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Interference in Argon Auger Spectra
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Angle-dependent interference was observed inse, 2ed coincidence observations of argonL2,3M2,3M2,3

Auger transitions. These, 2ed dynamics include an incident energy of 1.0 keV, a fast electron
scattering angle of 21± for an energy range from 730 to 760 eV with 2.5 eV resolution and Auger
electron detection angles of 60± and 90±. Observations were made below the Auger threshold
and with excess energies of 22, 2, and 0.5 eV. The interference, attributed to the interaction of
Auger and satellite-state ionization processes, and the post-collision-interaction effects are quantified.
[S0031-9007(97)03545-X]
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The occurrence and significance of interference effec
[1] in Auger decay, and particularly theirse, 2ed coinci-
dence observations [2], have aroused considerable inter
We report new and intriguing aspects of the interferen
effects that occur below the Auger threshold and when t
excess energy of the ejected electron is small. The arg
atom is particularly suited tose, 2ed coincidence observa-
tions of these effects because of the relative energies
the AugerL2,3M2,3M2,3

1S0, 1D2, and 3P0,1,2 transitions
and the inner- and outer-shell ionization processes. A
incident electron energy of 1.0 keV and a scattered ele
tron detection angle of 21± determined the kinematics for
which these, 2ed satellite coincidence intensity at 60± is
a maximum, and is about a factor of 20 higher than th
intensity at 90±. These scattering conditions correspond
respectively, to a large continuum background, enabli
the study of interference effects, or a small backgroun
for which interference effects were negligible and pos
collision-interaction (PCI) effects could be studied. W
report the first observations of the strong angular behav
of the interference phenomena, and the quantified behav
of the interference and PCI effects for energies below t
inner-shell ionization threshold, and for excess energies
to 22 eV above threshold.

The origin of PCI effects can be illustrated as follows
After the Auger electron is produced during inner-shell de
cay, the ejected electron sees a singly charged core
til, for selected scattering dynamics, it is overtaken by th
Auger electron. Then the ejected electron sees a dou
charged core and slows down in the stronger field whi
the Auger electron then sees a singly ionized core a
gains energy. The effects of PCI have been modeled
electron impact [3] and observed in many noncoinciden
experiments [4]. Limitedse, 2ed coincidence data for se-
lected transitions have been reported for low excess en
gies [2,5–8]. Those experiments aimed to determine ho
PCI affected the angular dependence of Auger transiti
intensities, and also to measure the PCI effects which a
observable as a shift in the energy distribution of the Aug
0031-9007y97y79(3)y391(4)$10.00
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electron and asymmetric broadening of the line shape. T
magnitude of the energy shift and line shape broadening
creases as the excess energy is decreased. The triple
ferential cross sections that include PCI effects for Aug
transitions [3] are given by

d6s

dEsdEAdVsdVA


Gy2p

´2
a 1 G2y4

ssEs, VsdKs´a, jd ,

whereG quantifies the Auger electron lifetime and́a 
E 2 EA is the difference between the observed electr
energy E and the nominal Auger transition energyEA.
The L2,3 ionization cross section is given byssEs, Vsd.
The functionKs´a, jd accounts for the particle interac
tions. The parameterj quantifies the Coulomb interaction
between different final state electrons and is velocity d
pendent. The combination of a rapid variation inKs´, jd
across an Auger transition linewidth due to its depende
on the ratio´ayG, and its exponential dependence on t
velocity termj [3], leads to strong distortion of the Lorent
profile for low excess energies.

The presence of interference effects in Auger coin
dence data for the argonL3M2,3M2,3

1D2 transitions was
indicated [8] when data, at2 6 0.9 eV excess energy and
an Auger electron detection angle of 70±, were fitted better
by a Fano line shape given by [9]

sobs  s1sq 1 ´d2s´2 1 1d21 1 s2 .

