 +3
100 +5
7.9 + 1.5

53 +7
100 +7

11.7 + 2.2

66 +8
100 +7
8.7 + 1.2

110+10
100 +6
8.3 + 1.5

909 +91
100 +36

18 +18

aX rays are formed from a tungsten target and passed through a filter of 450-p, g/cm Cu on 105-pg/cm polysty-
rene.

bEnergy of electron striking tungsten target.
cExperiments with more transparent filters give the neon charge spectrum resulting for L ionization as Ne +

= 725 +4; Ne2+ = 100 + 4; Nes = 5.4 + 0.7.

where C is the charge spectrum for neon, '
I is the intensity of the x rays, " p, is the pho-
toelectric cross section for neon, and T is the
transmission of the filter; all the components
of the equation are functions of the x-ray en-
ergy.

The weighted average for the values in the
last column of Table II is 0.081+ 0.008. The

Table II. Abundance of Ne3+ relative to Ne2+ as the
result of K vacancies produced by x rays between the
energies of 867 and 913 eV.

+max
(eV)

Nes+/Ne2+

b

1600
1400
1200
1100
1000
930
900

0.102 +0.003
0.090 +0.011
0.08S + 0.010
0.079 *0.015
0.117+0.022
0.087 + 0.012
0.083 *0.015

0.105 + 0.003
0.092 + 0.011
0.090 + 0.010
0.082 + 0.015
0.122 + 0.023
0.082 + 0.014
0.089 + 0.016

Weighted average

0.071 + 0.027
0.066 *0.023
0.075 + 0.02Q

0.068 + 0.022
0.123 + 0.027
0.071 + 0.015
0.089 + 0.016
O.OS1 ~ Q. OOS

Uncorrected data from Table I.
Data corrected for L photoelectron emission.
Data fully corrected for L photoelectron emission

and for contribution from x rays of energies above
913 eV.

small, is obtained by multiplying the abundance
of Ne'+ by the charge spectrum for L photo-
electron emission. To obtain the final result,
we made a correction for photoionization oc-
curing with x rays of energies between Emax
and 913 ev. This correction, which was also
not large, since the Cu filter helped cut out
contributions from the higher energy x rays,
was estimated as follows:

~ma
Correction = CIp, TdE,

913 eV

averaging process is artificial since the assign-
ments of errors to the various corrections
were somewhat arbitrary. However, the final
results of the different experiments are inter-
nally consistent, and we give as the percent
of double electron emission in the ELL Auger
process of neon the value of 7.5+1.0%. This
a.mount incidentally is consistent with the "miss-
ing" source of ionization mentioned earlier. ~

In seeking the reason for double ionization
in the Auger process, we have examined the
possibility of electron shake-off due to changes
in the effective charge as the result of atom-
ic readjustment. This contribution can be cal-
culated from the sudden approximation by use
of the equation

P = 1 —
~ fg *g.dT1,f i

where P is the probability for an electron to
vacate its shell and g; and gy are the initial
and final states of the Auger process. " The
results of such a calculation gave 0.5% as an

upper limit to the amount of electron shake-
off, which is small compared to the 7.5% ob-
served for double ionization.

The cause for the bulk of the double electron
emission probably resides in the phenomena
of electron correlation. '3 Extra ionization in
addition to the primary process has also been
observed with photoelectron emission. '
Note, for example, 9 that multiple ionization
has occurred in the photoelectron emission
of the L shell, since one expects only charge-
one neon. The measured abundances for Ne'
and Ne'+ give evidence for single and double
secondary-electron emission, and again cal-
culations based on electron shake-off account
for only a portion of the observed extra, ioniza-
tion." Furthermore, if we compare Ne + from
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L photoionization with Ne~ from a K vacan-
cy followed by a KLL Auger process, we note
that the probability for losing one "extra" elec-
tron is about the same. Likewise, if we com-
pare Ne'+ from L photoionization with Ne~+

from the ALL Auger process, "we see that
the probability for losing two extra electrons
is also about the same. These observations
might be understood if we consider that in both
the case of L photoionization and that of the
KLL Auger process we are dealing with elec-
tron correlation between the ejected electron
(in both events it is ejected from the i. shell)
and other electrons of the L shell of neon. In
future publications we hope to examine for both
phenomena the relationship between multiple
ionization and electron correlation.

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