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Interference in Argon Auger Spectra
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Angle-dependent interference was observefrje) coincidence observations of arghm; M, ;3M» 3
Auger transitions. Thele,2¢) dynamics include an incident energy of 1.0 keV, a fast electron
scattering angle of Z1for an energy range from 730 to 760 eV with 2.5 eV resolution and Auger
electron detection angles of 6&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]

PACS numbers: 34.80.Dp

The occurrence and significance of interference effectelectron and asymmetric broadening of the line shape. The
[1] in Auger decay, and particularly thefe,2¢) coinci-  magnitude of the energy shift and line shape broadening in-
dence observations [2], have aroused considerable interesteases as the excess energy is decreased. The triple dif-
We report new and intriguing aspects of the interferencderential cross sections that include PCI effects for Auger
effects that occur below the Auger threshold and when thé&ansitions [3] are given by
excess energy of the ejected electron is small. The argon o T/2m _
atom is particularly suited t¢e, 2¢) coincidence observa- = - 0(Es, QK (g4, ),
tions of these effects because of the relative energies of dEdEsdQsd Oy eg + I72/4

the AugerL,3My3My3 'So, ' Dy, and?Py, transitions  whereT" quantifies the Auger electron lifetime asd =

and the inner- and outer-shell ionization processes. Ax — E, is the difference between the observed electron
incident electron energy of 1.0 keV and a scattered elecenergy E and the nominal Auger transition energs.

tron detection angle of 21determined the kinematics for The L, ionization cross section is given hy(E,, Q).
which the (e, 2¢) satellite coincidence intensity at 8&  The functionK (e, €) accounts for the particle interac-

a maximum, and is about a factor of 20 higher than th&jons. The parameter quantifies the Coulomb interaction
intensity at 90. These scattering conditions correspond petween different final state electrons and is velocity de-
respectively, to a large continuum background, enablinggendent. The combination of a rapid variationkiie, )

the study of interference effects, or a small backgroungcross an Auger transition linewidth due to its dependence
for which interference effects were negligible and post-on the ratioe,/I", and its exponential dependence on the

collision-interaction (PCI) effects could be studied. Wevelocity termé [3], leads to strong distortion of the Lorentz
report the first observations of the strong angular behaviosrofile for low excess energies.

of the interference phenomena, and the quantified behavior The presence of interference effects in Auger coinci-

of the interference and PCI effects for energies below thelence data for the argab; M, 3M, 5 ' D, transitions was
inner-shell ionization threshold, and for excess energies Updicated [8] when data, &t + 0.9 eV excess energy and

to 22 eV above threshold. an Auger electron detection angle of°’7@ere fitted better
The origin of PCI effects can be illustrated as follows. by a Fano line shape given by [9]

After the Auger electron is produced during inner-shell de- 2, 9 1
cay, the ejected electron sees a singly charged core un- Tobs = o1l + £)7(e” + 1) + 0.

til, for selected scattering dynamics, it is overtaken by theThis form of the observed cross sectiog,, indicates the
Auger electron. Then the ejected electron sees a doublyontributions from the cross sectian, arising from the
charged core and slows down in the stronger field whilecontinuum that interferes with the resonant transition, and
the Auger electron then sees a singly ionized core anthe cross sectionr;, of the noninteracting continuum. Also
gains energy. The effects of PCI have been modeled fot differs from ¢, (above) by a normalization factor of
electron impact [3] and observed in many noncoincidencé /I". Here the “resonant” states are the Auger products of
experiments [4]. Limitede, 2¢) coincidence data for se- electron-impact ionization of the argdr 3 inner shells.
lected transitions have been reported for low excess enefhe ratio of the symmetric and asymmetric parts of the
gies [2,5—-8]. Those experiments aimed to determine hovAuger transition amplitude is given by thg™parameter.
PCI affected the angular dependence of Auger transitioBecause of the small coincidence signals and the difficulty
intensities, and also to measure the PCI effects which aref these experiments, previous workers observed small in-
observable as a shift in the energy distribution of the Augeterference effects in the argénM, s M, 5 'S, [6] and ! D,
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[8] line shape, but did not determine the angle or excess The comparison of our data and fits for the same ex-
energy dependence. They proposed the interfering processss energies at different angles enable the influence of
was direct double ionization. In contrast, we have foundnterference and PCI effects to be compared easily. Fig-
the dominant interference mechanism appears to be thees 1(a)—1(c) and 2(a)—2(c) are a series of such compatri-
outer-shell satellite state single ionization process, particusons in which the excess energy for the transitions is
larly when the excess energy is low. As well, this Letternoted in the top left of each plot. The excess energy for
shows conclusively the angle dependence, and quantifiéie L, transitions is about 2.2 eV smaller. Figure 1 con-
the interference effects for the argdns;M,3My3 'S, tains coincidence data recorded with the Auger detector
'D,, and3Po,1,2 transitions for a range of excess energiesat 9¢, and in Fig. 2 the Auger detector was at’60The