This form of the observed cross sectionsobs indicates the
contributions from the cross sections1, arising from the
continuum that interferes with the resonant transition, a
the cross sections2 of the noninteracting continuum. Also
´ differs from ´a (above) by a normalization factor o
1yG. Here the “resonant” states are the Auger products
electron-impact ionization of the argonL2,3 inner shells.
The ratio of the symmetric and asymmetric parts of t
Auger transition amplitude is given by the “q” parameter.
Because of the small coincidence signals and the difficu
of these experiments, previous workers observed small
terference effects in the argonL3M2,3M2,3

1S0 [6] and1D2
© 1997 The American Physical Society 391
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[8] line shape, but did not determine the angle or exce
energy dependence. They proposed the interfering proc
was direct double ionization. In contrast, we have foun
the dominant interference mechanism appears to be
outer-shell satellite state single ionization process, partic
larly when the excess energy is low. As well, this Lette
shows conclusively the angle dependence, and quanti
the interference effects for the argonL2,3M2,3M2,3

1S0,
1D2, and3P0,1,2 transitions for a range of excess energie

The essential feature of the apparatus that enab
this coincidence experiment is a multiparameter coplan
se, 2ed coincidence spectrometer [10]. Microchannel-pla
detectors on the output of each of two hemispherical ele
trostatic energy analyzers allow the simultaneous colle
tion of data for a large range of excess energies with go
energy resolution for more than one entire Auger transitio
line shape. In that way the excess energy depende
of PCI and interference effects can be observed for
number of Auger transitions simultaneously. The exce
energy resolution was61.3 eV and the Auger detector
resolution was 420 meV at 60± and 500 meV at 90±.
The L2,3M2,3M2,3 Auger line shapes in the absence o
PCI effects are Lorentzian with a linewidth of abou
120 meV. The relative intensity of each Auger transitio
was determined from the noncoincidence data which we
measured simultaneously with the coincidence signal. T
residual shift of Auger transitions measured in the no
coincidence spectra is expected to be about 14 meV [1
and this was taken into consideration when the Auger ele
tron energy scales were determined. In the coinciden
data the continuum background varies slowly in the regio
of the Auger transitions and is formed by the coincidenc
signals from ionization of outer-shell satellite states [12]

During the data analysis of the separate measureme
at 60± and 90± it became apparent that neither a PC
model nor a Fano line shape model could fit both data s
with similar accuracy. Each parameter in the PCI mod
[3] was predetermined by the experimental conditions
each data set. The only adjustable parameters were
continuum background level and an overall scaling fact
for the Auger transition amplitudes.

In the Fano model the only adjustable parameters we
the continuum background level, theq parameter, and a
scaling factor for each of theL2 and L3 initial vacancy
states. Initially PCI was neglected, but as the PCI effec
are expected to be isotropic, it is important to include tho
effects in the Fano model. This was done by includin
a shift in the nominal Auger transition energy ofD´a 
jGy2, with j and G as defined earlier, and by using a
Fano linewidth that was consistent with the full width a
half maximum of the predicted PCI-broadened line sha
[3]. The combined model gives a more realistic indicatio
of the amount of interference and usually resulted in
better fit, except below threshold, and this will be discuss
shortly. Before comparison with the experimental da
the theoretical line shapes were convoluted with a suitab
Gaussian spectrometer function in each model.
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The comparison of our data and fits for the same e
cess energies at different angles enable the influence
interference and PCI effects to be compared easily. F
ures 1(a)–1(c) and 2(a)–2(c) are a series of such comp
sons in which the excess energy for theL3 transitions is
noted in the top left of each plot. The excess energy
the L2 transitions is about 2.2 eV smaller. Figure 1 co
tains coincidence data recorded with the Auger detec
at 90±, and in Fig. 2 the Auger detector was at 60±. The
satellite-state coincidence signal that forms the continu
background is about a factor of 20 higher in the 60± data
than in the 90± data. In each plot the line shape used
the fit is shown separately and normalized to emphasize
change in shape rather than the relative amplitude. The
perimental data are the solid circles with error bars, and
fit results are shown as a solid line.

Figures 1(a) and 2(a) show data recorded for an exc
energy of 22 eV and a satellite-state separation energy
about 60 eV. The agreement between the theoretical p
diction of PCI effects and the data of Fig. 1(a) is exce
lent. In Fig. 2(a) a slight asymmetry in the Fano fittin
function gave the best result. Use of a Fano line sha
in Fig. 2(a) is justified because even at such high sepa
tion energies the satellite-state coincidence backgroun

FIG. 1. Auger coincidence data obtained at 90± for excess
energies of (a) 22 eV, (b) 2 eV, and (c) 0.5 eV above t
L3 ionization threshold. The PCI line shape used to fit th
data is shown separately. The Auger lines are shown
the corresponding energies. Their sum is convoluted with
suitable Gaussian spectrometer function and shown as the s
line. The maximum intensity on the linear scale is 350.
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FIG. 2. Same as Fig. 1 except the Auger detection angle w
60± and the fit is made with a Fano line shape that includes t
predicted PCI effects.

nonzero. The Fano model included the shift and broade
ing predicted by the PCI model.

Closer to theL2,3 ionization threshold, Figs. 1(b) and
2(b) show data for 2 eV excess energy. In Fig. 1(b
the predicted PCI line shapes at 90± are again in very
good agreement with the experimental data, and the
is no evidence to suggest that interference is significa
In comparison, the satellite background is appreciable
60±, and this is reflected in the amount of interferenc
observed in Fig. 2(b). With the observed PCI shift an
broadening included, the fitted Fano line shape sho
noticeable asymmetry. The fitted line shape suggests
slightly smaller degree of interference than indicated b
the line shape fitted at this excess energy by Lohma
[8]. This may be because our method of data acquisiti
gives a better indication of the continuum backgroun
intensity. The good fit of the Fano line shape model show
in Fig. 2(b) at 60± could not be reproduced by fitting only
a PCI line shape to the same data.

The data for 0.5 eV excess energy are shown
Figs. 1(c) and 2(c). Since the excess energy forL2 tran-
sitions would be less than zero for this data, their intens
was adjusted to reflect the relative intensity expected d
to the finite excess energy resolution. The agreeme
between our data and the PCI theory in Fig. 1(c) is st
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very good. A similar consideration was made whe
fitting the data of Fig. 2(c). The fitted Fano line shap
that includes the predicted PCI effects indicates an e
greater degree of interference than for 2 eV excess ene

For near-zero excess energy the separation ene
of the argon satellite states is about 40 eV and
large coincidence background is attributed mainly
the 3s23p4s1Ddnd 2S sn  3, 4, 5d satellite states [12].
The satellite ionization process is more likely than dire
double ionization, and leads to a final Ar1 ion state. Dur-
ing the satellite ionization process one electron was ejec
into the continuum, and another was promoted to an ou
shell (mostly to “nd” orbitals). The final ion is left with
two vacancies in theM2,3 orbitals. If an L2,3M2,3M2,3

Auger electron is produced when the excess energy
small and the ejected electron escapes into the continu
but is recaptured by the ion, this also leaves an Ar1 ion
with two vacancies in theM2,3 orbitals, with the captured
electron occupying a weakly bound state. Recapture n
the L2,3 ionization threshold would enhance the Ar1 ion
yield at the expense of the Ar21 yield in a similar way
to that observed [13] for photoionization near the inne
shell ionization threshold. The probability of recaptu
is increased when the “slow” electron loses energy in
PCI process. If the captured electron is bound into a st
with n , 6, it is less likely to autoionize [14], and the
final configuration may be identical to that produced b
satellite-state ionization. Forse, 2ed detection purposes
a recapture event is therefore identical to a satellite-s
ionization. The observed interference is therefore mo
likely to be due to the effects of electron recapture lead
to the same final Ar1 configurations rather than autoioniza
tion of the satellite states to produce Ar21 [6].