The essential feature of the apparatus that enablesatellite-state coincidence signal that forms the continuum
this coincidence experiment is a multiparameter coplanabackground is about a factor of 20 higher in the @ata
(e,2e) coincidence spectrometer [10]. Microchannel-platethan in the 90 data. In each plot the line shape used in
detectors on the output of each of two hemispherical electhe fit is shown separately and normalized to emphasize the
trostatic energy analyzers allow the simultaneous collecehange in shape rather than the relative amplitude. The ex-
tion of data for a large range of excess energies with googerimental data are the solid circles with error bars, and the
energy resolution for more than one entire Auger transitiorfit results are shown as a solid line.
line shape. In that way the excess energy dependence Figures 1(a) and 2(a) show data recorded for an excess
of PCI and interference effects can be observed for &nergy of 22 eV and a satellite-state separation energy of
number of Auger transitions simultaneously. The excessbout 60 eV. The agreement between the theoretical pre-
energy resolution was=1.3 eV and the Auger detector diction of PCI effects and the data of Fig. 1(a) is excel-
resolution was 420 meV at 60and 500 meV at 90 lent. In Fig. 2(a) a slight asymmetry in the Fano fitting
The L,3M,3M,3 Auger line shapes in the absence offunction gave the best result. Use of a Fano line shape
PCI effects are Lorentzian with a linewidth of aboutin Fig. 2(a) is justified because even at such high separa-
120 meV. The relative intensity of each Auger transitiontion energies the satellite-state coincidence background is
was determined from the noncoincidence data which were
measured simultaneously with the coincidence signal. The
residual shift of Auger transitions measured in the non- (@)..22 eV
coincidence spectra is expected to be about 14 meV [11],
and this was taken into consideration when the Auger elec-
tron energy scales were determined. In the coincidence
data the continuum background varies slowly in the region
of the Auger transitions and is formed by the coincidence
signals from ionization of outer-shell satellite states [12].

During the data analysis of the separate measurements
at 60 and 90 it became apparent that neither a PCI (b).. 2 6V
model nor a Fano line shape model could fit both data sets
with similar accuracy. Each parameter in the PCI model
[3] was predetermined by the experimental conditions of
each data set. The only adjustable parameters were the ¢
continuum background level and an overall scaling factor XN\
for the Auger transition amplitudes.

In the Fano model the only adjustable parameters were
the continuum background level, tlieparameter, and a (c)..05eV
scaling factor for each of thé, and L; initial vacancy
states. Initially PCI was neglected, but as the PCI effects
are expected to be isotropic, it is important to include those
effects in the Fano model. This was done by including . N e
a shift in the nominal Auger transition energy Ak, =
£I'/2, with ¢ and ' as defined earlier, and by using a 200 201 202 208 204 205 206 207
Fano linewidth that was consistent with the full width at E
half maximum of the predicted PCI-broadened line shape nergy (eV)
[3]. The combined model gives a more realistic indicationFIG. 1. Auger coincidence data obtained at® 96r excess
of the amount of interference and usually resulted in energies of (a) 22 eV, (b) 2 eV, and (c) 0.5 eV above the

better fit, except below threshold, and this will be discusse%; téor;iszas“ﬁgwhhrizgglr%@;he T';(él RTJZeSrhleilﬁgSuZ?g L%Ji}vgh‘;t

shortly. Bfeforg comparison with the expenr_nental ,dat he corresponding energies. Their sum is convoluted with a
the theoretical line shapes were convoluted with a suitablguyitable Gaussian spectrometer function and shown as the solid

Gaussian spectrometer function in each model. line. The maximum intensity on the linear scale is 350.
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very good. A similar consideration was made when
fitting the data of Fig. 2(c). The fitted Fano line shape
that includes the predicted PCI effects indicates an even
greater degree of interference than for 2 eV excess energy.
For near-zero excess energy the separation energy
of the argon satellite states is about 40 eV and the
large coincidence background is attributed mainly to
the 3s23p*('D)nd %S (n = 3,4,5) satellite states [12].
The satellite ionization process is more likely than direct

(a).. 22 eV

(b).. 2 eV double ionization, and leads to a finalAion state. Dur-
ing the satellite ionization process one electron was ejected
H, into the continuum, and another was promoted to an outer
~ 0 shell (mostly to ‘hd’ orbitals). The final ion is left with

¢ two vacancies in thé,; orbitals. If anLy3M,3M» 3
Auger electron is produced when the excess energy is
small and the ejected electron escapes into the continuum

but is recaptured by the ion, this also leaves ai Am
with two vacancies in thé/, ; orbitals, with the captured