The most interesting interference data were recorded
60± for energies that correspond to Auger electron prod
tion below theL3 ionization threshold. An example of this
is shown in Fig. 3 for data 3 eV below theL3 threshold.
This is low enough that the data should contain negligib
contributions from above-threshold excess energies du
the detector resolution of61.3 eV. At 90± the satellite-
state cross section was still small, and the data could
fitted using only a uniform flat background. There wa
no evidence above the statistics of the coincidence dat
the expected resonant Auger transitions below thresh
[15] at 90±. In contrast, Fig. 3 shows there was significa
structure below threshold in the data at 60±. Figure 3(a) is
a Fano line shape fit that includes the predicted PCI s
and broadening for an excess energy of 0.3 eV. This
cess energy was the highest that might make even a s
contribution to the observed data because of the finite
ergy resolution, and it could probably be reduced, althou
this would increase the energy shift and make the l
even broader, and the fit would become worse. It is cl
from Fig. 3(a) that inclusion of PCI effects below thres
old makes a reasonable fit almost impossible, due mostl
the energy shift component. Figure 3(b) shows that a p
Fano line shape, with no PCI shift or broadening, giv
393



VOLUME 79, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 21 JULY 1997

st

r
nt
r
to
en
hen
as
es
and
th
ose
or
s
-
e
is
d

h

o

.

,

FIG. 3. Auger coincidence data obtained at 60± and 3 eV
below the L3 ionization threshold. The data are fitted i
(a) using a Fano line shape that includes the PCI shift a
broadening effects, and in (b) by a Fano line shape that d
not include PCI effects.

an excellent fit to the same data. It also indicates the
terference is greatest below theL2,3 ionization threshold.
The energies are the nominalL2,3M2,3M2,3 Auger transi-
tion energies. This might suggest that resonant Auger tr
sitions, the strongest of which occur within 1.7 eV of th
L3 threshold [15], and with quite different energies, do n
contribute much to the interference. Small interferen
effects, attributed to interference between the direct io
ization process and resonant Auger decay leading to
same final state were recently reported [16] in consta
ionic-state photoionization Auger spectra recorded near
2p21

3y23d threshold. Values of the fitted parameters for
wide range of excess energies will be given in a futu
publication.

To be consistent with our observations in the data
Fig. 3 of no PCI effects below threshold, the “ejected
electron would have to remain within the ion, at least un
the Auger electron was emitted. This would explain wh
a Fano line shape could be fitted below threshold witho
including PCI effects, and like the recapture process,
final ion would be Ar1. However, as described above
the energies of the observed features suggest they
not resonant Auger transitions in the conventional sen
In this coincidence experiment the fast scattered elect
and the Auger electron are not distinguishable from t
394
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products of a direct satellite-state ionization, and mo
probably this is the cause of the observed interference.

Finally, following electron-impact ionization, the
se, 2ed coincidence PCI line shift of several of the argon
L2,3M2,3M2,3 Auger transitions was observed at a numbe
of excess energies. The observations are in excelle
agreement with current theoretical calculations [3] fo
conditions where the coincidence background due
outer-shell satellite states is small. Interference betwe
the Auger and satellite-state processes was observed w
the satellite background was appreciable. Analysis h
clearly shown that the amount of interference increas
as the excess energy decreases towards threshold,
even below threshold. The interference originates wi
processes that can lead to the same final states as th
produced by satellite-state ionization processes. F
L2,3 ionization this may occur when the slow electron i
excited within the ion rather than ejected into the contin
uum, or when the slow electron that was ejected into th
continuum with near-threshold energy is recaptured. Th
latter possibility may occur particularly when the ejecte
electron loses energy via PCI with the Auger electron.
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