¢ electron occupying a weakly bound state. Recapture near
' the L, ; ionization threshold would enhance the*Aion
* * yield at the expense of the Ar yield in a similar way
to that observed [13] for photoionization near the inner-
shell ionization threshold. The probability of recapture
is increased when the “slow” electron loses energy in the

S PCI process. If the captured electron is bound into a state
200 201 202 208 204 205 206 207 with n < 6, it is less likely to autoionize [14], and the
Energy (eV) final configuration may be identical to that produced by
) ) satellite-state ionization. Fdie,2¢) detection purposes
FIG. 2. Same as Fig. 1 except the Auger detection angle wag o aniure event is therefore identical to a satellite-state
60° and the fit is made with a Fano line shape that includes the_ =~ "¢ . .
predicted PCI effects. lonization. The observed interference is therefore more
likely to be due to the effects of electron recapture leading
to the same final At configurations rather than autoioniza-
nonzero. The Fano model included the shift and broadertion of the satellite states to produce’Ar[6].
ing predicted by the PCI model. The most interesting interference data were recorded at
Closer to theL, 3 ionization threshold, Figs. 1(b) and 60° for energies that correspond to Auger electron produc-
2(b) show data for 2 eV excess energy. In Fig. 1(b)tion below theL; ionization threshold. An example of this
the predicted PCI line shapes at°9@re again in very is shown in Fig. 3 for data 3 eV below the; threshold.
good agreement with the experimental data, and ther€his is low enough that the data should contain negligible
is no evidence to suggest that interference is significantontributions from above-threshold excess energies due to
In comparison, the satellite background is appreciable ahe detector resolution af 1.3 eV. At 90° the satellite-
60°, and this is reflected in the amount of interferencestate cross section was still small, and the data could be
observed in Fig. 2(b). With the observed PCI shift andfitted using only a uniform flat background. There was
broadening included, the fitted Fano line shape showso evidence above the statistics of the coincidence data of
noticeable asymmetry. The fitted line shape suggests the expected resonant Auger transitions below threshold
slightly smaller degree of interference than indicated byf15] at 9C°. In contrast, Fig. 3 shows there was significant
the line shape fitted at this excess energy by Lohmanatructure below threshold in the data at 6F-igure 3(a) is
[8]. This may be because our method of data acquisitiom Fano line shape fit that includes the predicted PCI shift
gives a better indication of the continuum backgroundand broadening for an excess energy of 0.3 eV. This ex-
intensity. The good fit of the Fano line shape model showrtess energy was the highest that might make even a slight
in Fig. 2(b) at 60 could not be reproduced by fitting only contribution to the observed data because of the finite en-
a PCI line shape to the same data. ergy resolution, and it could probably be reduced, although
The data for 0.5 eV excess energy are shown irthis would increase the energy shift and make the line
Figs. 1(c) and 2(c). Since the excess energylfotran-  even broader, and the fit would become worse. It is clear
sitions would be less than zero for this data, their intensitfrom Fig. 3(a) that inclusion of PCI effects below thresh-
was adjusted to reflect the relative intensity expected dueld makes a reasonable fit almost impossible, due mostly to
to the finite excess energy resolution. The agreemerthe energy shift component. Figure 3(b) shows that a pure
between our data and the PCI theory in Fig. 1(c) is stillFano line shape, with no PCI shift or broadening, gives
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products of a direct satellite-state ionization, and most
probably this is the cause of the observed interference.
Finally, following electron-impact ionization, the
(e,2e) coincidence PCI line shift of several of the argon
L,3M,3M, 3 Auger transitions was observed at a number
of excess energies. The observations are in excellent
agreement with current theoretical calculations [3] for
conditions where the coincidence background due to
outer-shell satellite states is small. Interference between
the Auger and satellite-state processes was observed when
the satellite background was appreciable. Analysis has
clearly shown that the amount of interference increases
as the excess energy decreases towards threshold, and
even below threshold. The interference originates with
processes that can lead to the same final states as those
produced by satellite-state ionization processes. For
L, 3 ionization this may occur when the slow electron is
e excited within the ion rather than ejected into the contin-
Energy (6) uum, or Whep the slow electron that was ejected into th_e
continuum with near-threshold energy is recaptured. This
FIG. 3. Auger coincidence data obtained at°@nd 3eV latter possibility may occur particularly when the ejected
below the L; ionization threshold. The data are fitted in electron loses energy via PCl with the Auger electron.
(@) using a Fano line shape that includes the PCI shift and This work was supported by the Australian Research
%??ggz'gg Ifg?(;tfsréggfj in (b) by a Fano line shape that Oloe(S,ouncil and the University of Western Australia. The
authors would like to thank Dr. Peter Hayes, Dr. Andrew
Mikosza, and Mr. John Flexman for their contributions to

an excellent fit to the same data. It also indicates the int-hIS work.
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